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ABSTRACT 
Title of Dissertation: Characterization of the roles of obscurin in intercellular adhesion 

and development of hypertrophic cardiomyopathy  

Li-Yen Rebecca Hu, Doctor of Philosophy, 2013 

Dissertation directed by: Aikaterini Kontrogianni-Konstantopoulos, Ph.D. 
 Associate Professor, Department of Biochemistry and 

Molecular Biology 
 

 Obscurins comprise a family of giant (~870-600kDa) and small (~250-55kDa) 

proteins that play important roles in myofibrillogenesis and cytoskeletal organization, and 

are implicated in hypertrophic cardiomyopathy (HCM) and tumorigenesis.  Giant 

obscurins are composed of tandem structural and signaling motifs, including two 

serine/threonine kinase domains, SK1 and SK2, present at the COOH-terminus of giant 

obscurin-B.  Through biochemical and cellular approaches, my studies show for the first 

time that both SK1 and SK2 possess kinase activities, with SK2 phosphorylating the 

cytoplasmic domain of N-cadherin and SK1 autophosphorylating.  In addition to SK2 

interacting with an adhesion protein, SK1 interacts with the extracellular domain of the 

β1-subunit of the Na+/K+-ATPase, another protein residing in adherens junctions.  

Immunostaining of non-permeabilized myofibers and cardiocytes revealed that some 

obscurin-kinase isoforms localize extracellularly, and treatment of heart lysates with 

Peptide:N-Glycosidase F revealed that at least one obscurin kinase isoform is 

glycosylated.  Collectively, these studies demonstrate that the obscurin-kinase domains 

are enzymatically active with some portions localized extracellularly.  

Sequence analysis of a patient with HCM uncovered a missense mutation, 

R4344Q, present in the immunoglobulin (Ig) domain 58 of giant obscurins. This mutation 

results in diminished binding between domains Ig58/59 of obscurins and Ig9/10 of titin 



 

located at the periphery of Z-disks.  To examine the physiological significance of the 

R4344Q missense mutation and of the Ig58/59 module, our laboratory generated two 

animal models: a knock-in model that expresses full-length obscurins carrying the 

R4344Q mutation, and a partial knock-out model that lacks Ig58/59.  While both mutant 

and truncated obscurins are properly expressed and incorporated into cardiac sarcomeres, 

homozygous partial knock-out mice develop overt cardiac hypertrophy by 12 months of 

age, as measured by echocardiography; notably, hypertrophy was exacerbated in the 

female homozygous animals.  Importantly, transverse aortic constriction of ~2 month-old 

knock-in and partial knock-out mice led to severe cardiac hypertrophy and reduced 

ejection fractions within 4-8 weeks post-surgery, while the wild-type animals exhibited 

hypertrophy without functional defects.  Our studies therefore reveal that animals with 

mutant or truncated giant obscurins are more susceptible to developing HCM as a result 

of aging or stress. 
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CHAPTER 1. 

INTRODUCTION 

 

1.1  Identification of the OBSCN gene 

 Obscurin was discovered in a yeast two-hybrid screen aiming to identify binding 

partners of the giant protein titin (Young et al., 2001).  In particular, the immunoglobulin 

domains Ig9 and Ig10 of titin, which are located in the periphery of the sarcomeric Z-

disk, were used as bait.  A number of overlapping prey clones were identified encoding 

different portions of the COOH-terminus of a giant, at that time unknown, protein, that 

consisted of tandem structural and signaling motifs.  Due to the difficulties that Young 

and colleagues faced in purifying this novel giant protein, the authors baptized it 

“obscurin”. 	  

 

1.2 Structural organization of mammalian obscurins and the presence of alternative 

isoforms 

 Since its discovery in 2001, extensive studies of the OBSCN gene have been 

conducted.  There are at least seven obscurin isoforms originating from the single 

OBSCN locus (Figure 1.1), located on chromosome 1 in Homo sapiens, and chromosome 

11 in Mus musculus.  In addition to the obscurin isoforms generated through alternative 

splicing, additional obscurin-related proteins, obscurin-like 1 (OBSL-1) and striated 

preferentially expressed gene (SPEG), are suggested to be encoded on gene loci derived 

from a gene duplication event (Geisler et al., 2007; Sutter et al., 2004), which will be 

further discussed below. 
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The prototypical obscurin, obscurin-A, is composed of 55 immunoglobulin (Ig) 

and two fibronectin III (FnIII) domains, along with several domains that are likely 

involved in signal transduction, including an isoleucine-glutamine (IQ) motif that 

mediates calmodulin binding (Young et al., 2001), a Src-homology 3 (SH3) domain, a 

Rho-guanine nucleotide exchange factor (RhoGEF) domain in tandem with pleckstrin 

homology (PH) domain.  Additionally, an ankyrin-binding region is present at the non-

modular COOH-terminus of obscurin-A, which is essential for obscurin binding to small 

ankyrin 1.5 and ankyrin-B (Bagnato et al., 2003; Kontrogianni-Konstantopoulos et al., 

2003; Cunha and Mohler, 2008).  In addition to the domains present on obscurin-A, 

obscurin-B, another giant obscurin generated by OBSCN through alternative splicing, 

contains two serine/threonine kinase (SK) domains, SK2 and SK1 preceded by Ig, and Ig 

and FnIII domains, respectively.  Both kinase domains have been characterized as 

members of the myosin light chain kinase (MLCK) family, and have been suggested to 

be expressed as tandem or single small obscurin kinase isoforms without the structural or 

signaling domains expressed in obscurin-A (Russell et al., 2002; Fukuzawa et al., 2005; 

Borisov et al., 2008).  The carboxyl terminal kinase domain, SK1, has been predicted to 

be present in both tandem and single obscurin kinase isoforms, while the internal kinase 

domain, SK2, is present as a partial domain in the tandem kinase, but is absent from the 

single obscurin kinase isoform.  However, the full domain compositions of the small 

kinase isoforms have not been elucidated.    

 Recently, three novel obscurin isoforms have been deposited in the Ensembl 

database, along with one putative isoform in the NCBI (Figure 1.1).  Obscurin-Inferred 

Complete (IC) isoform (Accession number: NP_001258152.2) contains all the predicted 
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Figure 1.1. Mammalian obscurin isoforms.  To date, four obscurin isoforms have been 

suggested.  The giant obscurin isoforms, obscurin-A and –B have been extensively 

characterized with both transcript sequences available.  The smaller kinase isoforms have 

been suggested, with the translational start site of the tandem kinase isoform identified 

(Borisov et al., 2008), but no further sequence information on either is available in the 

public database.  Recently, sequences of four novel obscurin isoforms have been 

deposited in Ensembl and NCBI databases.  These newly identified isoforms either 

include additional Ig domains and arise from the alternatively splicing of the gene, or 

start at a novel translational starting site within Ob35.  
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Figure 1.1. Mammalian obscurin isoforms. 
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structural domains encoded in the OBSCN gene, giving rise to a protein predicted to 

contain 8,923-amino acids (aa) and a molecular mass of 973 kDa.  Specifically, a total of 

ten additional Ig domains are present in the NH2-terminus of obscurin-IC (Figure 1.1), 

while the COOH-terminus contains both SK2 and SK1, but not the non-modular 

sequence present at the COOH-terminus of obscurin-A.  Another giant obscurin isoform 

with a predicted molecular mass of 946 kDa (accession number: ENSP00000455507) is 

highly similar to obscurin-IC but contains only eight of the additional Ig domains found 

in obscurin-IC.  Unlike the giant obscurin isoforms, two additional obscurin variants start 

at Ig domain 35 and have predicted molecular masses of ~611 and ~408 kDa, 

respectively (accession numbers: ENSP00000355668 and ENSP00000355670).  While 

obscurin-611 kDa carries six additional Ig domains found in obscurin-IC and the COOH-

terminus resembles obscurin-B, obscurin-408 kDa does not contain any of the additional 

structural domains and completely mirrors obscurin-A.  The exact functions and 

localizations of different obscurin isoforms await further examination.   

 The two extended family members, OBSL-1 and SPEG, located on chromosome 2 

in Homo sapiens and chromosome 1 in Mus musculus, are encoded in 100 kb apart 

(Geisler et al., 2007).  OBSL-1 is composed of Ig and FnIII domains, sharing 46% 

sequence similarity to the corresponding NH2-terminus of obscurin, while SPEG contains 

two serine/threonine kinase domains sharing 45% and 42% identity with obscurin kinase 

domains, SK2 and SK1, respectively.  Both OBSL-1 and SPEG gene loci generate more 

than one isoform, giving rise to further complexity to obscurin-related biology. 

 

1.2.1 Obscurin homologues in other animal models 
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 Prior to the discovery of mammalian obscurins, a protein in Caenorhabditis 

elegans, named UNC-89, had been described.  The NH2-terminus of UNC-89 is 

composed of SH3, dbl, and PH domains, followed by 52 Ig and 1 Fn-III domains, and 

localizes at M-bands (Benian et al., 1996, reviewed in Ferrara et al., 2005; Figure 1.2).  

Between the seventh and the eighth Ig domain, there is a KSP-rich region that is 645 aa in 

length, organized in repeats of ten residues (KSPTKKEKSP).  The KSP region is 

predicted to be phosphorylated by cyclin-dependent kinases, although this has not been 

verified yet (Ferrara et al., 2005).  Two MLCK-like kinase domains were shown to be 

encoded by the UNC-89 locus, which further confirmed the speculation that UNC-89 is 

homologous to mammalian obscurins (Small et al., 2004).  Since the original 

identification of UNC-89 in 1996, six isoforms have been identified and characterized 

(Figure 1.2).  UNC-89-A, the prototypical UNC-89 isoform, is composed of 6,632 (aa) 

residues.  UNC-89-B, composed of 8,082 aa, contains the two MLCK-like kinase 

domains, along with additional Ig and Fn-III domains each preceding the carboxyl-

terminal kinase.  UNC-89-C, composed of 1,393 aa, has 8 unique residues followed by 

the C-lobe of the amino-terminal kinase domain, while UNC-89-D, almost identical to 

UNC-89-C, but contains a unique 11-residues-long region in place of the 8-residue region 

at the amino terminus of isoform C.  UNC-89-E and -F are similar to UNC-89-A and -B, 

but lack the KSP region.  The possibility that the six or more UNC-89 isoforms mediating 

different functions in different muscle types requires further examination. 

 Obscurins are present in zebrafish (Danio rerio) and fruitfly (Drosophila 

melanogaster), further underscoring their importance in animal physiology.  Two gene 

loci have been identified in zebrafish encoding obscurin genes.  One is localized on 
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Figure 1.2. Obscurin homologues in different organisms.  UNC-89 contains similar 

domain modules as obscurin and is considered the obscurin homologue in C. elegans. At 

least 6 isoforms of UNC-89 have been characterized and their sequences are available in 

public databases.  In D. rerio (zebrafish), the equivalent obscurin-A and obscurin-MLCK 

are encoded by different gene loci.  Obscurin (Unc-89) in D. melanogaster has similar 

domain organization as UNC-89 in C. elegans but lacks the IQ motif (Katzemich et al., 

2012). Alternative splicing gives rise to UNC-89-B lacking the SH3 domain in D. 

melanogaster.   
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Figure 1.2. Obscurin homologues in different organisms. 
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chromosome 24 and encodes an obscurin isoform similar to mammalian obscurin A 

containing the predicted ankyrin binding site, while the other is localized on chromosome 

8 and encodes the obscurin-MLCK isoform (Raeker et al., 2006).  Similar to UNC-89 in 

C. elegans and mammalian obscurin, only one obscurin gene locus (also known as Unc-

89 in Drosophila) is present in fruitfly, but the encoded proteins lack the IQ motif 

(Katzemich et al., 2012).  An additional transcript (Unc-89-B, accession number: 

NP_001014545.2) has been sequenced but does not contain the SH3 domain (Figure 1.2).  

Since the SH3 domain often serves as an adaptor, the fruitfly Unc-89-B is likely to 

localize differently within the same tissue or to be expressed in different cell types.  It is 

interesting to note that the domain organization of obscurin in zebrafish is more similar to 

mammalian obscurin than to UNC-89 in C. elegans or obscurin in fruitfly, as the SH3-

RhoGEF-PH trio is located within the middle of the protein rather than at the NH2-

terminus, as in UNC-89 in C. elegans or fruitfly obscurin.  The advantage of placing the 

SH3-RhoGEF-PH at different regions of this giant protein is likely to be function-

dependent in different organisms, and may offer regulation at the level of transcript 

abundance due to differential use of the promoters.  However, more studies are required 

to understand the functional significance of the SH3-RhoGEF-PH cassette residing at 

different locations.   

 

1.3 Subcellular distribution of obscurins in striated muscles 

 Immunofluorescence studies on tissue sections from striated muscle with 

antibodies recognizing different epitopes of obscurins reveal striated patterns 

corresponding to different muscle structures.  An antibody recognizing the IQ motif and 
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Ig58/59 (nomenclature according to Fukuzawa et al., 2005) stains M-bands, the 

sarcolemma, and the neuromuscular junction of human skeletal muscle sections (Carlsson 

et al., 2008; Table 1.1).  Moreover, antibodies recognizing either the NH2-terminus or the 

RhoGEF domain stain M-bands prominently, with occasional punctate staining at Z-discs 

(Young et al., 2001; Bowman et al., 2007; Table 1.1), while antibodies recognizing the 

shared COOH-terminal region of obscurins A and B, or the obscurin kinase domains as 

well as Ig69 and/or Fn70, present in obscurin-B, stain around M-bands but more 

prominently around Z-discs (Kontrogianni-Konstantopoulos et al., 2003, Bowman et al., 

2007, Hu and Kontrogianni-Konstantopoulos et al., 2013; Table 1.1).  Interestingly, in 

stretched muscle fibers, antibodies recognizing the NH2-terminus, the Rho-GEF and the 

common COOH-terminus of giant obscurins show the presence of obscurin(s) at the level 

of the A/I junction, in addition to M-bands and Z-discs (Bowman et al, 2007; Table 1.1).  

It is thus likely that some epitopes of obscurins are inaccessible at unstrained resting 

length but can be detected once they are unmasked by stretching.  Moreover, 

Kontrogianni-Konstantopoulos et al. demonstrated, through immunofluorescence and 

immunoelectron microscopy of the cross-sections of adult rat quadriceps muscle, that 

obscurin arranges in a reticular pattern (Kontrogianni-Konstantopoulos et al., 2003).  This 

suggests that, unlike titin or nebulin, which reside within the sarcomere, obscurin is 

localized at the periphery of the sarcomere (Kontrogianni-Konstantopoulos et al., 2003; 

Kontrogianni-Konstantopoulos and Bloch, 2005; Table 1.1).  In summary, obscurins 

surround the sarcomere at Z-discs and M-bands, in addition to their localization at A/I 

junction, sarcolemma and neuromuscular junctions in skeletal muscles.   
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Table 1.1. Localization of obscurin epitopes in mammalian striated muscle 

Obscurin 
epitope Labeled structure Model Reference 

M-band adult rat quadriceps 
Kontrogianni-

Konstantopoulos et al, 
2005 

cross-section: reticular adult rat quadriceps 
Kontrogianni-

Konstantopoulos et al, 
2005 

mainly M-band;  
minor staining near Z-disk adult rat EDL Bowman et al., 2007 

Ig1/2 
(ObscurinN) 

M-band; I-band (near A/I 
junction) 

stretched adult rat 
EDL Bowman et al., 2007 

FnIII6/Ig7 
(F6/I7) Z-disc; M-band adult rat left ventricle Bang et al., 2001 

Ig23/24 
(Ob19/20) M-band neonatal rat 

cardiomyocyte Young et al., 2001 

Z-disc chicken heart somite 
stage 8, 9 Young et al., 2001 

Z-disc; M-band chicken heart somite 
stage 11 Young et al., 2001 

M-band rat heart E14.5 Young et al., 2001 

M-band neonatal rat 
cardiomyocyte Young et al., 2001 

mainly M-band; minor Z-disk mouse E9.5 Young et al., 2001 

M-band; sarcolemma human heart papillary 
muscle Carlsson et al., 2008 

Ig58/59 
(Ob48/49) 

Postsynaptic fold region of 
motor end plate*  

human skeletal 
muscle Carlsson et al., 2008 

Ig58/59/Fn60 
(I48/I49/F50) 

Near Z-disc; increased distance 
to Z-disc when stretched adult rat left ventricle Bang et al., 2001 

M-band neonatal rat 
cardiomyocyte Young et al., 2001 

M-band rat heart E14.5 Young et al., 2001 
Ig61/IQ/Ig62 

(Ob51/52) 
M-band human heart papillary 

muscle Carlsson et al., 2008 

IQ-Ig64 
M-band; occassional Z-disc 

when 
 stretched 

adult mouse 
diaphragm Lange et al., 2009 

M-band neonatal rat 
cardiomyocyte Young et al., 2001 

M-band rat heart E14.5 Young et al., 2001 
M-band adult rat EDL Bowman et al., 2007 

M-band; I-band (near A/I 
junction) 

stretched adult rat 
EDL Bowman et al., 2007 

M-band adult rat FDB cells Ford-Speelman et al., 2009 

RhoGEF 

M-band; Z-disk adult rat TA Ford-Speelman et al., 2009 
Ig66/67-COOH 

(ObscurinC) 
 

mainly Z-disc; minor M-band adult rat quadriceps 
Kontrogianni-

Konstantopoulos et al., 
2003 
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Table 1.1. Localization of obscurin epitopes in mammalian striated muscle 
(continued) 

cross-section: reticular adult rat quadriceps 
Kontrogianni-

Konstantopoulos et al., 
2003 

mainly M-band; minor Z-disk adult rat myocardium 
Kontrogianni-

Konstantopoulos et al., 
2003 

mainly M-band & M/H; Z-disc 

mouse 
cardiomyocytes 

culture incubated 
with angiotensinII 

Borisov et al., 2003 

mainly M-band; minor Z-disk rat cardiomyocytes Borisov et al., 2004; 
Borisov et al., 2008 

mainly Z-disc; minor M-band adult rat EDL Bowman et al., 2007 

Ig66/67-COOH 
(ObscurinC) 

Z-disc (splitting when 
stretched); M-band 

stretched adult rat 
EDL Bowman et al., 2007 

Non-modular 
sAnk1.5 

binding region 
(aa6215-6353) 

M-band 

differentiating 
skeletal muscle cells 

from hind leg of 
newborn rats 

Bagnato et al., 2003 

mainly Z/I junction; minor M-
band adult rat EDL Bowman et al., 2007 

Ig68/SK2 
mainly A/I junction; minor M-

band; Z/I junction 
stretched adult rat 

EDL Bowman et al., 2007 

Z-disc; M-band; ICD; 
sarcolemma 

adult mouse 
myocardium 

Hu and Kontrogianni-
Konstantopoulos, 2013 Ig69/Fn70 

(Ob69/70) Z-disc; M-band; sarcolemma 
(extracellular); ICD; nucleus 

adult rat 
cardiomyocytes 

Hu and Kontrogianni-
Konstantopoulos, 2013 

SK1 Z-disc; nuclei rat cardiomyocytes 
(Day 7) Borisov et al., 2008 

 
*The reference does not specify if the postsynaptic fold region of motor end plate is 
immunostained by antibodies to Ig58/59 or to Ig61/IQ/62.  
**The epitopes are numbered according to the nomenclature by Fukuzawa et al., 2005.  
The epitopes in brackets are the epitopes named in the original literature.   
 



 

 13 

1.3.1 Interacting partners of obscurins in striated muscles 

Z-disc 

Titin: Originally identified by Young et al. as an interacting partner of titin Z9/10 Ig 

domains in a yeast two-hybrid (Y2H) study, Ig58/59 of obscurins (nomenclature 

following Fukuzawa et al., 2005) were shown to reside at Z-discs at somite stage 8 in 

developing chicken heart, and at both M-band and Z-disk at somite stage 11 (Young et 

al., 2001; Table 1.1; Table 1.2).  Immunoelectron micrographs of adult rat left ventricle 

labeled with antibodies recognizing Ig58/59/Fn60 confirmed that Ig58/59 are localized at 

the periphery of the Z-disk in mammalian striated muscle, supporting the idea that the 

titin-obscurin interaction at Z-disk is maintained throughout the development (Bang et 

al., 2001).  A missense mutation (R4344Q) in obscurin proteins resulted in diminished 

titin-obscurin interaction, and has been considered as causally linked to the development 

of hypertrophic cardiomyopathy (HCM) (Arimura et. al., 2007). 

Novex-3 isoform of titin: The obscurin Ig58/59 domains also interact with the non-

modular sequence that lies between Ig20 and Ig21 of the novex-3 isoform of titin (Bang 

et al., 2001; Table 1.2).  The interaction was identified in yeast two-hybrid (Y2H) 

screening and verified by pull-down studies.  

Calmodulin: Localized at the Z-disc in skeletal muscle, calmodulin has been shown to 

interact with the IQ domain of obscurin in a calcium-independent manner (Rodney, 2008; 

Young et al., 2001; Table 1.2).  It has been suggested that calmodulin regulates the kinase 

domains of obscurin, since they belong to the MLCK family, with the SK2 domain 

suggested to contain the calmodulin-regulated motif (Fukuzawa et al., 2005). 

Ran Binding Protein 9 (RanBP9): The Rho-GEF domain of obscurin has been found to 
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directly bind to amino acids 108-729 of RanBP9 at the level of the Z-disc, or the Z/I-

junction (Bowman et al., 2008; Table 1.2).  Overexpression of either the Rho-GEF 

domain of obscurin or the obscurin-binding region on RanBP9 has been reported to 

suppress the incorporation of the NH2-terminus of titin into Z-discs (Bowman et al., 

2008). 

TC10/RhoQ: Essential for myofibril maturation in skeletal muscle, the small GTPase 

TC10, can be activated by the obscurin RhoGEF motif (Coisy-Quivy et al., 2009; Table 

1.2).  While its endogenous localization in striated muscles has not been examined, over-

expressed HA-tagged TC10 in human myotubes overlaps with α-actinin at Z-discs 

(Coisy-Quivy et al., 2009).  On the other hand, in non-muscle mammalian cells (e.g. 

COS, HeLa, and BHK cells), T7-epitope tagged TC10 is localized to the cell membrane 

through its post-translationally modified prenyl group (Murphy et al., 1999).  The 

discrepancy of localization in different cell types may be due to lack of prenylation 

machinery recognizing TC10 for membrane-targeting in striated muscles. 

M-band 

Titin and myomesin: In addition to the Z9/10 Ig domains of titin that interact with 

obscurin, the COOH-terminal M10 Ig domain of titin interacts with the Ig1 domain at the 

NH2-terminus of obscurin (Fukuzawa et al., 2008; Table 1.2).  Myomesin, another bona 

fide component of the M-band, also interacts with the Ig3 domain of obscurin through its 

linker region present between FnIII domains My4-My5 (Fukuzawa et al., 2008; Table 

1.2).  Notably, down-regulation of myomesin resulted in delocalization of obscurin from 

the M-band, while down-regulation of obscurin altered myomesin expression at M-band 

(Kontrogianni-Konstatntopoulos et al., 2006a, Fukuzawa et al., 2008).  Recent 
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crystallographic data shows that the M10 domain of titin interacts with the Ig1 domains 

of obscurin and obscurin-like 1 by forming anti-parallel beta strands (Pernigo et al., 

2010).  The forces required to disrupt the interactions between titin and obscurin, or 

between titin and obscurin-like 1 are about 30 pN.  While the titin-telethonin complex 

residing at the Z-disc requires ~700 pN to dissociate, the titin-obscurin and titin-obscurin-

like 1 complexes are more labile than the titin-telethonin complex (Bertz et al. 2009; 

Pernigo et al., 2010).  In skeletal muscle from either limb girdle muscular dystrophy 2J 

(LGMD2J) patients or Salih muscular dystrophy patients, point mutations or deletions 

within the COOH-terminus of titin resulted in reduced obscurin-binding to titin and 

diffuse localization of obscurin at the M-band, showing that the exact localization of 

obscurin at the M-band requires the presence of intact M10 domain of titin (Fukuzawa et 

al., 2008). 

RhoA: RhoA localizes at the sarcomeric M-band in striated muscle cells, where it 

overlaps with obscurin (Ford-Speelman et al., 2009; Table 1.2).  Notably, Rho1, the 

RhoA homologue in C. elegans, was shown to interact with and to be activated by the 

Dbl-homology (DH) (Rho-GEF) domain of UNC-89 (Qadota et al., 2008b).  Ford-

Speelman et al. demonstrated that overexpression of the obscurin Rho-GEF domain in 

developing skeletal myotubes increases the total amount of active RhoA, and results in 

translocation of RhoA from the M-band to the Z-disc or the Z/I junction.  Activation of 

RhoA following overexpression of the obscurin Rho-GEF motif increases the expression 

levels of its downstream effector ROCK-1, which translocates from the Z-disc to the Z/I 

junction.  Since some RhoA translocates to Z-disc upon contraction-induced injury, Ford-

Speelman et al. suggested that the obscurin RhoGEF domain relays the injury signal to 
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Rho-A, which in turn may activate ROCK-1 (Ford-Speelman et al., 2008).  The exact 

effects that obscurin RhoGEF mediates in cytoskeleton-remodeling through Rho-

GTPases are not known.  It will be important to identify the processes in order to further 

understand the roles of obscurin in myofibrillogenesis and other cellular processes. 

Myosin binding protein-C slow (MyBP-C slow): In a Y2H study, the C10 domain of the 

variant 1 of MyBP-C slow was shown to interact with the Ig2 domain of obscurin 

(Ackermann et al., 2009; Table 1.2).  While MyBP-C has been traditionally considered as 

localized at the C-zone of the A-band, the slow variant 1 isoform localizes in proximity 

with obscurin at the periphery of the M-band.  Down-regulation of obscurin or 

overexpression of the Ig2 domain of obscurin in primary cultures of skeletal myotubes 

prevented the incorporation of MyBP-C slow variant 1 into M-band, resulting in 

disorganization of M- and A-bands (Ackermann et al., 2009). 

Ankyrin B (AnkB): Suggested to link integral membrane proteins to the spectrin/actin 

cytoskeleton, several ankyrins have been found to interact with obscurin, including 

sAnk1.5, Ank 1.9, Ank2.2, and AnkB (Bagnato et al., 2003; Kontrogianni-

Konstantopoulos et al., 2003; Armani et al., 2006; Table 1.2).  Ankyrins are important for 

ion channel targeting and the maintenance of cell shape (Bennett and Stenbuck, 1979; 

Mohler et al., 2003).  In mammals, there are three gene loci encoding for ankyrin 

families; AnkB is encoded by the Ank2 gene.  At least three AnkB isoforms arising from 

alternative splicing have been identified to date.  One of the AnkB isoforms encoded on a 

transcript carrying an additional exon (exon 43’) is predominantly expressed in the heart 

and contains two obscurin binding domains (OBD), which interact with the non-modular 

region at the COOH-terminus of obscurin-A (Cunha and Mohler, 2008).  The interaction 
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between obscurin and AnkB is essential for the localization of AnkB in the heart, as loss 

of OBD1 prevents AnkB from localizing to the M-band (Cunha and Mohler, 2008). 

Consistent with this, AnkB is mislocalized at costameres overlying Z-discs in mice 

lacking the giant obscurin isoforms (Randazzo et al., 2013).  The physiological 

significance of AnkB is underscored by the fact that homozygous null AnkB-/- mice die at 

postnatal day 1 (Scotland et al., 1998), while the heterozygous mice with a missense 

mutation in AnkB (E1425G) exhibit cardiac arrhythmia and disruption of cellular 

targeting of Na+/K+ ATPase, sodium/calcium exchanger (NCX) and the inositol-1,3,5 

trisphosphate receptor (IP3R) (Mohler et al., 2003).  In addition, many other single 

nucleotide substitutions have been associated with cardiac phenotypes, including 

V1777M and R1788W that are adjacent to OBD2 (reviewed in Hashemi et al., 2009).  As 

the mutation R1788W enhances obscurin binding by more than two-folds (Cunha and 

Mohler et al., 2008), it is intriguing to consider if the enhanced association of AnkB to 

obscurin-A contributes to the progression of the cardiac pathology.  

Small CTD phosphatase-like 1 (SCPL-1) /LIM-9: Both kinase domains and their 

preceding Ig and Fn-III domains of UNC-89, the C. elegans homologue of obscurin, 

interact with the phosphatase domain of SCPL-1, possibly at the level of M-band (Qadota 

et al., 2008; Table 1.3).  Also co-localized at the M-band, LIM-9 (C. elegans homologue 

of FHL) was found in a trimeric complex with SCPL-1 and the first kinase domain (PK1) 

of UNC-89 (Xiong et al., 2009).  In addition, LIM-9 also interacts with the linker region 

of UNC-89 between PK1 and Ig53, independent from the interaction with the PK1 

domain.  While down-regulation of SCPL-1 or LIM-9, or both simultaneously, does not 

affect the localization or organization of UNC-89, overexpression of SCPL-1 results in 
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disorganization of UNC-89 localized at broken M-bands (Xiong et al., 2009).  It is 

therefore possible that the localization of UNC-89 and the formation of the M-band may 

be modulated by the phosphorylation status of the substrates of SCPL-1 in C. elegans.  

MEL-26: MEL-26 interacts with cullin-3 through its BTB (bric-à-brac, tramtrack, broad 

complex) domain and with MEI-1 (the C. elegans homologue of katanin) through its 

MATH (meprin and TRAF homology) domain (Luke-Glaser et al., 2007).  Localized at 

both M- and I-bands, the MATH domain of MEL-26 was also found to interact with 

Ig2/3 as well as Ig53/Fn2 of UNC-89 (Wilson et al., 2012).  Importantly, in unc-89 

mutants, the expression levels of MEI-1 were decreased, suggesting that the presence of 

UNC-89 suppresses the degradation of MEI-1. 

CPNA1: A newly identified protein, CPNA1, was found to interact with the first three Ig 

domains of UNC-89 (Warner et al., 2013; Table 1.3).  Immunofluorescence combined 

with Z-series of confocal optics revealed that CPNA1 resides beneath the plasma 

membrane overlying M-bands and the dense body region, where it may interact with 

PAT-6 (homologue of actopaxin in C. elegans).  It was found that loss of CPNA1 results 

in displacement of UNC-89 and myosin after the embryos begin to contract.  UNC-89 

may thus indirectly interact with the integrin adhesion complex through CPNA1 (Warner 

et al., 2013).  

Sarcoplasmic Reticulum (SR) 

Small ankyrin 1.5 (sAnk1.5): No other interacting partner of obscurin has been 

characterized as extensively as sAnk1.5.  Originally identified in Y2H screening, 

sAnk1.5 interacts with the non-modular sequence present at the COOH terminus of 

obscurin-A (Bagnato et al., 2003; Kontrogianni-Konstantopoulos et al., 2003; Table 1.2).  
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Immunofluorescence studies showed that similar to obscurin, sAnk1.5 is primarily 

present at M-bands, with less staining at Z-disks in adult rat heart and skeletal muscle 

(Kontrogianni-Konstantopoulos et al., 2003).  However, in mouse diaphragm, sAnk1.5 is 

reported to present mainly at Z-disks at E14, but localizes at both M-bands and Z-discs 

postnatally (Giacomello and Sorrentino; 2009).  Mutagenizing the obscurin binding 

domain (OBD) in sAnk1.5 results in its diffuse localization in differentiating skeletal 

muscle cells (Bagnato et al., 2003).  Consistent with this, down-regulation of obscurin 

using siRNA also results in failure of sAnk1.5 from organizing into striations at the level 

of the M-band or the Z-disk (Kontrogianni-Konstantopoulos et al., 2006a).  Similarly, in 

obscurin knock-out animals lacking the giant isoforms of obscurin, localization of 

sAnk1.5 was shifted from the M-band to the I-band and the Z disk (Lange et al., 2009).  

 So far, two sAnk1.5-binding sites on obscurin have been identified- aa 6316-6345 

and aa 6231-6260, with binding affinity of 133±43 nM and 384±53 nM, respectively 

(Armani et al. 2006; Busby et al., 2010).  Mutagenesis studies showed that electrostatic 

charges as well as hydrophobic interactions contribute to the binding (Borzok et al., 

2007; Busby et al., 2011; Willis et al., 2012).  Mutations of any of the K100/101/105 and 

R64/67/68/104 of sAnk1.5 to alanine reduce the binding affinity between obscurin and 

sAnk1.5, as well as any of the mutations E6327/6329/6330/63333A of obscurin (Borzok 

et al., 2007; Busby et al., 2011).  Compensatory mutations, such as simultaneous 

mutagenizing both E6327K of obscurin and R69E of sAnk1.5, allow the binding to be 

partially restored (Busby et al., 2011).  Moreover, conversion of any of the hydrophobic 

residues V70/F71/I102/I103 of sAnk1.5 to alanines also reduces its binding affinity to 

obscurin6316-6345 (OBD2), but only the F71A and I103A mutations reduce its binding  
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Table 1.2. Interacting partners of obscurin domains at different cellular structures. 

Structure 
 
 

Domain 
M-Band Z-disc SR Reference 

Ig1 Titin (M10)   Fukuzawa et al., 2008 

Ig2 
Myosin binding 
protein-C slow 
variant 1 (C10) 

  Ackerman et al., 2009 

Ig3 
Myomyesin 

(linker between 
My4-My5) 

  Fukuzawa et al., 2008 

 Titin (Z9/Z10)  Young et al., 2001 Ig58/59 
  Titin (novex-3)  Bang et al., 2001 

IQ  Calmodulin  Young et al., 2001 

RhoA RanBP-9  
Bowman et al., 2008; 
Ford-Speelman et al., 

2009 
RhoGEF 

 
  RhoQ (TC10)  Coisy-Quivy et al., 

2009 

Non-
modular 
COOH in 

obscurin A 

AnkB  sAnk1.5 

Kontrogianni-
Konstantopoulos et al., 
2003; Bagnato et al., 

2003; Cunha and 
Mohler, 2008 

 

Table 1.3. Interacting partners of UNC-89 in C. elegans. 

UNC-89 domain M-band Complex Reference 

DH Rho1  Qadota et al., 2008b 

Ig1-3 CPNA-1 PAT-6 (integrin complex) Warner et al., 2013 

Ig2/3 MEL-26 MEI-1; Cullin-3 Kristy et al., 2012 

FN1/Ig52/PK1 SCPL-1 UNC89(Ig53/FN2/PK2); LIM-9 Qadota et al., 2008a; 
Xiong et al., 2009 

FN1/Ig52/PK1 LIM-9 SCPL-1 Xiong et al., 2009 
linker between 
PK1 and Ig53 LIM-9 SCPL-1 Xiong et al., 2009 

Ig53/FN2 MEL-26 MEI-1; Cullin-3 Kristy et al., 2012 

Ig53/FN2/PK2 SCPL-1 LIM-9 Qadota et al., 2008a; 
Xiong et al., 2009 

 



 

 21 

affinity to obscurin6231-6260 (OBD1) (Willis et al., 2012).  Consistent with this, switching 

any of V6328/I6332/V6334 residues of obscurin to alanines results in reduced binding to 

sAnk1.5 (Willis et al., 2012).  The identification of obscurin interacting with sAnk1.5 

represents the first physical linkage between SR and myofibrils.   

 

1.3.2 Localization of obscurins in non-muscle cells 

In addition to its expression in muscle, our laboratory has further examined its 

expression in other tissues.  Perry et al. have reported that in normal breast epithelial 

cells, obscurins are localized in the nucleus, cell-cell contacts and perinuclear puncta that 

are co-stained with the Golgi marker, gigantin (Perry et al. 2012; Table 1.4).  

Immunoblotting using epitope-specific antibodies recognizing either the Rho-GEF 

domain or the Ig67 and non-modular COOH-terminus of obscurin-A revealed the 

presence of an obscurin-isoform migrating at ~110 kDa, which is primarily present in the 

nucleus, while a kinase-specific antibody recognizing the FnIII70 domain preceding SK1 

identified another obscurin isoform of ~120 kDa that also localized in the nucleus.  These 

findings suggest that more than one obscurin isoform is present in the nucleus, although 

their specific functions need to be determined.  

 

1.4 Physiological roles of obscurins 

1.4.1 Myofibrillogenesis 

 Obscurin has been implicated in myofibril organization, similar to the other two 

giant proteins, titin and nebulin.  In the mouse myoblast cell line, C2C12, it was found 

that 24-48 hours post-differentiation, obscurin is expressed and organized into striations  
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Table 1.4. Localization of obscurin epitopes in mammalian epithelial cells.  

Obscurin 
epitope Labeled structure Model Reference 

Ig1/2 
(Obscurin-

NH2) 

plasma membrane (cell-cell junction); 
nucleus; perinuclear/cytoplasmic puncta 

(co-stained with gigantin) 

human breast 
epithelial cell line Perry et al., 2012 

RhoGEF 
(Obscurin-
RhoGEF) 

plasma membrane (cell-cell junction); 
nucleus; perinuclear/cytoplasmic puncta 

(co-stained with gigantin) 

human breast 
epithelial cell line Perry et al., 2012 

Ig66/67-
COOH 

(Obscurin-
COOH) 

plasma membrane (cell-cell junction); 
nucleus; perinuclear/cytoplasmic puncta 

(co-stained with gigantin) 

human breast 
epithelial cell line Perry et al., 2012 

Fn70 
(Obscurin-

kinase) 

plasma membrane (cell-cell junction); 
nucleus; perinuclear/cytoplasmic puncta 

(co-stained with gigantin) 

human breast 
epithelial cell line Perry et al., 2012 

at the level of M-bands, prior to the expression of myosin-fast but after myomesin and the 

incorporation of the COOH-terminus of titin into M-bands (Kontrogianni-

Konstantopoulos et al., 2006).  Over-expression of the non-modular small Ankyrin 1 

isoform 5 (sAnk1.5) binding region present in the COOH-terminus of obscurin-A results 

in disrupted myosin organization in primary cultures of rat myotubes (Kontrogianni-

Konstantopoulos et al., 2004).  Reduced expression of obscurin using siRNA targeting 

the Ig2 domain or overexpression of the Ig2 domain disrupts the organization of M- and 

A- bands, while the proteins localized in Z-bands are not affected (Kontrogianni-

Konstantopoulos et al., 2005; Ackermann et al., 2009).  Moreover, overexpression of the 

Rho-GEF domain of obscurin inhibits the incorporation of titin into Z-discs (Bowman et 

al., 2008).  However, obscurin knock-out mice do not exhibit disrupted myofilaments, 

likely because of the presence of additional obscurin isoforms expressed with alternative 

translational starting sites.  Only in the one-year-old mice, the muscle mass and fiber 

length are reduced. 

 Recently, the role of obscurin-A has been closely examined in a zebrafish model.  

Using morpholino anti-sense nucleotides targeting to the 5’ untranslated region of 
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obscurin-A, Russell’s group found that down-regulation of obscurin A resulted in less 

well-defined somite boundaries, tail-shortening and delay of myofibrillogenesis (Raeker 

et al., 2006; Raeker and Russell, 2011), along with a cardiac phenotype that will be 

addressed in Section 1.4.3.  Molecular characterization of the obscurin-null muscles 

showed reduced expression of α-dystroglycan, impaired fibronectin organization, and 

misalignment of myofibrils in adjacent cells.  Similarly, selective deletion of the obscurin 

RhoGEF domain through exon/intron skipping also resulted in cardiac phenotypes 

(Raeker et al., 2010).  Intriguingly, unlike the obscurin-A knock-out embryos, ablation of 

obscurin RhoGEF domain does not cause myofibril misalignment, implying that the 

structural/scaffolding domains of obscurin are essential for both extracellular and 

sarcoplasmic organization.   

 Recent studies have implicated obscurin in proteasomal degradation, which has 

been considered as a regulatory mechanism essential for muscle differentiation (Bello et 

al., 2009; Nierobisz et al., 2012; Lange et al., 2012; Wilson et al., 2012).  The K38R 

mutant of sAnk1.5 has reduced protein turnover rate in the presence of obscurin, but not 

in its absence (Lange et al., 2012).  It is possible that obscurin binding to sAnk1.5 

sequesters sAnk1.5 away from cullin-3 and its specific adaptor, potassium channel 

tetramerization domain containing 6 (KCTD6), since the cullin-3 complex binds to 

sAnk1.5 within its obscurin binding domains (Lange et al., 2012).  In addition, UNC-89, 

the obscurin homologue in C. elegans, has been found to interact with MEL26- an 

adaptor for cullin-3, which mediates the proteasomal degradation of MEI-1, a tubulin-

severing protein (Wilson et al., 2012).  In unc-89 mutants, MEI-1 expression is 

significantly reduced.  Even though both UNC-89 and MEI-1 bind to the same region on 
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MEL26, no competition for binding was found, suggesting that UNC-89 affects the 

protein turnover in a non-traditional fashion. 

 

1.4.2 Regulation of calcium dynamics 

 Obscurin may also be involved in Ca2+ handling during muscle contraction.  In 

the mouse model that lacks the giant isoforms of obscurin, while the organization of 

myofilaments is mostly preserved, the morphology of longitudinal SR is altered (Lange et 

al., 2009).  At the protein level, sAnk1.5 is displaced from M-bands and is localized to I-

bands or to Z-discs, and the expression level of AnkB is also increased (Lange et al., 

2009).  Moreover, the one-year-old obscurin knock-out mice have shown a trend of 

increased relaxation times than the wild-type mice, even though not statistically 

significant likely due to the small sample size (n=3) (Lange et al., 2009).  In addition, a 

recent report on a non-synonymous mutation (L2116F) in obscurin has been implicated in 

aspirin-exacerbated respiratory disease (AERD) in the Korean population (Kim et al., 

2012).  Previous studies have identified elevated sarcoplasmic Ca2+ level in airway 

smooth muscle cells leading to asthma (Sweeny et al., 2002; Kellner et al., 2008).  Since 

the increased relaxation time is often associated with the increased sarcoplasmic Ca2+ 

concentration or slower rate of Ca2+ uptake to the SR, how the mutations or 

polymorphisms in obscurin may be associated with the sarcoplasmic Ca2+ levels requires 

further examination.   

In C. elegans, unc-89 mutants exhibit slower rate of calcium release from the SR, 

and reduced peak Ca2+ amplitude during contraction (Spooner et al., 2012).  Unc-89 

mutant strains with nonsense mutations in Ig15 and Ig21 may compensate the gain-of-
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function mutation in the voltage-gated L-type calcium channel, suggesting that UNC-89 

is involved in the calcium release from SR mediated by L-type calcium channel coupling 

with ryanodine receptors (Spooner et al., 2012).   While these data are inconsistent with 

the role implicated in calcium uptake during relaxation in the murine obscurin knock-out 

model, it is possible that obscurin may play a role in both calcium release and uptake, or 

that obscurin and UNC-89 may play different roles in calcium homeostasis in mammals 

and worms.  

 

1.4.3 Heart development and cardiomyopathy 

Current studies indicate that obscurin has both structural and regulatory roles in 

the myocardium.  Down-regulation of giant obscurins via siRNA in rat cardiomyocytes 

results in loss of striated myosin filaments and extensive branching of underdeveloped 

myofibrils (Borisove et al., 2006).  Even though the cultured cardiomyocytes were 

induced to differentiate by phenylephrine, down-regulation of giant obscurin prevented 

lateral fusion and alignment of nascent myofibrils (Borisov et al., 2006).  Disorganization 

of sarcomeric α-actinin in premyofibrillar structures has also been observed in giant 

obscurin down-regulated cells.  At the whole organism level, loss of the giant isoforms of 

obscurin induced by morpholino oligonucleotides targeting the 5’-untranslated region in 

zebrafish leads to impaired alignment of myofibrils with indistinct M-bands, as well as 

decreased heart rate and pericardial edema (Raeker et al., 2006).  In the absence of the 

obscurin Rho-GEF domain in zebrafish, in addition to the observed pericardial edema 

and reduced heart rate, the ejection fraction and stroke volume were also decreased, 

intercalated discs (ICD) were lost and myofibrillar content was reduced (Raeker et al., 



 

 26 

2008).  In a mouse cardiac hypertrophy model induced by aortic stenosis, transcripts of 

SK2 and RhoGEF were increased for two days, but returned to the normal levels after 

fifty days.  It was also shown that both the levels of RhoGEF and SK2 transcripts 

correlate with the ratio of heart weight to body weight, indicating that in the hypertrophic 

response, both the RhoGEF and SK2 are present at higher levels (Borisov et al., 2003).  

Another implication of obscurin in hypertrophic cardiomyopathy (HCM) is that in one 

clinical case, an R4344Q mutation in obscurin was implicated in the pathogenesis of 

HCM, resulting in decreased affinity of obscurin to Z9/Z10 Ig domains of titin (Arimura 

et al., 2007).  The significance of this mutation in obscurin is further characterized in our 

laboratory in a transgenic mouse model carrying this mutation, which will be discussed 

further in Chapter 3.    

 

1.4.4 Resistance of apoptosis during cancer development 

While most studies have implicated the roles of obscurins in myofibrillogenesis in 

striated muscle, some literature has noted the involvement of obscurins in cancer.  An 

analysis of breast and colorectal cancer for genes with high frequency of somatic 

mutations found that TP53 and OBSCN are the only two common genes shared in the two 

cancer types (Sjoblom et al., 2006).  In an effort to characterize three highly aggressive 

cancer types, one additional somatic missense mutation in OBSCN has been identified in 

melanoma, along with a germline mutation of obscurin (R4458H) in glioblastoma 

consistent with the previously identified somatic mutation in colorectal cancer 

(Balakrishnan et al., 2007; Sjoblom et al., 2006).  Interestingly, in one clinical case of 

Wilm’s tumor, the patient had a t(1;7)(q42;p15) chromosomal translocation with the 
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breakpoint in the first intron of the OBSCN gene; the broken piece of chromosome 1 was 

translocated to the gene locus encoded for parathyroid-responsive B1 (PTH-B1) (Vernon 

et al., 2003).  In addition, obscurin has also been identified as one of the two-gene-

classifiers for differentiating gastrointestinal stromal tumors (GIST) and 

leiomyosarcomas (LMS) (Price et al., 2007).  The relative transcript levels between 

obscurin and C9orf65 were found to distinguish correctly between phenotypically similar 

GIST and LMS with 99.3% accuracy. 

 While these studies established the association of obscurin to different types of 

cancer, the exact functional roles of obscurins in cancer progression just began to unravel 

recently.  Perry et al. confirmed that the giant obscurin isoforms are expressed in normal 

epithelium but are present in diminished amounts in breast cancer cell lines (Perry et al., 

2012).  Down-regulation of both obscurin-A and -B isoforms in a normal mammary 

epithelial cell line results in increased resistance to apoptosis after exposure to etoposide. 

The exact mechanism by which obscurin regulates anti-apoptotic pathway requires 

further elucidation.    

 

1.5 MLCK-kinase domains of obscurins 

MLCK-family kinases are important in regulating contractility in both muscle and 

non-muscle cells (reviewed in Kamm and Stull, 2001).  Generally composed of Ig and/or 

FnIII domains in addition to the kinase domains, several members of the MLCK-family 

are essential in maintaining cellular structures and functions.  The cardiac-specific 

MLCK has been implicated in sarcomeric organization and cardiac performance, while 

ablation of cardiac-specific MLCK in mice led to reduced phosphorylation of myosin 
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regulatory light chain leading to cardiac hypertrophy (Chan et al., 2008; Ding et al., 

2010).  Genetic deletion of another member of the MLCK-family, the kinase domain of 

titin, along with the adjacent Ig domains, resulted in impaired lateral assembly of 

myofilaments, muscle weakness and embryonic lethality due to defects in heart 

development (Gotthardt et al. 2003; Musa et al, 2006; Weinert, 2006).  Striated 

preferentially expressed gene (SPEG), previously suggested to derive from gene 

duplication of OBSCN and is encoded within 100 kb of OBSL1 on chromosome 2, is 

another member of the tandem MLCK family that contains two serine/threonine kinases 

domains (Hsieh et al., 2000; Sutter et al., 2004; Geisler et al. 2007)).  Mice with disrupted 

SPEG exhibit dilated cardiomyopathy and increased neonatal death rate (Liu et al., 2009). 

Since the amino kinase domain of SPEG shares 45% identity with the SK2 domain of 

obscurin, and the carboxyl kinase domain shares 42% identity with SK1, it is possible 

that the kinase domains of obscurin and SPEG may be involved in similar pathways. 

While the exact functional roles of the two kinase domains of obscurin are not yet 

elucidated, it has been shown that the transcript level of the internal kinase, SK2, arises in 

response to aortic stenosis (Borisov et al., 2003), and exogenous carboxyl terminal 

kinase, SK1, was shown to localize in the nucleus of developing cardiomyocytes 

(Borisov et al., 2008).  It is possible that obscurin kinases may involve in the similar 

cellular pathways of SPEG, but phosphorylate different substrates. 

 

1.6 Significance of studies 

In my thesis projects, I hypothesize that obscurins are involved in regulation of 

subcellular structures and cardiac functions.  I focus on the molecular characterization of 
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the two obscurin kinase domains, as well as the physiological impact of the R4344Q 

mutation and the Ig58/59 deletion of obscurin.  In Chapter 2, I address the kinase 

activities of both SK2 and SK1 MLCK-kinase domains of obscurins.  Importantly, both 

SK2 and SK1 interact with proteins that contribute to intercellular adhesion processes.  I 

also show that at least one small obscurin isoform is glycosylated and localized 

extracellularly.  The study on obscurin kinases confirms that the kinase domains are 

enzymatically active.  In Chapter 3, I characterize the transgenic mice containing the non-

synonymous R4344Q mutation, as well as the partial knock-out mice lacking Ig58/59 

domains.  Both animal models exhibit impaired cardiac functions as well as histological 

pathology.  The two studies highlight the involvement of giant obscurins in diverse 

pathways in the myocardium. 
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CHAPTER 2. 

THE KINASE DOMAINS OF OBSCURIN  

INTERACT WITH INTERCELLULAR ADHESION PROTEINS 

 

2.1 Introduction 

 Obscurin is the third and most recently discovered member of the family of giant 

proteins expressed in striated muscles (Kontrogianni-Konstantopoulos et al., 2009).  It is 

a multidomain protein, composed of adhesion modules and signaling domains arranged 

mostly in tandem.  The NH2-terminus of the prototypical form, referred to as obscurin-A 

(~720 kDa), contains 51 immunoglobulin (Ig) and 2 fibronectin-III (Fn-III) domains, 

while its COOH-terminus contains 4 additional Ig repeats and several signaling domains, 

including an isoleucine-glutamine (IQ) motif and a conserved Src-Homology 3 (SH3) 

domain, adjacent to Rho-guanine nucleotide exchange factor (Rho-GEF) and pleckstrin 

homology (PH) domains (Young et al., 2001; Kontrogianni-Konstantopoulos et al., 2009; 

Fukuzawa et al., 2005).  These are followed by 2 additional Ig domains and a non-

modular sequence of ~400 amino acids that contains several copies of a consensus 

phosphorylation motif for ERK kinases (Kontrogianni-Konstantopoulos et al., 2009).   

 The obscurin gene, OBSCN, also encodes two Ser/Thr Kinase domains, referred 

to as SK1 and SK2 that belong to the myosin light chain kinase (MLCK) subfamily 

(Russell et al., 2002; Sutter et al., 2004).  Although these are found at the COOH-

terminus of a ~870 kDa form of obscurin, obscurin-B or giant MLCK, they are also 

expressed as smaller, alternatively spliced products containing one (~55 kDa) or both 
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(~145 kDa) kinase domains (Russell et al., 2002; Borisov et al., 2008).  

 Members of the MLCK subfamily have been shown to play key roles in the 

maintenance of subcellular structures and the regulation of cell contractility (Kamm and 

Stull, 2011).  The cardiac-specific MLCK (cMLCK) has been implicated in sarcomeric 

organization and cardiac contraction.  Consistent with this, ablation of cMLCK leads to 

diminished phosphorylation of myosin regulatory light chain and cardiac hypertrophy 

(Ding et al., 2010).  Similarly, genetic ablation of the titin kinase (TK) domain, another 

member of the MLCK subfamily, results in impaired lateral assembly of myofilaments, 

muscle weakness and embryonic lethality due to defects in heart development (Weinert et 

al., 2006).  Striated Preferentially Expressed Gene (SPEG), previously suggested to 

derive from duplication of the OBSCN gene (Sutter et al., 2004), also contains tandem 

serine/threonine kinase domains; however, only the internal kinase domain appears to be 

active (Hsieh et al., 2000).  Genetic disruption of the SPEG gene has been associated with 

the development of dilated cardiomyopathy (Liu et al., 2009).  As the OBSCN and SPEG 

kinases share >40% identity and are both preferentially expressed in striated muscles 

(Russell et al., 2002; Hsieh et al., 2000), they may be involved in similar cellular 

pathways.  

 While the exact roles of the OBSCN kinase domains have remained elusive for 

over a decade, it has been shown that the transcript levels of SK2 increase dramatically in 

response to aortic stenosis (Borisov et al., 2003).  In the current study, we report that both 

OBSCN kinase domains possess enzymatic activities and can undergo auto-

phosphorylation.  The β1-subunit of Na+/K+ ATPase is a ligand of SK1, and N-cadherin is 

a substrate of SK2.  While giant obscurin-B localizes intracellularly, a smaller OBSCN 
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kinase isoform localizes extracellularly where it may undergo glycosylation.   

 

2.2 Materials and Methods 

Antibodies  

 ObsKin-1 and ObsKin-2 antibodies were generated in rabbits by injection of 

GST-tagged recombinant proteins, including domains Ig69/FN-III70 (amino acids, aa, 

7480-7746, accession number: NP001164983) and FN-III70 (aa 8476-8570, accession 

number: A2AAJ9), respectively.  Anti-sera were sequentially purified over GST and 

GST-Ig69/FN-III70 or GST and GST-FN-III70 columns conjugated to Sulfolink® resin 

(Thermo Scientific, Waltham, MA, USA) or cyanogen bromide (Sigma-Aldrich, St. 

Louis, MO, USA), respectively.  ObsKin-1 (150 ng/ml), ObsKin-2 (300 ng/ml) and 

mouse polyclonal ObsKin-3 (A02, 1:2000, Abnova, Taipei City, Taiwan) antibodies were 

used in immunoblotting experiments.  

 The following primary antibodies were used in immunofluorescence and the 

Duolink® Proximity Ligation Assay: mouse monoclonal antibodies to α-actinin (1:400, 

A7811, Sigma-Aldrich), myomesin (mMac, 3 mg/ml, tissue culture supernatant, 

Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA), 

HAX-1 (3 mg/ml, BD Biosciences, Franklin Lakes, NJ, USA), NKAβ1 (1:50, Thermo 

Scientific), N-cadherin (1.2:100, BD Biosciences; recognizing the cytoplasmic domain of 

the protein) and N-cadherin (1:50, Santa Cruz Biotechnology, Santa Cruz, CA, USA; 

recognizing the extracellular domain of the protein), and rabbit polyclonal antibodies to 

HAX-1 (1:100, Santa Cruz), the first two immunoglobulin domains of titin (Titin-Z) (3 

mg/ml, (Ackermann et al., 2009)), and obscurin-kinase(s) (ObsKin-1, 3 mg/ml). 
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Preparation of tissue homogenates and immunoblotting 

 Tissues lysates were prepared either in SDS/β-Mercaptoethanol (β-ME) lysis 

buffer containing 10 mM Na2HPO4, pH 7.4, 120 mM NaCl, 2 mM EDTA, 10 mM NaN3, 

2% SDS, 1% β-ME (EMD, Darmstadt, Germany), and Complete Mini-Protease Inhibitor 

Cocktail Tablets (Roche, Indiannapolis, IN, USA) or RIPA lysis buffer containing 10 

mM Na2HPO4, pH 7.4, 120 mM NaCl, 2 mM EDTA, 10 mM NaN3, 1% NP-40, 0.5% 

sodium deoxycholate, Complete Mini-Protease Inhibitor Cocktail Tablets (Roche), as 

previously described (Kontrogianni-Konstantopoulos et al., 2003).  Immunoreactive 

bands were detected with either the Tropix Chemiluminescence kit (Life Technologies, 

Grand Island, NY, USA) or the ECL Plus Western Blot Detection Kit (GE, Little 

Chalfont, Buchinghamshire, UK). 

Preparation of isolated myofibers and cardiocytes 

Acutely dissociated FDB myofibers: FDB muscles were dissected from adult FVB mice 

and incubated in MEM (Life Technologies) containing 10% FBS (Life Technologies) 

/0.1% gentamycin sulfate (Teknova, Hollister, CA, USA) in the presence of 2 mg/ml 

Collagenase Type I (Sigma-Aldrich) at 37oC, 5% CO2 for 3 hours (h).  Following 

incubation, muscles were transferred to MEM containing 10% FBS/0.1% gentamycin and 

gently triturated to obtain single myofibers.   

Acutely dissociated adult cardiocytes: Adult mouse cardiocytes were prepared as 

previously described (Prosser et al., 2011). 

Preparation of adult cardiac sections 

 Adult female FVB mice were sacrificed by perfusion with 4% paraformaldehyde 

(PFA) in PBS under anesthesia.  Hearts were excised and embedded in 7.5% gelatin/15% 
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sucrose in PBS and gradually frozen using 2-methylbutane at -60oC.  Cryo-sections (~12-

15 µm in thickness) were obtained with a Microm HM550 cryostat (Thermo). 

Immunostaining, confocal microscopy and quantification of extracellular staining 

 Frozen cardiac tissue sections were incubated with 1 mg/ml BSA/1 mM NaN3 in 

PBS for 2 h at room temperature (RT) and then with the appropriate primary antibodies 

overnight (ON) at 4oC in the same solution.  Permeabilized cells were fixed with 2% 

PFA, treated with 0.1% Triton X-100, blocked in 1 mg/ml BSA for 30 min, and 

incubated with primary antibodies for 1 h at RT.  Non-permeabilized cells were in 1 

mg/ml BSA for 30 min, incubated with primary antibody for 1 h at RT, and then fixed in 

2% PFA.  Samples were counter-stained with Alexa-488 goat anti-mouse or Alexa-568 

goat anti-rabbit (1:200, Life Technologies), mounted with Vectashield (Vector 

Laboratories, Burlingame, CA, USA), and analyzed under a LSM510 confocal 

microscope with a 63X objective (Carl Zeiss, Tarrytown, NY, USA).  

 Image J software (NIH, Bethesda, MD) was used to quantify the percentage of the 

outer sarcolemmal surface or the inner sarcoplasmic area of the middle plane of non-

permeabilized cells that was immuno-positive for the obscurin-kinases and N-cadherin.  

Approximately 20 regions from Z-stack images of each area were analyzed.  Statistical 

significance was evaluated using Student’s t-test; error bars represent standard errors of 

the mean.   

Duolink® Proximity ligation assay (PLA) and immunofluorescent microscopy 

 Frozen cardiac tissue sections were processed as above, with the exception that 

secondary antibodies were conjugated with PLA probes (Duolink® in situ PLA kit; Olink 
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Bioscience, Uppsala, Sweden).  Samples were analyzed with an Olympus fluorescent 

microscope IX51 under a 20X objective.   

Yeast two-hybrid screening  

 SK1 and SK2 were amplified from cDNA prepared from mouse heart mRNA 

with the Superscript III First Strand Synthesis System for RT-PCR (Life Technologies).  

SK1 was also amplified from a human heart cDNA library (OriGene, Rockville, MD, 

USA).  The primers used are listed in Table 2.1.  SK1 and SK2 bait plasmids were 

constructed in the pGBKT7 vector.  Yeast two-hybrid screening was performed in Y187 

S. cerevisiae pre-transformed with a human heart cDNA Library (Matchmaker Gal4 

Two-Hybrid System 3, Clontech, Mountain View, CA, USA).  Absence of auto-

activation by pGBKT7-SK1 and pGBKT7-SK2 was examined in AH109 cells before 

proceeding to library screening.  We screened ~1.22 and ~1.08 million colonies with the 

SK1 and SK2 bait constructs and obtained 37 and 42 positive colonies, respectively. 

These were selected on SD/-Ade/-Trp/-Leu/-His dropout plates supplemented with X-α-

gal (Clontech) to select for α-galactosidase activity.  To identify the SK1 and SK2 

interacting partners (i.e. prey clones), positive colonies were grown overnight and 

digested with 50 units of lyticase (Clontech) in potassium phosphate buffer (55.8 mM 

KH2PO4, pH 7.5).  Plasmid DNA was extracted using CHROMA spin columns 

(Clontech), transformed in JM109 E. coli cells, and fully sequenced.  To identify the 

minimal interacting domains of bait and prey clones, deletion constructs were subcloned 

in pGBKT7 bait and pGADT7 prey vectors, respectively, verified by sequencing and 

sequentially transformed in AH109 cells.  Interaction strength was scored based on 

colony growth and color intensity.   
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Table 2.1. List of primers used for yeast two-hybrid study 

Human 
SK1 full-length sense  5'-ACGTGAATTCCCCTACAGCAGCCCC-3' 
SK1 full-length anti-sense 5'-ACGTGTCGACTGCGCACCTGGGCCAG-3' 

Mouse 
SK1 full-length sense 5'-ACGTGAATTCCCCTACAGCAGCCCCT-3' 
SK1 full-length anti-sense 5'-ATTAGTCGACTCAGCGCACCTGGGCCA-3' 
SK1 catalytic sense 5'-ACGTGAATTCCCCTACAGCAGCCCCT-3' 
SK1 catalytic anti-sense 5'-ATTAGTCGACTCACAGCCATCCGCATTG-3' 
SK1 regulatory sense 5'-GGGTGAATTCACAGAGGAGGGCCCC-3' 
SK1 regulatory anti-sense 5'-ATTAGTCGACTCAGCGCACCTGGGCCA-3' 
SK2 full-length sense 5'-ACGTGGATCCATCTAGATGCCGAAAAT-3' 
SK2 full-length anti-sense 5'-ACGTCTGCAGATTCCCCTCGTAGGTG-3' 
SK2 catalytic sense 5'-ACGTGGATCCATCTAGATGCCGAAAAT-3' 
SK2 catalytic anti-sense 5'-ACGTCTGCAGTCAGAACCAGGGGT-3' 
SK2 regulatory sense 5'-GGGTGGATCCATCTGAAATCCATGCCT-3' 
SK2 regulatory anti-sense 5'-ACGTCTGCAGATTCCCCTCGTAGGTG-3' 
NKAβ1 Clone A sense 5'-ACGTGAATTCGAAAAGTACAAGGATTC-3' 
NKAβ1 Clone A anti-sense 5'-ACGTCTCGAGTCAGCTCTTAATTTCAA-3' 
NKAβ1 Clone B sense 5'-ACGTGAATTCGAAAAGTACAAGGATTC-3' 
NKAβ1 Clone B anti-sense 5'-ACGTCTCGAGTCACATCAGTGGGTA-3' 
NKAβ1 Clone C sense 5'-GCGCTGAATTCATGAAGTATAATCCA-3' 
NKAβ1 Clone C anti-sense 5'-ACGTCTCGAGTCAGCTCTTAATTTCAA-3' 
NKAβ1 Clone D sense 5'-ACGTGAATTCGGTCTCAATGATGAC-3' 
NKAβ1 Clone D anti-sense 5'-ACGTCTCGAGTCAGAGTTTGCCGTA-3' 
N-Cad Clone A sense 5'-ACGTGAATTCGTTTTGGACAGAGAATCG-3' 
N-Cad Clone A anti-sense 5'-ACGTCTCGAGTCAGTCGTCACCACC-3' 
N-Cad Clone B sense 5'-ACGTGAATTCCAAGAGGCGGAGACCTGT-3' 
N-Cad Clone B anti-sense 5'-ACGTCTCGAGTCAGTCGTCACCACC-3' 
N-Cad Clone C sense 5'-ACGTGAATTCGCCATCATCGCTATCCTT-3' 
N-Cad Clone C anti-sense 5'-ACGTCTCGAGTCAGTCGTCACCACC-3' 
N-Cad Clone D sense 5'-ACGTGAATTCGTTTTGGACAGAGAATCG-3' 
N-Cad Clone D anti-sense 5'-ACGTCTCGAGTCAAGGTAACACCTGAGG-3' 
N-Cad Clone E sense 5'-ACGTGAATTCCAAGAGGCGGAGACCTGT-3' 
N-Cad Clone E anti-sense 5'-ATTACTCGAGTCAGCCCGTGCCAAGCCC-3' 
N-Cad Clone F sense 5'-ACGTGAATTCGCCATCATCGCTATCCTT-3' 
N-Cad Clone F anti-sense 5'-ACGTCTCGAGTCACATCCATACCAC-3' 
N-Cad Clone G sense 5'-ACGTGAATTCAAACGGCGGGATAAAG-3' 
N-Cad Clone G anti-sense 5'-ACGTCTCGAGTCAGTCGTCACCACC-3' 
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Expression and purification of SK1 and SK2 from insect cells. 

 To express SK1 and SK2 proteins in insect cells, mouse SK1 (aa 8595-8847, 

accession number: A2AAJ9) and SK2 (aa 7415-7668, accession number: A2AAJ9) were 

subcloned in pVL1393 vector (Invitrogen, Carlsbad, CA) in frame with a 6x-His tag.  Tni 

cells were infected with pVL1393-SK2 virus at multiplicity of infection (MOI): 3, while 

Sf9 cells were infected with pVL1393-SK1 virus at MOI: 0.1.  Transfected cell pellets 

were collected 3 days (d) post-infection, and lysed through sonification in lysis buffer, 

containing 20 mM Tris-HCl, pH 8.0, 20 mM NaCl, 0.5 mM Tris (2-carboxyethyl) 

phosphine hydrochloride (TCEP-HCl, Thermo), 5% glycerol, 1% NP-40, and Complete 

Mini-Protease Inhibitor Cocktail Tablets (Roche).  Clarified lysates containing His-

tagged SK2 were incubated with a TALON Metal Affinity Resin (Clontech) in the 

presence of 6 M urea (Sigma-Aldrich) and 2 mM β-ME.  Following extensive washes 

with 10 mM imidazole, the protein was eluted with 150 mM imidazole and 6 M urea, 

underwent buffer exchange in 50 mM Tris-HCl, 150 mM NaCl, 1 mM TCEP-HCl in the 

presence of Halt protease inhibitors (Thermo), and concentrated using Amicon Centricon 

columns (EMD Millipore, Billerica, MA, USA). 

 In parallel, clarified lysates containing His-tagged SK1 were incubated with a 

TALON Metal Affinity Resin (Clontech) in the presence of 6 M urea (Sigma-Aldrich).  

The flow-through fraction, which contained significant amounts of the His-tagged SK1, 

was dialyzed in PBS ON at 4oC, and subjected to 20% ammonium sulfate precipitation.  

The soluble fraction was incubated with a TALON Metal Affinity Resin (Clontech) in the 

presence of 6 M urea.  Following extensive washes with gradually reduced urea solutions 

(5 M - 0 M), His-tagged SK1 was eluted with 150 mM imidazole and 1 mM β-ME.  Non-
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transfected cells underwent the same purification procedures described for each kinase, 

and served as negative controls.  Recombinant SK1 and SK2 were analyzed by 4-12% 

SDS-PAGE, followed by SYPRO Ruby gel stain (Invitrogen), according to the 

manufacturer’s instructions.  

Tandem mass spectrometry 

 Purified fractions containing recombinant His-SK1 and His-SK2 were subjected 

to liquid chromatography (LC) and tandem mass spectrometry using a linear-trap 

quadrupole (LTQ) mass-spectrometer interfaced with a 2D nanoLC system (Thermo 

Fisher, Waltham, MA, USA; Mass Spectrometry Proteomics Facility, Johns Hopkins 

University, School of Medicine).  Samples were reduced, alkylated with iodoacetamide 

and proteolyzed with trypsin.  Peptides were fractionated by reverse-phase HPLC and 

their sequences were identified using the Mascot software (www.matrixscience.com) to 

search the NCBInr 167 database, allowing for oxidation on methionine and 

carbamidomethylation on cysteine as variable modifications. Mascot search results were 

processed in Scaffold (www.proteomesoftware.com) to validate protein and peptide 

identifications. 

 In addition, we performed tandem mass spectrometry to confirm the identity of 

the ~70/55 kDa immunoreactive band retained by the lectin column as an obscurin-kinase 

isoform.  To this end, following elution (please see below: Lectin column 

chromatography and de-glycosylation of cardiac lysates), the ~70/55 kDa band was 

separated by SDS-PAGE, stained with Coomassie Brilliant Blue-R250 and excised with a 

sharp razor.  The isolated protein band was reduced, alkylated, and in-gel digested with 

trypsin.  The tryptic peptides were subjected to nanoLC (Dionex Ultimate 3000, Milford, 
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MA) and tandem mass-spectrometry (ABSCIEX TOF/TOF 5800 System, Applied 

Biomics, Inc., Hayward, CA, USA).  The resulting peptide mass and the associated 

fragmentation spectra were submitted to Mascot software to search the Swiss-Prot 

database, allowing for one missed cleavage, and oxidation on methionine and 

carbamidomethylation on cysteine as variable modifications.   

In vitro kinase assays 

 Aliquots containing 100-400 ng of purified SK1 or SK2 were incubated with 10 

µg of the appropriate substrates and 1 µCi of [γ-32P] labeled ATP in kinase buffer 

containing 10 mM Na2HPO4, 10 mM MgCl2, 200 µM ATP, 50 mM β-glycerophosphate, 

100 nM okadaic acid, 1 mM CaCl2, 1 mM dithiothreitol, in the presence of Complete 

Mini-Protease Inhibitor Cocktail Tablets, EDTA-free (Roche).  After 1 h incubation at 

30oC, reactions were stopped by addition of LDS sample buffer (Life Technologies), 

analyzed by 4-12% SDS-PAGE and visualized by autoradiography.  

Lectin column chromatography and de-glycosylation of cardiac lysates 

 Adult mouse heart homogenates were prepared in SB buffer, incubated with a 

lectin resin overnight at 4oC, washed and eluted with buffers ME or SE (QProteome Total 

Glycoprotein Kit; Qiagen, Venlo, Limberg, Netherlands; buffers SB, ME and SE, as well 

as detergents and protease inhibitors are provided by the kit).  For PNGase F treatment, 

lysates and eluted fractions were precipitated with ice-cold acetone, and denatured at 

100oC for 10 min in 0.5% SDS/40 mM dithiothreitol.  Denatured samples were treated 

with 1,000 units of PNGase F (New England Biolabs, Ipswich, MA, USA) in 50 mM 

sodium phosphate buffer (pH 7.5) in the presence of 10% NP-40 at 37oC for 2 h.  Protein 

lysates were loaded to the lectin column, while eluted fractions were immediately 
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analyzed by immunoblotting.  

2.3 Results and Discussion 

2.3.1 Characterization and subcellular distribution of obscurin-kinase isoforms  

 To study the localization of the obscurin-kinase proteins, we generated two 

antibodies that recognize epitopes within Ig69 and Fn-III70 (ObsKin-1) or Fn-III70 

(ObsKin-2), and obtained a commercial antibody (ObsKin-3) that targets epitopes within 

SK1 (Figure 2.1.A).  All three antibodies are directed against sequences that are present 

in all putative (known and predicted) obscurin kinase isoforms (Russell et al., 2002; 

Fukuzawa et al., 2005; Borisov et al., 2008).  Immunoblot analysis using lysates from 

mouse skeletal and cardiac muscles demonstrated that obscurin-B (~870 kDa) is present 

in all muscles examined (Figure 2.1.B and 2.1.C, top panels, square brackets).  Its 

expression was significantly lower in cardiac than skeletal muscles, however.  Obscurin-

B migrated faster in lysates prepared from Flexor Digitorum Brevis (FDB) and heart 

compared to soleus and Tibialis Anterior (TA) muscles.  This apparent difference in the 

mobility of obscurin-B may be due to differential splicing of the OBSCN gene in the 

different muscles examined (Russell et al., 2002; Fukuzawa et al., 2005), distinct post-

translational modifications, or tissue-specific degradation of the protein.  An additional 

immunoreactive band with a molecular mass of ~600 kDa was detected with the ObsKin-

2 antibody (Figure 2.1.C, top panel, curly bracket), which may result from partial 

degradation of obscurin-B or correspond to a novel obscurin-kinase isoform.  Consistent 

with this, the complete sequence of a novel obscurin-kinase isoform of human origin was 

recently deposited in Ensembl database (accession number: ENSP00000355668) with a 

calculated molecular mass of ~611 kDa that starts in Ig31 and contains both SK1 and 
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SK2 domains.  

 In addition to giant obscurin-B, we also detected smaller obscurin-kinase proteins.  

Both ObsKin-1 and ObsKin-2 antibodies specifically and efficiently recognized two 

bands with molecular masses of ~120 and ~70 kDa in all muscles examined (Figure 2.1.B 

and 2.1.C, arrow and arrowhead, and Figure 2.4.B, arrowhead); the ~70 kDa band was 

also detected with the ObsKin-3 antibody (Figure 2.1.D, arrowhead).  Earlier work has 

indicated the presence of two small obscurin-kinase isoforms, containing solely SK1 

(single kinase) or partial SK2 and SK1 (tandem kinase) (Borisov et al., 2008).  However, 

the exact translation initiation site of the single kinase and the domain composition of 

either isoform have yet to be experimentally confirmed.  It is therefore likely that the 

~120 and ~70 kDa bands that we consistently detect in skeletal and cardiac muscle 

homogenates may correspond to the tandem and single obscurin kinase isoforms, 

respectively.  Molecular characterization of the transcripts that encode the two proteins 

will confirm this notion.   

 We then examined the subcellular distribution of the obscurin-kinase proteins in 

sections of adult mouse cardiac muscle (Figure 2.1.E-2.1.E”) as well as in isolated adult 

rat cardiocytes (Figure 2.1.F-2.1.F”).  Obscurin-kinase proteins are present at the level of 

the sarcomeric M-band (Figure 2.1.E, arrowhead) and the Z-disk (Figure 2.1.E, arrow), as 

shown by co-staining with the Z-disk protein, α-actinin (Figure 2.1.E’), the sarcolemma 

(Figure 2.1.E, open arrowheads) and the intercalated disk (ICD; Figure 2.1.E, inset, open 

arrowhead).  In addition, we repeatedly observed nuclear accumulation of obscurin-

kinases in rat cardiocytes (Figure 2.1.F, asterisk).  
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Figure 2.1. Expression profile of obscurin-kinase proteins.  (A) Schematic 

representation of giant obscurin-B denoting the epitopes used for antibody production.  

(B-D) Immunoblots using protein homogenates prepared from skeletal (Flexor Digitorum 

Brevis, FDB, Soleus, SOL, and Tibialis Anterior, TA) and heart (HT) muscles.  The lane 

including heart lysates was exposed for a longer time period than those including skeletal 

muscle lysates.  Obscurin-B (square bracket) is expressed in higher amounts in skeletal 

than in cardiac muscle.  An immunoreactive band of ~600 kDa (curly bracket) was 

consistently detected in skeletal and cardiac muscle lysates with the ObsKin-2 antibody, 

and may represent a novel obscurin isoform or a degradation product of obscurin B.  

Moreover, two small obscurin isoforms of ~120 (arrow) and ~70 (arrowhead) kDa were 

also present in all striated muscles examined.  (E-E”) Mouse cardiac tissue sections 

stained with ObsKin-1 (red) and α-actinin (green) antibodies.  (F-F”) Immunolabeling of 

freshly isolated adult rat cardiocytes with ObsKin-1 (red) and myomesin (green) 

antibodies counterstained with DAPI (blue).  Scale bar represents 5 µm. 
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Figure 2.1. Expression profile of obscurin-kinase proteins. 
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 While the presence of obscurin-kinase proteins at the M-band and Z-disk is not 

surprising (Kontrogianni-Konstantopoulos et al., 2003; Bowman et al., 2007), their 

nuclear concentration, sarcolemmal distribution and presence at the ICD of cardiocytes 

are novel, although not unprecedented.  Our group has previously reported nuclear 

localization of a small obscurin-kinase isoform in mammary epithelial cells (Perry et al., 

2012).  Moreover, Carlsson et al. described the presence of obscurin(s) at the 

myotendenous junction (Carlsson et al., 2008).  It is therefore apparent that the obscurin-

kinase proteins are present in multiple locations within muscle cells.  Whether specific 

isoforms preferentially localize to select subcellular compartments is still unknown.  

However, given the absence of unique sequences in the obscurin-kinase proteins that 

would allow the generation of isoform-specific antibodies, this may be a technically 

challenging question to answer.  

2.3.2 N-cadherin: a substrate of SK2 

 To identify ligands and/or substrates of the obscurin kinase domains, we 

performed a yeast two-hybrid (Y2H) screen using SK2 (Figure 2.2.A) or SK1 (Figure 2. 

3.A) as baits and an adult human cardiac cDNA library; a list of the obtained prey clones 

is shown in Table 2.2.   

 We found N-cadherin as a potential interacting partner of SK2 (Figure 2.2.B).  

Deletion analysis demonstrated that sequences within both the extracellular and 

intracellular portions of N-cadherin are required to support binding to the catalytic 

portion of SK2 (Figure 2.2.C).  Co-staining of adult cardiac sections with ObsKin-1 and 

N-cadherin antibodies followed by confocal evaluation demonstrated their coincident 

distribution (Supplemental Figure 2.1.A-2.1.A”).  Use of the Proximity Ligation Assay 
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Figure 2.2.  N-cadherin is a substrate of SK2.  (A-B) Schematic diagrams illustrating 

the SK2 bait (A) and N-cadherin prey (B) constructs.  NB: nucleotide binding domain, 

αC: α-helix C, CL: catalytic loop, AS: activation segment, PRO: pro-domain, CDR: 

extracellular cadherin repeats, TM: transmembrane region, I: intracellular domain.  (C) 

Identification of minimal interacting domains using the Y2H system; the relative strength 

of the identified interactions is denoted with the presence of (+) and (-) signs.  (D-D’) 

Fluorescent (D) and bright field (D’) images obtained from the PLA assay.  The scale bar 

represents 30 µm.  (E) Purified His-tagged SK2 protein analyzed by SDS-PAGE and 

stained with SYPRO Ruby.  (F) Purified control GST-protein and recombinant N-

cadherin peptides fused to GST separated by SDS-PAGE and stained with Coomassie 

Brilliant Blue-R250.  (G) Autoradiogram of an in vitro kinase assay using His-tagged 

SK2 and different substrates; bands denoted as P-SK2 and PP-SK2 represent SK2 species 

auto-phosphorylated to different extents. 
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Figure 2.2. N-cadherin is a substrate of SK2. 
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Table 2.2.  List of SK1 and SK2 preys identified by the yeast two-hybrid screen. 

Y2H Prey Clones 

Na
+
/K

+
 ATPase β1-subunit (NM_001677.3) 

Galectin (NM_002305.3) 

Fibronectin-1 (NM_002026.2) 
γ-Filamin (NM_001127487.1) B

ai
t:

 S
K

1 

Four and a half LIM domain-2 protein (NM_201557.3) 
N-cadherin (NM_001792.2) 
Galectin (NM_002305.3) 
Immunoglobulin Superfamily with Leucine Repeats protein (NM_005545.3) 

B
ai

t:
 S

K
2 

Titin (NM_133378.3) 

(PLA) in combination with immunofluorescent microscopy of cardiac sections co-labeled 

with ObsKin-1 and N-cadherin antibodies confirmed that obscurin-kinase protein(s) and 

N-cadherin localize within close proximity (<40nm) in puncta at the level of the 

sarcolemma and the ICD, suggesting the physiological relevance of their interaction 

(Figure 2.2.D-2.2.D’, closed and open arrowheads, respectively; positive and negative 

controls of the PLA assay are included in Supplemental Figure 2.1.C-2.1.E’). 

 Previous work has shown that N-cadherin undergoes extensive phosphorylation 

primarily on tyrosine residues (Qi et al., 2006).  Phosphorylation of N-cadherin on Y860 

located in its cytoplasmic domain by Src kinase abolishes binding to β-catenin at the 

plasma membrane.  Freed β-catenin translocates to the nucleus and activates the 

transcription of target genes.  Phosphorylation of serine or threonine residues of N-

cadherin, however, is less understood.  Hsu and colleagues, recently reported 

phosphorylation of S788, also located in the cytoplasmic domain of N-cadherin, in 

response to activation of the mTOR pathway (Hsu et al., 2011).  We therefore sought to 

examine whether N-cadherin is a substrate of SK2.  To do so, we used the baculovirus 
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system to produce the catalytic part of SK2 (Fukuzawa et al., 2005) coupled to a 6xHis-

tag (Figure 2.2.E, arrow), and the bacterial system to produce individual N-cadherin 

domains conjugated to glutathione-S-transferase (GST) (Figure 2.2.F).  Following 

affinity purification of the recombinant proteins, we confirmed the purity of SK2 using 

tandem mass spectrometry.  Even though trace amounts of contaminating proteins were 

detected, in addition to SK2, these mainly included ribosomal proteins and keratins 

(Table 2.3).  These results therefore demonstrated the absence of any known or putative 

kinases in the SK2 sample that was subsequently used in in vitro kinase assays (Figure 

2.2.G).  We found that SK2 possesses kinase activity, as it can phosphorylate a generic 

substrate of Ser/Thr kinases (i.e. histone).  More importantly, SK2 undergoes auto-

phosphorylation, which may be essential for its activation, and can efficiently and 

specifically phosphorylate the cytoplasmic domain of N-cadherin.  This is the first 

evidence since the original identification of the OBSCN gene in 2001 demonstrating that 

SK2 is an active kinase that phosphorylates, and potentially regulates, a substrate 

involved in cell-adhesion.  It is therefore possible that obscurin-B, via SK2, may play key 

roles in modulating the strength of cell adhesion.  Moreover, it is likely that obscurin-B, 

via SK2, may indirectly regulate the nucleocytoplasmic distribution of β-catenin, a potent 

player of the Wnt pathway, that directly binds to the cytoplasmic domain of N-cadherin 

depending on its phosphorylation status (reviewed in Heuberger and Birchmeier, 2010).  

The exact amino acid(s) in the cytoplasmic domain of N-cadherin phosphorylated by 

SK2, and the physiological importance of this modification(s) remain to be determined. 

2.3.3 Sodium-potassium ATPase: a ligand of SK1 

 Using the Y2H system, we also found that the β1-subunit of the Na+/K+ ATPase 
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Table 2.3. The protein compositions of purified SK1 and SK2 samples analyzed by 

mass-spectrometry. 
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pump (NKAβ1) is a potential interacting partner of SK1 (Figure 2.3.B).  Deletion analysis 

revealed that part of the extracellular domain of NKAβ1 including amino acids 161 to 

250, is necessary and sufficient to support binding to the catalytic domain of SK1 (Figure 

2.3.C).  Confocal images of sections of adult cardiac muscle co-stained with ObsKin-1 

and NKAβ1 antibodies that recognize its extracellular domain demonstrated their 

overlapping distribution (Supplemental Figure 2.1.B-2.1.B”).  Use of the PLA assay in 

combination with immunofluorescent microscopy of cardiac sections co-labeled with 

ObsKin-1 and NKAβ1 antibodies further verified that obscurin-kinase protein(s) and 

NKAβ1 are located in close proximity (<40 nm) at the level of the sarcolemma and the 

ICD (Figure 2.3.D-2.3.D’, closed and open arrowheads, respectively).  While labeling of 

cardiac tissue sections for obscurin-kinase(s) and NKAβ1 under confocal optics appears 

as continuous striations at the level of Z-disks and M-bands (Supplemental Figure 2.1.B-

2.1.B”), the fluorescent signal obtained in the PLA assay appears dotted and is restricted 

to the sarcolemma and the ICD.  This is due to the fact that the presence of fluorescent 

signal in the PLA assay does not necessarily depict the subcellular distribution of 

obscurin-kinase(s) and NKAβ1, but their close proximity in select cellular compartments 

(i.e. the sarcolemma and the ICD).  

 The localization of NKAβ1 in adherens junctions and its role in mediating 

intercellular adhesion of epithelial cells are well established (Vagin et al., 2012).  

Although its presence at the sarcolemma, the ICD and transverse-tubules of cardiocytes 

has also been documented (McDonough et al., 1996), its role(s) in cardiac structure and 

function has remained speculative.  Recently, part of the extracellular domain of NKAβ1, 

encompassing amino acids 198-207, was shown to mediate trans-dimerization of NKAβ1 
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Figure 2.3.  Extracellular localization of obscurin-kinase protein(s) in striated 

muscle cells.  (A-B) Schematic representations of SK1 bait (A) and NKAβ1 prey (B) 

constructs.  NB: nucleotide binding domain, αC: α-helix C, CL: catalytic loop, AS: 

activation segment, I: intracellular domain, TM: transmembrane domain, ECD: 

extracellular domain.  (C) Identification of minimal interacting domains using the Y2H 

system; the relative strength of the identified interactions is denoted with the presence of 

(+) and (-) signs; ND, not determined due to auto-activation.  (D-D’) Fluorescent (D) and 

bright field (D’) images obtained from the PLA assay.  The scale bar represents 30 µm.  

(E-G”) Co-labeling of non-permeabilized cardiocytes (E-F”) and FDB fibers (G-G”) with 

ObsKin-1 (red) and N-cadherin (green) antibodies that recognize epitopes in its 

extracellular domain; the scale bar represents 8 µm.  (H-I) Quantification of the 

percentage (%) of the outer sarcolemmal surface and the inner sarcoplasmic area of non-

permeabilized cardiocytes (H) and FDB myofibers (I) immuno-stained with the ObsKin-1 

and N-cadherin antibodies. 

 



 

 52 

Figure 2.3. Extracellular localization of obscurin-kinase protein(s) in striated muscle 

cells. 
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and cell-cell adhesion (Tokhtaeva et al., 2012).  Interestingly, this segment is included 

within the minimal domain of NKAβ1 required to support binding to SK1 (Figure 2.3.C; 

residues 161-250).  It is therefore possible that binding of SK1 to NKAβ1 close to its 

dimerization domain may modulate the strength of cell adhesion either through physical 

interaction or phosphorylation. 

 The interaction between SK1 and part of the extracellular domain of NKAβ1 

suggested that some obscurin-kinase protein(s) might localize extracellularly.  To test this 

possibility, we stained non-permeabilized primary cultures of adult mouse cardiocytes 

and FDB myofibers with ObsKin-1 and antibodies to either the extracellular domain of 

N-cadherin (Figure 2.3.E-2.3.G”) or myomesin, which labels sarcomeric M-bands 

(Supplemental Figure 2.2.A-2.2.B”).  Z-stack images acquired using confocal optics 

revealed that the ObsKin-1 antibody stained specifically and efficiently ICDs and the 

outer sarcolemmal surface of cardiocytes and FDB fibers in a punctate pattern (Figure 

2.3.E-2.3.G, ICDs are noted with open arrowheads).  Similarly, the N-cadherin antibody 

labeled mainly ICDs between cardiocytes and the outer sarcolemmal surface of FDB 

myofibers (Figure 2.3.E’-2.3.G’, ICDs are noted with open arrowheads).  Using ImageJ 

software, we quantified the percentage (%) of the external surface area that was 

immunostained with the ObsKin-1 and N-cadherin antibodies.  We found that obscurin-

kinase proteins occupy ~5% and ~16% of the outer sarcolemmal surface of cardiocytes 

and myofibers, respectively, while N-cadherin occupies ~0.3% and ~7% (Figure 2.3.H-

2.3.I).  Importantly, neither the ObsKin-1 nor the N-cadherin antibody stained the 

sarcoplasm of non-permeabilized cardiocytes and myofibers, as our quantification 

indicated (Figure 2.3.H-I).  Similarly, the myomesin antibody failed to stain intracellular 
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M-bands in non-permeabilized cardiocytes or FDB fibers (Supplemental Figure 2.2.A-

B”), but not in permeabilized ones (Supplemental Figure 2.2.C-2.2.D”).  Absence of 

primary antibodies completely abolished staining in either non-permeabilized or 

permeabilized cells (Supplemental Figure 2.2.E-2.2.H”).  Our findings therefore 

demonstrate that at least one obscurin-kinase isoform containing SK1 may localize 

extracellularly, where it can interact with the extracellular domain of NKAβ1.  

 Given that proteins localizing in the extracellular matrix often undergo 

glycosylation, we examined if this is the case for any of the obscurin-kinase isoforms.  To 

do so, we incubated adult mouse cardiac homogenates with a lectin resin that 

preferentially binds N-glycans, and analyzed the eluted fractions by SDS-PAGE and 

immunoblotting (Figure 2.4).  We did not detect obscurin-B (Figure 2.4.A), but we 

consistently detected a ~70 kDa immunoreactive band in the eluted fractions (Figure 

2.4.B, top panel, closed arrowhead).  This is consistent with the identification of a ~70 

kDa band in skeletal and cardiac muscle homogenates, shown in Figure 2.1.C-2.1.D.  

Pretreatment of cardiac lysates with Peptide: N-Glycosidase F (PNGase F), which 

removes most types of N-glycans, abolished binding of the ~70 kDa protein to the lectin 

resin (Figure 2.4.B, bottom panel).  Interestingly, we observed a shift in the mobility of 

the ~70 kDa protein in PNGase F-treated homogenates, migrating at ~55 kDa (Figure 

2.4.B, bottom panel, open arrowhead).  To further assess this observation, we incubated 

cardiac lysates with the lectin resin as before, but treated the eluted fractions with 

PNGase F before fractionation by SDS-PAGE and immunoblotting.  We observed a 

significant decrease in the apparent molecular mass of the ~70 kDa protein following 

treatment with PNGase F to ~55 kDa (Figure 2.4.C, closed and open arrowheads).  Using 
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mass spectrometry, we verified the identity of the ~70/55 kDa protein as an obscurin-

kinase isoform by identifying sequences within the non-modular region preceding SK1 

(e.g. ASMAHISR and GRPEGPER).  Previous work has indicated that the single 

obscurin-kinase isoform containing SK1 has a calculated molecular mass of ~55 kDa 

(Borisov et al., 2008).  It is therefore likely that the ~70/55 kDa immunoreactive band 

that our experiments identified corresponds to the single obscurin-kinase, which localizes 

in the extracellular matrix of cardiocytes and myofibers, where it may undergo 

glycosylation and can interact with the extracellular domain of NKAβ1. 

 The conventional secretion pathway of transmembrane and extracellular proteins 

involves recognition of a signal peptide present in the NH2-terminus of the newly 

synthesized protein that targets it to the endoplasmic reticulum-Golgi pathway.  

Examination of the obscurin-kinase or the NKAβ1 sequences failed to identify such a 

signal in either of them.  It is therefore likely that the small obscurin-kinase isoform that 

localizes extracellularly is secreted through non-conventional pathways, similar to 

galectin-1 (Nickel and Rabouille, 2009), which was also identified as a potential binding 

partner of SK1 in our Y2H screen.  

 Our findings clearly indicate that NKAβ1 is an interacting partner of SK1.  We 

therefore examined if NKAβ1 is a substrate of SK1 by performing an in vitro kinase 

assay (Figure 2.4.F).  As before, we used the baculovirus and bacterial systems to 

produce the catalytic part of SK1 (Figure 2.4.D, arrow) and the interacting domain of 

NKAβ1 (Figure 2.4.E), coupled to 6xHis and GST tags, respectively.  The purity of SK1 

was further verified with tandem mass spectrometry; similar to SK2, we detected trace 

amounts of contaminating ribosomal proteins and keratins, but no known or putative 
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Figure 2.4.  A small obscurin-kinase isoform undergoes glycosylation.  (A-C) Adult 

mouse heart lysates were incubated with lectin resins. Eluted fractions were 

immunoprobed for the presence of giant obscurin-B (A) or smaller obscurin-kinase 

isoforms prior to (B, top panel) and after (C) treatment with PNGase F glycosidase.  

Protein lysates were also treated with PNGase F before they were applied to the lectin 

resin (B, bottom panel); ME and SE: elution buffers (please refer to Materials and 

Methods), El1 and El2, eluted fractions 1 and 2.  (D) Purified His-tagged SK1 protein 

analyzed by SDS-PAGE and stained with SYPRO Ruby.  (E) Purified control GST-

protein and recombinant NKAβ1 peptide fused to GST separated by SDS-PAGE and 

stained with Coomassie Brilliant Blue-R250.  (F) Autoradiogram of an in vitro kinase 

assay using His-tagged SK1 and different substrates; bands marked as P-SK1 represent 

auto-phosphorylated species of SK1.  Notably, the auto-phosphorylation activity of SK1 

is significantly diminished in the presence of recombinant NKAβ1, possibly due to direct 

binding of the latter to the catalytic part of the former, as our Y2H results indicated. 
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Figure 2.4. A small obscurin-kinase isoform undergoes glycosylation.  
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kinase (Table 2.3).  Unlike SK2, SK1 was unable to phosphorylate histone, suggesting 

that it has more stringent substrate specificity (Figure 2.4.F).  Although SK1 did undergo 

autophosphorylation, indicating that it possesses kinase activity, it failed to phosphorylate 

recombinant GST-NKAβ1 (Figure 2.4.F).  This result can be explained in many ways.  It 

is likely that NKAβ1 is not a substrate of SK1, and that binding to SK1 regulates its 

accessibility to other kinases or interacting partners.  It is also possible that the 

recombinant NKAβ1 peptide is misfolded in the bacterial system or that it requires 

additional modifications (i.e. glycosylation) prior to phosphorylation by SK1 (Vagin et 

al., 2012).  Alternatively, it is conceivable that SK1 needs to undergo further post-

translational modification(s), potentially glycosylation, before it can phosphorylate 

NKAβ1.  This is consistent with our findings demonstrating the presence of extensive N-

glycosylation in the ~70/55 kDa obscurin-kinase isoform.  

 Our study shows for the first time that the obscurin kinase domains, SK1 and 

SK2, are active enzymes with distinct substrate specificities.  In the context of giant 

obscurin-B, this finding indicates dual kinase activities within the same molecule.  To 

date, the Ribosomal S6 Kinases (RSK) is the only other protein that contains two 

functional Ser/Thr kinase domains.  In particular, the more NH2-terminal kinase shares 

sequence similarity with the PKA/PKG/PKC (AGC) subfamily of kinases, and the more 

COOH-terminal kinase belongs to the Ca2+/calmodulin-dependent protein kinase 

(CAMK) subfamily.  While several substrates have been identified for the AGC RSK 

kinase, the only known function of the CAMK RSK kinase is to phosphorylate and 

activate the NH2-terminal AGC RSK kinase (Romeo et al., 2012).  Unlike the kinase 

domains of RSK, both obscurin SK1 and SK2 contain a putative calmodulin (CAM) 
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binding regulatory motif at their COOH-termini (Fukuzawa et al., 2005).  Since CAM is 

predicted to modulate the activities of both SK1 and SK2, it is unlikely that one may 

regulate the other through phosphorylation and sequential activation. 

 UNC-89, the OBSCN homologue of Ceanorhabditis elegans, also encodes a giant 

isoform, referred to as UNC-89 B, that contains tandem kinase domains, PK1 and PK2, 

that belong to the MLCK subfamily (Small et al., 2004).  Although the enzymatic 

activities of PK1 and PK2 are still speculative, homology modeling suggests that PK2 is 

catalytically active while PK1 is inactive.  Both PK1 and PK2 bind small CTD 

phosphatase-like-1 (SCPL-1) (Qadota et al., 2008a), while PK1 also binds LIM-9 protein, 

which is indirectly linked to the integrin adhesion complex through its interaction with 

UNC-97/PINCH (Qadota et al., 2007; Xiong et al., 2009).  The physiological significance 

of these interactions has yet to be established.  

 Obscurins have been previously implicated in the organization of sarcomeres and 

internal membranes (Kontrogianni-Konstantopoulos et al., 2006; Kontrogianni-

Konstantopoulos et al., 2009; Lange et al., 2009; Spooner et al., 2012).  Our study 

suggests a potential role of obscurin-kinase proteins in cell adhesion.  While obscurin-B 

appears to localize intracellularly where SK2 can phosphorylate the cytoplasmic domain 

of N-cadherin (Figure 2.5.A), a smaller obscurin-kinase isoform containing SK1 is 

localized extracellularly where it can interact with the extracellular domain of NKAβ1 

(Figure 2.5.B).  The physiological importance of these interactions in regulating cardiac 

development and contractility will be the next goals of our studies. 



 

 60 

Figure 2.5.  Topology of obscurin-kinase proteins.  (A) The SK2 domain of obscurin-B 

(or of other intracellular obscurin-kinase isoforms) may phosphorylate the cytoplasmic 

domain of N-cadherin at ICD.  (B) A small obscurin-kinase isoform (~70/55 kDa) 

containing SK1 localizes extracellularly where it can undergo glycosylation and interact 

with the β1-subunit of NKA.  The N- and O-glycosylation sites were predicted using 

NetNGlyc1.0 and NetOGlyc3.1 software, respectively. 
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Supplemental Figure 2.1.  Obscurin kinases co-distribute with their interacting 

partners.  (A-A”) Adult mouse cardiac tissue sections co-stained with ObsKin-1 (red) 

and N-cadherin (green) antibodies exhibited overlapping labeling at the ICD (open 

arrowheads) and the sarcolemma (closed arrowheads).  (B-B”) Similarly, cardiac sections 

co-stained with ObsKin-1 (red) and NKAβ1
 (green) antibodies showed overlapping 

staining at the level of the Z-disk and the M-band.  The scale bar represents 5 µm.  (C-C’ 

and D-D’) Fluorescent signal in PLA assays was eliminated in the absence of primary 

antibody (C-C’), or in the presence of primary antibodies labeling structures that are >40 

nm apart (D-D’, antibodies to titin stain Z-disks and antibodies to myomesin label M-

bands which are ~1 µm apart.  (E-E’) By contrast, fluorescent signal was clearly detected 

when two primary antibodies recognizing different epitopes within the HAX-1 protein 

were used.  C’, D’ and E’ correspond to bright field images.  The scale bar represents 30 

µm. 
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Supplemental Figure 2.2.  Obscurin-kinase proteins localize extracellularly.  (A-B”) 

Dissociated non-permeabilized cardiocytes (A-A”) and FDB myofibers (B-B”) were 

immunostained with ObsKin-1 (red) and myomesin (green) antibodies.  While ObsKin-1 

labeled the sarcolemma in puncta, the myomesin antibody failed to stain intracellular M-

bands.  (C-D”) By contrast, cultures of permeabilized cardiocytes (C-C”) and FDB 

myofibers (D-D”) showed regular striations after staining with ObsKin-1 (red) and 

myomesin (green) antibodies.  (E-F”) Non-permeabilized cardiocytes (E-E”) and FDB 

myofibers (F-F”) treated with secondary antibodies in the absence of primary antibodies 

did not fluoresce.  (G-H”) Similarly, permeabilized cardiocytes (G-G”) and FDB 

myofibers (H-H”) incubated only with secondary antibodies failed to fluoresce.  The 

scale bar represents 8 µm. 
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CHAPTER 3. 

INVOLVEMENT OF GIANT OBSCURINS 

 IN THE DEVELOPMENT OF CARDIAC HYPERTROPHY 

 

3.1 Introduction 

Sarcomeres contain structural and scaffolding proteins that contribute to their 

assembly, maintenance and stability during repeating contractions, as muscle cells exert 

force to perform to either pump blood throughout the body, or to support breathing and 

body movements.  Three giant scaffolding proteins: titin, nebulin, and obscurin, have 

been shown to play key roles in these processes.  Both titin and obscurin contain 

repetitive immunoglobulin (Ig) and fibronectin-III (Fn-III) domains, along with variable 

signaling domains, while nebulin is consisted of nebulin repeats and one SH3 domain 

(Kontrogianni-Konstantopoulos et al., 2009).   

Obscurin was originally identified as an interacting partner of titin in a yeast two-

hybrid screen (Young et al., 2001; Bang et al., 2001).  The Ig58/59 domains of obscurin 

interact with the Z9/Z10 Ig domains of titin and novex 3.  Moreover, the Ig1 domain of 

obscurin was found to interact with the M10 domain of titin, which also interacts with the 

Ig1 domain of obscurin-like 1 (OBSL-1) (Young et al., 2001; Bang et al., 2001; 

Fukuzawa et al., 2008).  In single-molecule force-spectroscopy, the binding force 

between the Ig1 domain of obscurin and the M10 domain of titin has been determined to 

be ~30 pN (Pernigo et al., 2009).  Mutations in the M10 domain have been linked 

causally to tibial muscular dystrophy (TMD) and limb-girdle muscular dystrophy 2J 

(LGMD2J), likely due to the disruption of protein interactions (reviewed in 
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Kontrogianni-Konstantopoulos et al., 2009).  As the only identified interacting partner of 

the M10 domain is obscurin, it has been speculated that loss of binding between titin and 

obscurin may be responsible for the pathogenesis of TMD and LGMD2.  Consistent with 

this, the Finnish and French mutations in the M10 domain of titin identified in TMD 

patients resulted in abrogation of the obscurin/titin interaction (Fukuzawa et al., 2008; 

Pernigo et al., 2009).  The obscurin/titin complex may thus be essential for maintaining 

the integrity of the cytoskeleton of muscle cells.  Conversely, genomic linkage analysis 

revealed that a mutation in the Ig58 domain of obscurin, R4344Q, is directly associated 

with hypertrophic cardiomyopathy (HCM).  While this mutation attenuates obscurin 

binding to the Z9/Z10 domains of titin and the non-modular sequence between Ig20 and 

Ig21 domains of novex3, the exact molecular mechanism that leads to the development of 

HCM requires further examination (Arimura et al, 2007).    

In order to examine how the R4344Q mutation may lead to the development of 

HCM, and how would the disruption of the obscurin/titin interaction affect muscle 

structure and function, we generated two mouse models: one knock-in model that 

contains full-length obscurins carrying the R4344Q mutation, and a partial knock-out 

model that lacks the Ig58/59 module.  Our study is the first to generate in vivo models in 

order to study the molecular defects leading to HCM due to mutant or truncated 

obscurins.   

 

3.2 Materials and Methods 

Gene targeting and generation of obscurinR4344Q and obscurin∆Ig58/59 mice 

The gene-targeting construct was generated by subcloning isogenic genomic 
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DNA spanning from partial intron 59 to partial intron 65, with exon 60 carrying the 

nucleotides encoding the R4344Q mutation (Figure 3.1.A).  An FRT-neomycin-FRT-

loxP cassette was inserted in intron 59, along with a distal loxP site positioned in intron 

61.  The linearized construct was electroporated into embryonic stem (ES) cells derived 

from 129 Sv strain, which has an agouti color.  Genomic DNA from G418 resistant 

clones was screened for homologous recombination using primers complementary to 

intron 59.  The recombinant ES clones were injected into C57BL/6J blastocysts.  The 

resultant offspring were identified by the agouti coat.  The neomycin selection cassette 

(Neo) was removed by breeding the recombined animals with Flp-recombinase-

expressing deleter mice (GenOway, France).  To generate the obscurin∆Ig58/59 mice, the 

chimeras were bred with Cre-recombinase-expressing deleter mice (GenOway).  Primers 

used for genotyping of the animals are shown in Table 3.1.  

Tail-Cuff blood pressure and heart rate measurements 

Measurements of blood pressure were obtained by tail-cuffing, and the heart rate 

was measured by echocardiography as described (O’Shea et al., 2010; Hecker et al., 

2012). 

Echocardiography 

Cardiac function was assessed by echocardiography on wild-type, knock-in and 

partial knock-out mice, at twelve-months of age, or 4 -and 8-weeks post-TAC surgery.  

The shaved animals were placed on a warming pad and anesthetized with 2% isoflurane 

in oxygen during echocardiography, which was performed as described (Hecker et al., 

2012). 
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Figure 3.1. Generation of transgenic obscurin R4344Q knock-in and partial knock-

out (∆Ig58/59) animals.  (A) Schematic diagrams illustrate generation of the transgenic 

animals with gene-targeting vectors and breeding lines.  (B) ES cell clones with 

successful gene targeting were confirmed by PCR of genomic DNA with primers 

annealing to intron 59, which is not included in the targeting vector, and to part of the 

neomycin-coding sequence.  (C) DNA sequencing confirms successful incorporation of 

R4344Q in the genome of ES cells.  (D) PCR with primers annealing to intron 59 

flanking the 5’ and 3’ to the proximal loxP and FRT sites, respectively, confirms deletion 

of the neomycin-insert and homozygosity in knock-in animals.  (E) PCR using the same 

primers as in (D) yields no amplification product in homozygous partial knock-out 

animals, as expected. (F) PCR using primers annealing to 5’ and 3’ to the proximal and 

distal loxP sites, respectively, yields the product of a 0.5-kb fragment amplified with 

successful deletion of Ig58/59 domains in the partial knock-out animal but a 2.8-kb 

fragment from the wild-type. (G, H) Heart homogenates from transgenic animals were 

immunoblotted with antibodies recognizing (G) amino- and (H) carboxyl-termini of 

obscurin.  WT, wild-type; KI, knock-in; p-KO; partial knock-out.  
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Figure 3.1. Generation of transgenic obscurin R4344Q knock-in and partial knock-

out (∆Ig58/59) animals.
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Table 3.1. List of primers used for confirmation of gene targeting and for 

genotyping the animals. 

Primer Name Sequence Exp. Size of 
product (bp) Purpose 

5’HR-Sense 5'-CCATCCATTGTCCACTGATTATGCTCC-3' 

5’HR-Anti-Sense 5'-CCTGCTCTTTACTGAAGGCTCTTTACTATTGC-3' 
2068 

To verify 
homologous 

recombination 
(HR) at the 5' 

end 
 

3’HR-Sense 5'-ATGCTCCAGACTGCCTTGGGAAAAG-3' 

3’HR-Anti-Sense 5'-GTTTCATCTCCTTCCGCACTTTGTAACC-3' 
6015 

To verify HR 
at the 3' end 
and R4344Q 

mutation 
Cre-Sense 5'-ATTATGCTCCATGCCCTTGTACCCC-3' 

 Cre-Anti-Sense 5'-GCCTCCTTCATCTCCACACGATAACC-3' 
WT:4503 
del:2319 

To verify 
deletion of 

Ig58/59 
Flp-Sense 5'-ATCATAGAGCAGGACTGGACCGTAGCC-3' 

Flp-Anti-Sense 5'-GTTTCATCTCCTTCCGCACTTTGTAACC-3' 

WT:351 
KI:468 
KO:0 

To verify 
NEO deletion 

and to 
genotype the 

animals 
Intron 59-Sense 5'-TGTCATCATAGAGCAGGACTGGACCG-3' 
Intron 61-Anti-

Sense 5'-CAGGATAGGGTCACAGAATGGTCACTACG-3' 

WT:2756 
KI:2873 
KO:514 

To distinguish 
KI and KO 

animals 

Transverse aortic constriction (TAC) 

Pressure overload on ~ 2 month-old wild-type, knock-in and partial knock-out 

animals were induced by TAC.  Animals were anesthetized with 2% isoflurane in 

oxygen, and placed in a supine position on a warming pad.  The TAC surgery was 

performed as previously described, resulting in animals with a 6-0 silk suture tied around 

the aorta (Hecker et al., 2013).  The sham animals were subjected to the same surgical 

procedures, but without the aorta being constricted. 

Lysate preparation and Western blotting 

Cardiac lysates were prepared from 12-month-old wild-type, knock-in, and partial 

knock-out mice, and Western blotting was carried out as previously described 

(Ackermann et al., 2009).  
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Antibodies 

The following primary antibodies were used in Western blotting (WB): mouse 

monoclonal antibody to obscurin-NH2 (1:20, tissue culture supernatant; Kontrogianni-

Konstantopoulos et al., 2006a), and rabbit polyclonal antibody to obscurin-COOH (300 

ng/ml; Kontrogianni-Konstantopoulos et al., 2003) 

Preparation of adult cardiac frozen and paraffin sections 

 The wild-type, knock-in, and partial knock-out mice at the age of one-year-old or 

8 weeks post-TAC surgery were sacrificed by perfusion with 4% paraformaldehyde 

(PFA) in PBS under anesthesia.  Hearts were excised and flash-frozen in liquid nitrogen.  

Frozen cardiac sections (~12-15 µm in thickness) were obtained with a Microm HM550 

cryostat (Thermo).  For paraffin sections, cardiac tissues were fixed in formalin overnight 

at 4oC and sequentially dehydrated in 70%, 80%, and 95% ethanol, absolute ethanol and 

xylene. The tissues were embedded in paraffin wax at 58oC for 4 hours with one change 

in between. 

Masson’s Trichrome Staining 

Paraffin-embedded cardiac tissue was sectioned at a 5 µm thickness.  Sections 

were de-paraffinized and hydrated, and incubated in Bouin’s solution (4.8% acetic acid, 

9.5% formaldehyde, 0.93% picric acid) at 56oC for 1 hr.  The samples were washed 

thoroughly in running water, rinsed in distilled water, and stained with Weigert’s iron 

hematoxylin solution (0.5% hematoxylin, 0.06M HCl, 0.58% FeCl3, 47.5% ethanol) for 

10 min.  Samples were subsequently stained with Biebrich scarlet-acid fuchsin solution 

(0.89% Biebrich scarlet, 0.099% acid fuchsin, 0.17M acetic acid) for 2 min, incubated 

with phosphomolybdic-phosphotungstic acid solution (5% phosphomolybdic acid, 5% 
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phosphotungstic acid) for 10 min and stained with aniline blue solution (2.45% w/v 

aniline blue, 0.33M acetic acid) for 5 min, followed by incubation with 1% acetic acid for 

3 min.  Distilled water was applied between solutions.  The samples were sequentially 

dehydrated in 95% ethanol, 100% ethanol, and xylene, 2 times each, and then mounted 

with Permount (Fisher Scientific).  

Von Kossa Staining 

The deparaffinized and hydrated tissue sections were incubated in 5% silver 

nitrate solution for 1 hr, and washed with distilled water 4 times.  Sections were then 

incubated with 50% photographic developer solution for 2 min, and 5% sodium 

thiosulfate for 5 min, followed by counterstaining with Nuclear Fast Red solution 

(Sigma-Aldrich) for 5 min.  Between each solution, the samples were rinsed with distilled 

water or running tap water.  The samples were then dehydrated and rinsed with 95% 

ethanol, 100% ethanol, and xylene for 2 min, 2 times each. 

Hydroxylproline assay 

The hydroxylproline assay was conducted as previously described (Peña et al., 

2010), with slight modifications.  Briefly, 15-23 mg of flash frozen mouse left ventricle 

surrounding the apex was boiled in 0.2 ml of 6M HCl at 110oC overnight.  An aliquot of 

5 µl of the hydrolyzed tissue sample was added to 80 µl isopropanol.  An aliquot of 40 µl 

of chloramine-T solution (1.4% [w/v] chloramine-T, 0.556M sodium acetate, 0.139M 

citric acid, 0.348M NaOH, 30.8% [v/v] isopropanol) was added, and tissue was incubated 

for 5 min.  An aliquot of 500 µl of isopropanol-Ehrlich solution was then added (1.531M 

p-dimethylaminobenzaldehyde; 76.1% [v/v] ethanol, 0.945M sulfuric acid, 23.1% [v/v] 

isopropanol) and incubated in 55oC water bath for 1 hour.  The reaction was quenched on 
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ice for 5 min and the absorbance was read at 558 nm.  A standard curve with 1M to 0M 

of trans-4-hydroxy-L-proline in 6M HCl was generated each time of the assay.  The 

fibrotic content measured was normalized to the sample mass.   

Contractility and Ca2+ transients of the isolated cardiomyocytes 

Ventricular myocytes were enzymatically dissociated from both wild-type and 

knock-in animals 8 weeks after the TAC surgery.  Isolated cardiomyocytes were loaded 

with 2 µM Fluo3-AM for 20 minutes and allowed an additional 10 minutes for de-

esterification.  Loaded cardiomyocytes were scanned using a 488 nm argon ion laser in 

confocal line-scan mode at 1.92 ms/line, and Ca2+ transients were imaged using an 

inverted Zeiss 510 confocal microscope.  Sarcomere length was monitored with a high-

speed video camera and Fourier transform analysis (Aurora Scientific, Ontario, Canada). 

Prior to recording, isolated cardiomyocytes were stimulated at 1 Hz for a 10s pre-pulse 

protocol by platinum electrodes to normalize sarcoplasmic reticulum (SR) load. 

Following the pre-pulse protocol, 5 pulses at 1Hz were recorded, alternating between 

confocal (Ca2+ transient) and camera (SL) trials.  4 total trials were run on each cell (2 

confocal, 2 camera).  Properties of cell shortening and Ca2+ transients were analyzed 

using OriginPro and Microsoft Excel. N = 2 mice per group; n = 21 cardiomyocytes for 

either knock-in or wild-type cardiomyocytes. 

 

3.3 Results and Discussion 

3.3.1 Generation of obscurinR4344Q knock-in and partial knock-out obscurin∆Ig58/59 animal 

models 

The successful targeting of the Obscn locus in ES cells was confirmed by PCR 
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(Figure 3.1.B), and the R4344Q mutation was verified by DNA sequencing (Figure 

3.1.C).  The Flp-mediated excision was confirmed by PCR using primers annealing to 

sequences in intron 59 flanking the loxP and FRT sites; the expected 468 bp fragment 

was detected in the genomic DNA extracted from the tail of the knock-in model (Figure 

3.1.D).  Crossing the knock-in transgenic animals with a Cre-expressing mouse line led to 

the generation of partial knock-out animals missing domains Ig58/59.  We confirmed the 

excision of the Ig58/59 domains by two rounds of PCR: 1) with primers confirming the 

Flp-mediated excision, which resulted in lack of amplification in the partial knock-out 

animals as expected (Figure 3.1.E); and 2) with primers located 5’ and 3’ to the proximal 

and distal loxP sites, respectively, that produce a fragment of 0.5-kb fragment in the 

partial knock-out animals, but of 2.8-kb in their wild-type siblings, as expected (Figure 

3.1.F).  Mutant obscurins were expressed in similar abundance as wild-type obscurins 

(Figure 3.1.G and 3.1.H).  

 

3.3.2 Phenotypic evaluation of the hearts of knock-in and partial knock-out obscurin 

models in the presence and absence of stress, using cellular and biochemical 

techniques 

Cardiac Fibrosis 

Myocardial sections labeled with Masson’s trichrome stain revealed the presence of 

fibrosis in both one-year-old knock-in and partial knock-out mice, but not in their wild-

type littermates (Figure 3.2.A-3.2.C).  In knock-in animals, select regions of the left 

ventricle demonstrate fibrosis at the periphery of the myocardium (Figure 3.2.B), while 

the knock-out animals demonstrate interstitial fibrosis in select regions within the  
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Figure 3.2. Increased fibrosis in myocardium of partial knock-out mice 8 weeks 

after TAC surgery.  (A-F) Masson’s trichrome staining of myocardial sections of female 

wild-type (A and D), knock-in (B and E), and partial knock-out (C and F), one-year-old 

(A-C) or 8 weeks after TAC-surgery (D-F) mice.  Scale bar represents 8 µm. (G) 

Quantification of hydroxylproline content in the ventricular myocardium of the different 

groups of animals. *p<0.05. 
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Figure 3.2. Increased fibrosis in myocardium of partial knock-out mice 8 weeks 

after TAC surgery.  
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myocardium (Figure 3.2.C).  Quantification of the amount of hydroxylproline that is only 

present in collagen fibers, however, revealed no difference between the obscurin mutant 

animals and the wild-type mice (Figure 3.2.G).  Since only select regions of the ventricles 

from the partial knock-out and knock-in animals demonstrate fibrosis, it is likely that an 

assay evaluates the global change of hydroxylproline content cannot reflect the slight 

change within specific regions.  To examine the susceptibility of the knock-in and partial 

knock-out animals to pressure overload, we performed transverse aortic constriction 

surgery (TAC) in two-month-old animals.  All TAC-treated animals exhibited increased 

fibrosis 8 weeks post-surgery.  However, both the knock-in and the partial knock-out 

female mice exhibited more pronounced fibrosis than the wild-type animals as shown by 

Trichrome staining (Figure 3.2.D-3.2.F), and quantification of hydroxylproline content 

(Figure 3.2.G, *p<0.05).   

Cardiac fibrosis is a hallmark of cardiomyopathy.  Deposition of collagen by 

activated myofibroblasts has been observed in both aged and pressure-overloaded hearts 

(reviewed in Biernacka and Frangogiannis, 2011).  While the newly deposited collagen 

compensates for the loss of cardiomyocytes initially, accumulation of collagen fibrils 

ultimately leads to a decline in cardiac contractility and an increase in arrhythmogenicity.  

In this study, we observed that both knock-in and knock-out animals were more 

susceptible to fibrosis than wild-type animals.  Since fibrosis often takes place after the 

loss of cardiomyocytes, increased fibrotic content is likely one of the secondary effects 

arising from the development of cardiomyopathy in these animals. 

Calcification  

In addition to the increase in fibrosis, we also observed that 8 weeks after TAC 
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surgery, mild calcification was observed in the myocardium of both knock-in and partial 

knock-out animals, while calcification was rarely observed in animals not subjected to 

TAC surgery, or wild-type animals that had undergone TAC surgery (Figure 3.3, 

Supplemental Figure 3.1).  The partial knock-out animals subjected to TAC surgery 

exhibited a more pronounced phenotype than the knock-in animals (Figure 3.3.C).   

Myocardial calcification can be categorized into two groups: dystrophic and 

metastatic (Hajdu et al., 1998).  While metastatic calcification usually results from 

increased calcium levels in the serum accompanied by deposition of calcium in organs, 

dystrophic calcification is due to slow metabolism in certain tissues combined with 

alkalinity and slow production of carbon dioxide, resulting in reduced solubility of 

calcium (Hajdu et al., 1998).  Dystrophic calcification is often observed in areas of 

necrosis and fibrosis, as well as sites of hemorrhage, and serves as a marker for severe 

damage.  In the animals subjected to TAC, dystrophic calcification seems to be taking 

place at the lesion sites that are susceptible to pressure-overload.  Particularly, the partial 

knock-out animals seemed to suffer more severe damage than both the wild-type and the 

knock-in animals after TAC surgery (Figure 3.3.C).   

 

3.3.3 Functional evaluation of the hearts of knock-in and partial knock-out obscurin 

models in the presence and absence of stress, using echocardiography  

We examined cardiac morphology and contractility using echocardiography. While 

the wild-type and knock-in animals did not show apparent cardiac defects, the partial 

knock-out animals exhibited increased left ventricular mass to body weight ratio in all 

ages examined (Figure 3.4.A).  However, they showed significantly reduced fractional  
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Figure 3.3. Mild increase of calcification was observed in knock-in and partial 

knock-out mice 8 weeks post-TAC.  Von Kossa staining of ventricular myocardium 

from wild-type (A), knock-in (B) and partial knock-out mice (C) 8 weeks after TAC 

surgery.  Scale bar represents 16 µm. 
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shortening and ejection fractions at 12 months of age, which was accompanied by 

enlarged ventricular volume and mild increase in ventricular wall thickness (Table 3.2, 

Figure 3.4.B-3.4.E).   

Additionally, we also examined the susceptibility of the transgenic knock-in and 

partial knock-out animals to pressure-overload.  Cardiac hypertrophy was observed in all 

animals subjected to TAC, but the knock-in and partial knock-out female animals 

exhibited more prominent hypertrophy than the wild-type (*p<0.05) (Figure 3.5.A, Table 

3.3).  In addition, the transgenic knock-in and partial knock-out animals developed 

hypertrophic cardiomyopathy 4-8 weeks post-surgery, with increased ventricular volume 

and reduced fractional shortening and ejection fractions (Figure 3.5.B-3.5.E, Table 3.3).  

Further examination of isolated cardiomyocytes revealed that while the sarcomeric length 

was unaltered in the transgenic knock-in animals subjected to TAC, both the initiation of  

 

Table 3.2. Parameters of left ventricles from wild-type, partial knock-out and 

knock-in animals at the age of 6 and 12 months.  The parameters were measured with 

echocardiography. LVAW, left ventricular anterior wall diameter; LVID, left ventricular 

internal dimension; LVPW, left ventricular posterior wall diameter; d, diastole; s, systole. 

^p< 0.05, compared to the wild-type at the same age.   

Age 
 

6 MONTH 
 

 
12 MONTH 

 
Genotype Wild-type Knock-out Knock-in Wild-type Knock-out Knock-in 
LVAW, d 0.98±0.07 1.09±0.05 1.13±0.13 1.08±0.07 1.10±0.12 0.97±0.09 
LVAW, s 1.35±0.07 1.51±0.06^ 1.56±0.15 1.59±0.11 1.41±0.16 1.42±0.23 
LVID, d 3.44±0.18 3.51±0.10 3.65±0.19 3.17±0.16 3.61±0.16^ 3.21±0.10 
LVID, s 2.33±0.25 2.30±0.13 2.47±0.12 1.80±0.17 2.65±0.22^ 2.00±0.24 

LVPW, d 0.77±0.04 0.83±0.03 0.80±0.04 0.93±0.03 1.04±0.04^ 1.02±0.12 
LVPW, s 1.02±0.09 1.14±0.04 1.11±0.04 1.29±0.02 1.28±0.10 1.29±0.14 
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Figure 3.4. Reduced contractility was observed in aged partial knock-out female 

animals.  (A) Left ventricular (LV) mass to body weight ratio was increased in partial 

knock-out female mice at all ages examined.  LV masses of the animals were measured 

by echocardiography in anesthetized animals.  (B and C) Increased diastolic (B) and 

systolic (C) LV volumes were observed in 12-month-old partial knock-out animals.  (D 

and E) Reduced ejection fractions (D) and fractional shortening (E) were observed in 12-

month-old partial knock-out animals. *p<0.05, compared to the wild type.  Dr. Peter 

Hecker and Dr. Kelly O’Connell provided the technical assistance on echocardiography.  
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Figure 3.5. Obscurin knock-in and partial knock-out animals develop hypertrophic 

cardiomyopathy 8 weeks after TAC surgery.  (A) Left ventricular (LV) mass to body 

weight ratio was increased in female animals that had undergone TAC surgery. The 

increase in both transgenic knock-in and partial knock-out female animals was 

significantly more than in the wild-type females subjected to TAC surgery. (B and C) 

Increased diastolic (B) and systolic (C) LV volumes were observed in the transgenic 

knock-in and partial knock-out animals subjected to TAC surgery, but not in wild-type or 

sham-operated animals. (D and E) Reduced ejection fractions (D) and fractional 

shortening (E) were observed in the transgenic knock-in and partial knock-out animals 

subjected to TAC surgery, but not in wild-type or sham-operated animals. *p<0.05, 

compared to the corresponding sham-operated animals. #p<0.05, compared to wild-type 

animals that had undergone TAC surgery. All parameters of both transgenic knock-in and 

partial knock-out animals subjected to TAC surgery were significantly different (p<0.05) 

from wild-type animals that had undergone sham surgery.  Dr. Peter Hecker performed 

the TAC surgery and echocardiography.  
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Figure 3.5. Obscurin knock-in and partial knock-out animals develop hypertrophic 

cardiomyopathy 8 weeks after TAC surgery. 
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Table 3.3. Parameters of left ventricles from wild-type, partial knock-out and 

knock-in animals 8 weeks after TAC surgery.  The parameters were measured with 

echocardiography.  LVAW, left ventricular anterior wall diameter; LVID, left ventricular 

internal dimension; LVPW, left ventricular posterior wall diameter; d, diastole; s, systole. 

*p< 0.05, compared to the corresponding genotype being sham-operated; ^p<0.05, 

compared to wild-type being sham-operated; #p<0.05, compared to wild-type subjected 

to TAC.    

Surgery Sham TAC 
Genotype WT Knock-out Knock-in WT Knock-out Knock-in 
LVAW, d 0.95±0.06 0.97±0.05 1.02±0.04 1.23±0.06* 1.19±0.04*^ 1.21±0.07*^ 
LVAW, s 1.39±0.05 1.43±0.03 1.50±0.08 1.68±0.08* 1.55±0.06^ 1.61±0.10^ 
LVID, d 3.27±0.10 3.16±0.14 3.16±0.13 3.35±0.18 4.06±0.17*^# 4.14±0.17*^# 
LVID, s 2.01±0.09 1.82±0.16 1.75±0.15 2.16±0.19 3.19±0.33*^# 3.22±0.24*^# 

LVPW, d 0.90±0.10 0.85±0.08 1.04±0.09 1.24±0.10* 1.13±0.13 1.22±0.06^ 
LVPW, s 1.24±0.06 1.17±0.06 1.48±0.11^ 1.67±0.10* 1.43±0.12* 1.43±0.05^# 

 

contractions and the relaxation of the knock-in animals were slower than of the wild-type 

(Figure 3.6.A-3.6.C).  Examination of calcium transients reveals that while the amplitude 

of calcium transients were similar between the wild-type and knock-in cardiomyocytes, a 

significantly slower rate of calcium uptake to SR was observed, along with the unaltered 

rate of calcium release from SR in the knock-in cardiomyocytes isolated from animals 

subjected to TAC (Figure 3.6.D-F).  While the extended time required for calcium uptake 

to SR may partially account for the extended time of relaxation, additional molecular 

defects are likely causing the prolonged duration of contractions observed in the 

cardiomyocytes isolated from the knock-in animals. 

A previous report of a non-synonymous mutation (L2116F) implicated obscurin 

in aspirin-exacerbated respiratory disease (AERD) (Kim et al., 2012).  While asthma has  
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Figure 3.6.  Isolated cardiomyocytes from knock-in animals subjected to TAC 

surgery exhibited slower kinetics for contraction and Ca2+ transients.  (A) Isolated 

cardiomyocytes from knock-in animals show similar contracting length as those from 

wild type animals 8 weeks after TAC.  (B) Examination of a representative trace of 

normalized sarcomeric length reveals the extended duration of contractions in isolated 

cardiomyocytes from knock-in animals.  (C) Analyses of both contraction and relaxation 

time revealed slower kinetics in cardiomyocytes from knock-in animals than from the 

wild-type.  (D) The sarcoplasmic calcium levels in the cardiomyocytes isolated from both 

knock-in and wild-type animals are comparable at both the contracting and the relaxing 

stages.  (E) Examination of a representative trace of normalized Ca2+ trasient revealed a 

difference in the decay of Ca2+ levels in cardiomyocytes isolated from the knock-in and 

the wild-type animals during the transition from the contracting to the relaxation stages. 

(F) Kinetic analyses revealed that the Ca2+ uptake into SR in cardiomyocytes isolated 

from the knock-in animals is significantly slower than in the ones from the wild-type.  

*p<0.05.  Dr. Benjamin Prosser performed the measurements of contractility and Ca2+ 

transients of the isolated cardiomyocytes. 
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Figure 3.6. Isolated cardiomyocytes from knock-in animals subjected to TAC 

surgery exhibited slower kinetics for contraction and Ca2+ transients. 
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been considered as induced by elevated sarcoplasmic Ca2+ level in smooth muscle cells, 

the exact molecular mechanisms that lead to alteration in Ca2+ levels remain unknown 

(Sweeny et al., 2002; Kellner et al., 2008).  Mutations in UNC-89, the putative obscurin 

homologue in C. elegans, have been suggested to be disruptive in the L-type calcium 

channel (LTCC) and ryanodine receptor (RyR)-mediated calcium release from SR 

(Spooner et al., 2012).  Even though current studies have implicated obscurin in calcium 

dynamics in muscle contractions, the exact mechanism by which obscurin modulates 

calcium transients remains unknown.  Further examination of expression and localization 

of SR proteins in the knock-in and partial knock-out animal models may be helpful to 

identify the affected Ca2+-handling machinery in cardiac remodeling in response to the 

R4344Q mutation and to the deletion of Ig58/59 of obscurin. 

The transgenic knock-in and partial knock-out animals are more susceptible to 

developing HCM in response to aging or stress.  While the Ca2+ uptake is delayed in 

isolated cardiomyocytes from knock-in animals subjected to TAC surgery, identification 

of additional cellular machineries affected by obscurin mutations is imperative in order to 

fully understand how disrupted scaffolding interactions in the heart may lead to 

development of HCM.  
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Supplemental Figure 3.1. No prominent calcification was observed in one-year-old 

knock-in or partial knock-out female mice.  Von Kossa staining of ventricular 

myocardium from wild-type (A), knock-in (B) and partial knock-out mice (C).  Scale bar 

represents 8 µm. 
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CHAPTER 4. 
EXPRESSION OF OBSCURINS IN NON-MUSCLE TISSUES 

 

4.1 Introduction 

Obscurins have been characterized as structural proteins in striated muscles and 

their roles in maintaining myofibrillar structures have been well defined (Kontrogianni-

Konstantopoulos et al., 2009).  The giant obscurin isoforms are composed of adhesion 

and signaling domains mostly in tandem.  The prototypical isoform, obscurin-A, has a 

mass of ~720 kDa, and contains 51 immunoglobulin (Ig) and 2 fibronectin-III (Fn-III) 

domains, along with several signaling domains, including an isoleucine-glutamine (IQ) 

motif, a triplet containing a conserved Src-Homology 3 (SH3) domain and a Rho-guanine 

nucleotide exchange factor (Rho-GEF) adjacent to pleckstrin homology (PH) domains, 

followed by additional 4 Ig domains and non-modular sequence binding to small ankyrin 

1.5 (sAnk1.5).  The giant obscurin kinase isoform, obscurin-B, contains 2 additional Ig 

domains, 1 Fn-III, and 2 serine-threonine kinase domains in place of non-modular 

domain sequence in obscurin-A.  The amino-terminal serine-threonine kinase domain is 

named SK2, and the carboxyl-terminal kinase is referred to as SK1.  While obscurins 

have been thoroughly examined in striated muscles, their expression profile and 

subcellular distribution have rarely been examined in other types of tissues.  Recently, 

Perry et al. reported the expression of obscurins in breast epithelial cells, and their 

involvement in cancer progression (Perry et al., 2012), but the expression profile of 

obscurins in other tissues remains unknown.  While obscurin transcripts have been 

reported in high abundance in brain, in addition to heart and skeletal muscle (Nagase et 

al., 2000), this chapter will discuss the expression profile and subcellular localization of 
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obscurin proteins in murine and rat brain, as part of a study examining the expression of 

different obscurin isoforms in different tissues. 

 

4.2 Materials and Methods 

Homogenate preparation and Western blotting 

Tissue homogenates and Western blotting were prepared as previously described 

(Ackermann et al., 2009).  

Antibodies 

The generation and characterization of α-NH2, α-COOH, and α-kinase antibodies 

was previously described (Kontrogianni-Konstantopoulos et al., 2005; Kontrogianni-

Konstantopoulos et al., 2003; Hu and Kontrogianni-Konstantopoulos, 2013).  α-ABD 

antibody was generated in rabbits by injection of GST-tagged recombinant proteins of 

sAnk1.5 binding domain (ABD) localized in the non-modular domain of obscurin-A 

(amino acids (aa) 7195-7316, accession number: NP_954603.3, corresponding to human 

aa 6312-6432).  Anti–serum was sequentially purified over GST and GST-ABD 

conjugated to cyanogen bromide (Sigma-Aldrich, St. Louis, MO, USA). 

Preparation of paraffin sections and immunohistochemistry 

 Adult C57B6 mice were sacrificed by perfusion with 4% paraformaldehyde 

(PFA) in PBS under anesthesia.  Tissues were excised and fixed in formalin overnight at 

4oC, and sequentially dehydrated in 70%, 80%, 95%, absolute ethanol, and xylene.  Fixed 

tissue was embedded in paraffin at 58oC for 4 hours with one change in between. 

Paraffin-embedded brain was sectioned at 6 µm thickness.  To dissolve paraffin, the 

tissue sections were incubated in xylene, absolute ethanol, 95% ethanol, 70% ethanol 



 

 90 

with 2 changes of each solution.  For sections to be probed with α-COOH and α-kinase 

antibodies, tissue sections were digested by Target Retrieval Solution (Dako Inc., 

Glostrup, Denmark) for 20 min, followed by PBS washes and incubation in methanol/ 

0.3% H2O2 for 30 minutes.  For sections to be probed with α-NH2 and α-ABD antibodies, 

tissue sections were incubated in methanol/ 0.3% H2O2 first to exhaust the endogenous 

peroxidase activity, and then incubated with ficin protease (1:50) at 37oC.  The sections 

were blocked in 10% horse serum for 20 min at RT, followed by incubation with primary 

antibody (10-30 ng/µl) for 1 hour at RT, and biotinylated secondary anti-mouse or anti-

rabbit antibody for 30 min.  After extensive PBS washes, the sections were incubated 

with ABC reagent (Vector Laboratories Inc., Burlingame, CA), followed by incubation 

with 3,3-diaminobenzidine (DAB Peroxidase Substrate Kit, Vector Labroatories Inc.) for 

3 min and counterstained with Mayer’s Hematoxylin for 2 min.  The sections were 

dehydrated in 2 changes of 95% and absolute alcohol, cleared in 2 changes of xylene and 

mounted.  

 

4.3 Results and Discussion 

Before the original identification of OBSCN in muscle tissues in 2001, analysis of 

cDNA clones in human brain reported one transcript fragment encoding repetitive 

immunoglobulin domains, with ~28% sequence similarity to titin, and another transcript 

contained two serine/threonine kinase domains, along with several Ig and Fn-III domains 

(Nagase et al., 2000).  Later sequence analysis showed that the two partial transcripts 

identified in the project were encoded on one gene locus-OBSCN (Russell et al., 2002).  

The partial transcript, KIA1556, contained the sequences encoding between Ig34 to 
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partial Ig44, while another, KIA1639, spanned from Ig65 to the end of the carboxyl-

terminus of SK1 domain.  The expression profile of obscurins at protein levels in brain, 

however, has not been reported.   

4.3.1 Obscurin isoforms expressed in mouse and rat brain examined with immunoblotting 

To examine the relative expression levels of different obscurin isoforms, our 

group resolved the mouse and rat brain homogenates on the SDS-PAGE, followed by 

Western blotting with antibodies recognizing the first two Ig domains at the NH2 

terminus (α-NH2), the Ig66/67 and partial non-modular peptide of obscurin-A (α-

COOH), the sAnk1.5-binding site (α-ABD), and the Fn-III70 domain that is only present 

on the obscurin isoforms containing the SK1 domain (α-kinase) (Figure 4.1.A).  In 

mouse brain, we observed obscurin-B with the α-COOH antibody (Figure 4.1.B), but, 

surprisingly, not with the α-NH2 and α-kinase antibodies.  Since the α-NH2 and α-kinase 

antibodies did recognize obscurin-B in heart and other homogenates (Figure 3.1.G, Hu 

and Kontrogianni-Konstantopoulos, 2013), it is possible that brain-specific post-

translational modifications of obscurin-B resulted in diminished binding of the antibodies 

to the epitopes.  On the other hand, none of the antibodies was able to detect giant 

obscurin isoforms in rat brain homogenates by Western blotting (data not shown).  

Similarly, another band migrating at ~ 270 kDa was also recognized by the α-COOH 

antibody in both mouse and rat brains (double arrowheads, Figure 4.1.C and 4.1.D).  

While this band may potentially be a degradation product of obscurin-B, we could not 

rule out that it may be an uncharacterized isoform of obscurin.  

Other than the large and intermediate protein bands, several small obscurin 

isoforms ranging from ~170 kDa to ~ 70 kDa were also present in both mouse and rat 
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Figure 4.1. Obscurin isoforms expressed in mouse and rat brain.  (A) Schematic 

diagrams showing the epitopes of obscurins recognized by different antibodies used in 

the study.  (B) Obscurin-B in mouse brain was detected with α-COOH, but not with α-

kinase or α-NH2 antibodies.  (C and D) An intermediate obscurin isoform with a 

molecular mass of ~270 kDa (double arrowhead) was detected with the α-COOH 

antibody in mouse (C) and rat (D) brain homogenates.  (E and F) Brain homogenates 

from mouse (E) and rat (F) revealed the presence of small obscurin isoforms with 

apparent molecular masses ranging from ~170 kDa (asterisk) to ~70 kDa (orange and 

purple arrows).  The homogenate preparation and Western blottings were mainly 

conducted by Dr. Maegen Ackermann, Marey Shriver and Nicole Perry.   
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Figure 4.1. Obscurin isoforms expressed in mouse and rat brain. 
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brains (Figure 4.1.E and 4.1.F).  The band migrating at ~170 kDa was recognized by both 

α-NH2 and α-ABD antibodies in mouse brain, and by α-NH2, α-COOH and α-ABD in 

rat brain (asterisk, Figure 4.1.E and 4.1.F).  Since the amino terminus and the sAnk1.5-

binding site is more than six thousand amino acids apart in obscurin-A, it is likely that the 

~170 kDa isoform arises from alternative splicing of the OBSCN gene, and contains both 

the NH2- and the COOH-termini of obscurin-A.  Alternatively, it is possible that the two 

antibodies recognizing distinct obscurin proteins with similar molecular masses.   

Below the ~170 kDa region, several obscurins seem to migrate with the molecular 

masses between ~90-120 kDa (Figure 4.1.E and 4.1.F).  The ~120 kDa obscurin kinase 

isoform recognized by α-kinase antibody (blue arrow, Figure 4.1.E and 4.1.F) was 

consistent with our previous observation of a ~120 kDa obscurin kinase protein in the 

murine heart (Hu and Kontrogianni-Konstantopoulos, 2013).  The exact identity of this 

obscurin kinase protein and if it performs similar functions in the brain and the heart 

would be interesting to examine.  In addition, an obscurin protein migrating with the size 

of ~110 kDa was observed with the α-NH2 antibody in both mouse and rat brains (red 

arrow, Figure 4.1.E and 4.1.F).  Identification of the exact domain composition and the 

amino acid sequences of the COOH-terminus of this isoform would be interesting to 

explore, since no termination codon has been identified near the translational starting site 

of the giant obscurins.  Slightly below ~110kDa protein isoform, one obscurin isoform 

migrating at ~105 kDa was immunolabeled prominently by the α-COOH antibody and 

slightly by the α-ABD antibody (green arrow, Figure 4.1.E).  This isoform is thus likely 

to contain a carboxyl terminus similar to obscurin-A, while the difference in the intensity 

of the band may be due to the difference in the amount of epitope available for binding 
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antibodies.  This ~105kDa isoform, however, is not expressed in rat brain (Figure 4.1.F).  

Between 90-95 kDa, one protein band is recognized by each of the α-COOH, α-ABD and 

α-kinase antibodies in both mouse and rat brain (brown arrow, Figure 4.1.E and 4.1.F).  

However, since the antibodies seem to recognize protein bands with slightly different 

mobility, the proteins immunolabeled by the three different antibodies are likely to be 

distinct isoforms.   

Additionally, small obscurin isoforms with molecular masses of ~ 70-80 kDa 

were immunolabeled by α-NH2, α-ABD, and α-kinase antibodies.  A doublet with the 

molecular mass ~75-80 kDa was observed with the α-kinase antibody, while the α-ABD 

antibody only detected the protein migrating slower in the doublet in murine brain, but 

detected neither in rat (squared bracket, Figure 4.1.E and 4.1.F).  It would be intriguing if 

the α-ABD and α-kinase antibodies recognize the same protein band, since the epitopes 

recognized by the two antibodies are conventionally considered as mutually exclusive.  

Protein bands migrating at MW~70 kDa were also immunoreactive to the α-kinase and 

the α-ABD antibodies in mouse brain, and to the α-kinase and the α-NH2 antibodies in 

rat brain (orange and purple arrows, respectively, Figure 4.1.E and 4.1.F).  As mentioned 

above, since the epitopes recognized by α-kinase and α-ABD antibodies are usually 

thought to be mutually exclusive, and α-kinase and α-NH2 antibodies are specific to 

epitopes that are present at the COOH- and NH2 termini in obscurin-B, respectively, the 

proteins recognized by different antibodies may either be different proteins or generated 

through alternative splicing (orange and purple arrows, Figure 4.1.E and F).  Previously, 

we identified a glycosylated obscurin kinase isoform migrating with an apparent MW of 

~70 kDa in lysates prepared from murine heart (Hu and Kontrogianni-Konstantopoulos, 
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2013).  Treatment of glycosidase may help to further distinguish the obscurin isoforms 

migrating with similar mobility.  Given that more than eight obscurin isoforms are 

present in brain, identification of additional translational starting sites and termination 

codons, as well as the domain compositions of the obscurin isoforms, may reveal the 

identities and functional roles of the obscurin isoforms in brain.  

4.3.2 Subcellular distribution of obscurins in murine and rat brain using 

immunohistochemistry (IHC) 

To examine the expression of obscurins at the cellular level, sections of paraffin-

embedded brains were immunolabeled with all four obscurin antibodies in IHC.  While 

no staining was observed in the absence of primary antibodies, the IHC staining of both 

mouse and rat brains incubated with obscurin antibodies revealed that obscurins were 

present in the cytoplasm of neurons (black arrow) and the neuropil (orange arrow) 

(Figures 4.2.A and 4.3.A).  Importantly, while the expression of obscurins in striated 

muscle cells has been well-examined, this is the first demonstration of obscurins in 

neurons.  Consistent with previous studies from our and other groups showing the 

presence of obscurins at the plasma membrane (Carlsson et al., 2008; Perry et al., 2012; 

Hu and Kontrogianni-Konstantopoulos, 2013), obscurins were detected with all four 

antibodies at membranous structures in brain as well (Figures 4.2.B and 4.3.B).  While 

dura mater is not retained in the paraffin sections, we observed the presence of obscurins 

at both the arachnoid mater and the pia mater (blue and green arrow, respectively) 

(Figures 4.2.B and 4.3.B).  Interestingly, while all four antibodies stained both arachnoid 

mater and pia mater, only the α-NH2 antibody stained the fissure, which is also covered 

by the pia mater (Figure 4.2.C and 4.3.C, pink arrow).  The specific staining by α-NH2 
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Figure 4.2. Distribution of obscurins in mouse brain.  Using four different antibodies 

directed against distinct epitopes along the length of obscurins in IHC staining, we found 

that the structures immunostained shared common distributions in most parts of the brain.  

All antibodies detected cell bodies of neurons (black arrow) and neuropil (orange arrow) 

(A, a representative image is shown with the α-NH2 antibody).  In addition, all antibodies 

revealed the presence of obscurins at both arachnoid mater (blue arrow) and pia mater 

(green arrow) (B, a representative image is shown with the α-NH2 antibody).  However, 

the fissure, which is also covered by the pia mater, was only immunostained with the α-

NH2 antibody (C, pink arrow).  In hippocampus, both the α-NH2 and the α-COOH 

antibodies immunolabeled the cytoplasm of granule cells residing in dentate gyrus (DG), 

with the α-ABD antibody immunostaining the nuclei (D, light green arrow).  Throughout 

the Cornu Annois (CA) area, the presence of obscurins residing in the cytoplasm of the 

pyramidal cells was detected by all obscurin antibodies except the α-ABD antibody, 

which immunostained nuclei (E, yellow arrow, a representative image is shown with the 

α-COOH antibody).  Finally, all antibodies detected the presence of obscurins in Purkinje 

cells in the cerebellum (F, a representative image is shown with the α-COOH antibody, 

light blue arrow). 
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Figure 4.2. Distribution of obscurins in mouse brain.  
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Figure 4.3. Distribution of obscurins in rat brain in IHC staining.  Similar to mouse 

tissues, all antibodies detected the presence of obscurins in neurons (black arrow) and 

neuropil (orange) (A, a representative image is shown with the α-COOH antibody, 

arrow).  All antibodies stained both arachnoid mater (blue arrow) and pia mater (green 

arrow) (B, a representative image is shown with the α-ABD antibody).  Consistent with 

the IHC staining in mouse, only the α-NH2 antibody immunostained the fissure in the rat 

brain (C, pink arrow).  In the hippocampus region, the α-ABD antibody immunostained 

the nuclei, while the α-kinase, the α-NH2 and the α-COOH antibodies detected the 

presence of obscurins in the cytoplasm of the granule cells residing in DG (D, light green 

arrow).  All four antibodies immunostained the cytoplasm of the pyramidal cells in the 

CA areas, with the α-ABD antibody immunostaining the nuclei as well (E, a 

representative image is shown with the α-COOH antibody).  Finally, similar to mouse 

tissues, the expression of obscurins in Purkinje cells was detected by all antibodies in the 

cerebellum (F, a representative image is shown with the α-COOH antibody, light blue 

arrow). 
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Figure 4.3. Distribution of obscurins in rat brain in IHC staining. 

 



 

 101 

  

antibody may be due to the limiting accessibility of the antigens at fissure.  

In hippocampus, obscurins were present in the cell bodies of the granule cells, the 

main constituent of dentate gyrus (DG), as well as in the cell bodies of the pyramidal 

cells, the main constituent of Cornu Annois (CA) areas (light green and yellow arrows, 

respectively; Figure 4.2.D and 4.2.E and 4.3.D and 4.3.E).  While the α-ABD antibody 

immunostained the nuclei specifically, all other antibodies showed the presence of 

obscurins in the cytoplasm (Table 4.1).  In addition, obscurins were also observed in the 

Purkinje cells in the cerebellum (Figure 4.2.F), consistent with the previous observation 

of high level of obscurin transcripts in the cerebellum (Nagase et al., 2000).  

 In this study, we identified the preferential expression of obscurins in neurons and 

the meninges in brain.  A previous study using morpholino oligonucleotides that down-

regulated the expression of the obscurin Rho-GEF domain showed poorly differentiated 

retinal layers, along with hypoplasia of optic nerve and small size of eyes and retinal 

discs in zebrafish (Raeker et al., 2009).  Given the structural roles obscurins play in 

striated muscle and the presence of several signaling domains at their carboxyl termini 

(Kontrogianni-Konstantopoulos et al., 2009), it is likely that obscurins are essential to 

maintain the cellular organization, as well as the subcellular signaling, within neurons.  
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Table 4.1. Immunohistochemistry staining of localization of obscurins in brain.   

 Neuropil 
orange 

Neuron 
black 

Arachnoid 
Mater 
blue 

Pia 
Mater 
green 

Fissure 
pink 

Hippocampus Cerebellum 
Purkinje Cell 

Light blue 
DG light green CA yellow  

Cytoplasm Nucleus Cytoplasm Nucleus 
 

Mouse Tissue 
α-NH2 + +  + + + + - + - + 
α-COOH + + + + - + - + - + 
α-ABD + + + + - - + - + + 
α-Kinase + + + + - - - + - + 

Rat Tissue 
α-NH2 + + + + + + - + - + 
α-COOH + + + + - + - + - + 
α-ABD + + + + - - + + + + 
α-Kinase + + + + - + - + - + 
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CHAPTER 5. 

DISCUSSION AND FUTURE EXPERIMENTS 

 

5.1 Future directions on obscurin kinases in heart development 

My results confirmed that both obscurin kinase domains are enzymatically active.  

Several questions regarding the signaling pathways that the obscurin kinases are involved 

remain to be examined: (1) How are the obscurin kinase activities regulated? Are 

obscurin kinases part of the signaling pathways responding to extracellular stimuli 

(outside-in), or part of the signaling cascades that modulate the cellular processes (inside-

out)?  (2) At what developmental stages the obscurin kinases phosphorylate their 

substrates?  What are their additional substrates?   (3) In the diseased myocardium, are 

the kinase activities of obscurin kinase domains dysregulated?  (4) Since obscurin kinase 

domains share ~40% sequence identity to SPEG kinase domains, and mice without SPEG 

develop dilated cardiomyopathy, would animals null of kinase activities of one or both 

kinase domains develop cardiomyopathy as well? 

The presence of the obscurin kinases at the level of the sarcolemma supports their 

interactions with adhesion proteins- SK2 with N-cadherin and SK1 with NKAβ1.  

Localization of obscurin at intercalated discs (ICD) and the interactions between obscurin 

kinase domains with adhesion proteins extend the traditional belief of obscurins at the 

sarcomere, indicating that they may play key roles in intercellular adhesions.  

Unsurprisingly, more questions thus emerge: (1) How do obscurin kinases affect 

intercellular adhesion?  (2) At what developmental stages are obscurin kinases recruited 

to the intercellular adhesion sites?  (3) Are the obscurin kinases, particularly SK2, 
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constitutively active at the ICD, or only active in the presence of 

intracellular/extracellular stimuli?  (4) What are the downstream effectors of SK2 

phosphorylating N-cadherin?  (5) Would phosphorylation of N-cadherin by SK2 affect 

the adhesion strength?  (6) Are there specific proteins recruited by SK2-phosphorylated 

N-cadherin to the ICD or is there any loss of protein interactions in response to the 

phosphorylation?   

In addition to the identification of SK2 domain of obscurin interacting with N-

cadherin at ICD, the other active obscurin kinase domain, SK1, was also found to interact 

with an adherens protein, NKAβ1, as well as an extracellular matrix protein, fibronectin-1 

(Table 2.2).  While the presence of obscurin kinase(s) at the exofacial side of the 

sarcolemma was unexpected, the exact function(s) and the possibility of its involvement 

in regulating both intercellular and cell-matrix adhesion require further examination.  

An animal model with loss of one or both obscurin kinase activities would be 

helpful to examine the importance of the obscurin kinase activities on intercellular 

adhesion, including the ICDs in heart.  Since it is known that the organization of the 

extracellular matrix and of the sarcomeric cytoskeleton reciprocally influences each other 

(Raeker et al., 2011), given the roles obscurins have in myofibrillogenesis, obscurins may 

serve as one of the players mediating the cross-talk between the structural organization 

within and outside the sarcoplasm.  Elucidating how intercellular adhesion mediated by 

the obscurin kinase domains may affect myofibrillogenesis and vice versa are certainly 

important to explore further.  
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5.2 Future directions on the development of hypertrophic cardiomyopathy mediated by 

obscurin Ig58/59 module 

Transgenic mice carrying the mutant obscurin lacking the Ig58/59 domains 

developed HCM at one-year of age, while mice carrying either the R4344Q mutation or 

lacking the Ig58/59 domains were more susceptible to cardiomyopathy induced by 

pressure overload compared to wild-type animals.  However, the exact molecular 

mechanisms leading to the development of HCM due to mutant or truncated obscurins 

remain to be established.  Our studies show that extended time is required for Ca2+- 

uptake into the sarcoplasmic reticulum in individual cardiomyocytes isolated from mice 

carrying the R4344Q mutation after TAC surgery (Figure 3.6.D-3.6.F), suggesting that 

proteins involved in the regulation of Ca2+ dynamics are dysregulated in these animals.  

Since we cannot exclude the possibility that proteins regulating Ca2+ transients are 

affected due to the disorganization of sarcomeric structures, the organization of 

sarcomeric cytoskeleton and the contractile apparatus in the transgenic animals should 

also be examined.  While lengthened duration of contraction and reduced ejection 

fraction likely result in reduced blood flow through the circulation system (Figures 3.4.D, 

3.5.D, and 3.6.B-C), the heart may compensate the impaired cardiac performance by 

pathological cardiac remodeling, which eventually leads to HCM.  How obscurin 

mediates the cardiac remodeling events leading to cardiomyopathy requires further 

examination of the obscurin transgenic models.  

Twelve years after its identification as a protein that interact with titin, obscurin 

has been implicated in a variety of cellular processes including myofibrillogensis, 

calcium dynamics, tumorigenesis, intercellular adhesion and development of HCM.   
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While some of the questions regarding the signaling pathways of the obscurin kinase 

domains and the role(s) of obscurin in the development of HCM were addressed in my 

studies, many interesting questions remain to be explored.  Further understanding of 

obscurin will shed light not only on the subcellular events involved in cancer and 

cardiomyopathy, but also on the potential treatments of these diseases.   
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