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iii Abstract 

 

Abstract 

Left ventricular hypertrophy (LVH) is a major risk factor for cardiovascular morbidity and mortality, and 

is a feature of common diseases, such as hypertension and diabetes. It is therefore vital to understand 

the underlying mechanisms influencing its development. However, investigating the mechanisms 

underlying LVH in such complex disorders can be challenging. For this reason, many researchers 

have focused their attention on the autosomal dominant cardiac muscle disorder, hypertrophic 

cardiomyopathy (HCM), since it is considered a model disease in which to study the causal molecular 

factors underlying isolated cardiac hypertrophy.   

  

HCM is a heterogeneous disease that manifests with various phenotypes and clinical symptoms, even 

in families with the same genetic defects, suggesting that additional factors contribute to the disease 

phenotype. Despite the identification of several HCM-causing genes, the genetic factors that modify 

the extent of hypertrophy in HCM patients remain relatively unknown.  

 

The gene encoding the sarcomeric protein, cardiac myosin binding protein C, cMyBPC (MyBPC3) is 

one of the most frequently implicated genes in HCM. Identification of proteins that interact with 

cMyBPC has led to improved insights into the function of this protein and its role in cardiac 

hypertrophy. However, very little is known about another member of the myosin binding protein family, 

myosin binding protein H (MyBPH). Given the sequence homology and similarity in structure between 

cMyBPC and MyBPH, we propose that MyBPH, like cMyBPC, may play a critical role in the structure 

and functionality of the cardiac sarcomere and could therefore be involved in HCM pathogenesis.  

 

The present study aimed to identify MyBPH-interacting proteins by using yeast two-hybrid (Y2H) 

analysis and to verify these interactions using three-dimensional (3D) co-localisation and  

co-immunoprecipitation (Co-IP) analyses. We further hypothesized that both MyBPH and cMyBPC 

may be involved in autophagy. To test this hypothesis, both MyBPH and cMyBPC were analysed for 

co-localisation with a marker for autophagy, LC3b-II. The role of MyBPH and cMyBPC in cardiac cell 

contractility were analysed by measuring the planar cell surface area of differentiated H9c2 rat 

cardiomyocytes in response to β-adrenergic stress after individual and concurrent siRNA-mediated 

knockdown of MyBPH and cMyBPC.  
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In the present study we employed a family-based genetic association analysis approach to investigate 

the contribution of genes encoding the novel MyBPH-interacting proteins in modifying the hypertrophy 

phenotype. This study investigated the hypertrophy modifying effects of 38 SNPs and haplotypes in 

four candidate HCM modifier genes, in 388 individuals from 27 HCM families, in which three unique 

South African HCM-causing founder mutations segregate.  

  

Yeast two-hybrid analysis identified three putative MyBPH-interacting proteins namely,  

cardiac β-myosin heavy chain (MYH7), cardiac α-actin (ACTC1) and the SUMO-conjugating enzyme 

UBC9 (UBC9). These interactions were verified using both 3D co-localisation and Co-IP analyses. 

Furthermore, MyBPH and cMyBPC were implicated in autophagy, since both these proteins were 

being recruited to the membrane of autophagosomes. In addition, a cardiac contractility assay 

demonstrated that the concurrent siRNA-mediated knockdown of MyBPH and cMyBPC resulted in a 

significant reduction in cardiomyocyte contractility, compared to individual protein and control 

knockdowns under conditions of β-adrenergic stress. These results indicated that MyBPH could 

compensate for cMyBPC, and vice versa, further confirming that both these proteins are required for 

efficient sarcomere contraction.  

 

Results from genetic association analyses found a number of SNPs and haplotypes that had a 

significant effect on HCM hypertrophy. Single SNP and haplotype analyses identified SNPs and 

haplotypes within genes encoding MyBPH, MYH7, ACTC1 and UBC9, which contribute to the extent 

of hypertrophy in HCM. In addition, we found that several variants and haplotypes had markedly 

different statistical significant effects in the presence of each of the three HCM founder mutations. 

 

The results of this study ascribe novel functions to MyBPH. Cardiac MyBPC and MyBPH play a critical 

role in sarcomere contraction and have been implicated in autophagy. This has further implications for 

understanding the patho-etiology of HCM-causing mutations in the gene encoding MyBPH and its 

interacting proteins.  

 

This is to our knowledge the first genetic association analysis to investigate the modifying effect of 

interactors of MyBPH, as indication of the risk for developing LVH in the context of HCM. Our findings 

suggest that the hypertrophic phenotype of HCM is modulated by the compound effect of a number of 

variants and haplotypes in MyBPH, and genes encoding protein interactors of MyBPH. These results 

provide a basis for future studies to investigate the risk profile of hypertrophy development in the 
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context of HCM, which could consequently lead to improved risk stratification and patient 

management.  

 

Opsomming 

Linker ventrikulêre hipertrofie (LVH) is ‟n primêre risikofaktor vir kardiovaskulêre morbiditeit en 

mortaliteit asook „n kenmerk van algemene siektes soos hipertensie en diabetes. Daarom is dit van 

kardinale belang om te verstaan wat die onderliggende meganismes is wat die ontwikkeling van LVH 

beïnvloed. Die ondersoek na die onderliggende meganismes wat lei tot LVH in sulke komplekse 

siektes is ‟n uitdaging. Om hierdie rede fokus baie navorsers hul aandag op die autosomaal 

dominante hartspier siekte, hipertrofiese kardiomiopatie (HKM), wat beskou word as ‟n model siekte 

om die molekulêre oorsake onderliggend tot geïsoleerde kardiovaskulêre hipertrofie te ondersoek.  

 

HKM is ‟n heterogene siekte wat manifesteer met verskeie fenotipes en kliniese simptome, selfs in 

families met dieselfde genetiese defekte, wat impliseer dat addisionele faktore bydra tot die 

modifisering van die siekte fenotipe. Ten spyte van die identifisering van verskeie HKM-

versoorsakende gene, bly die genetiese faktore wat die mate van hipertrofie in HKM pasiente 

modifiseer relatief onbekend.   

 

Die geen wat kodeer vir die sarkomeriese proteïen, kardiale miosien-bindingsproteïen C (kMyBPC) is 

die algemeenste betrokke in HKM. Die identifisering van proteïene wat bind met kMyBPC het gelei tot 

verbeterde insigte tot die funksie van hierdie proteïen en die rol wat hierdie proteïen in hipertrofie 

speel. Ten spyte hiervan, is daar baie min inligting beskikbaar oor ‟n ander lid van die  

miosien-bindingsproteïen families, miosien-bindingsproteïen H (MyBPH). Gegewe die 

ooreenstemming tussen die DNA basispaar-volgorde en struktuur tussen hierdie twee proteïene, stel 

ons voor dat MyBPH, net soos kMyBPC, ‟n kritiese rol in die struktuur en funksie van die  

kardiale sarkomeer speel en kan daarom betrokke wees in die patogenese van HKM.  

 

Die huidige studie het beoog om proteïene wat met MyBPH bind te identifiseer deur die gebruik van 

gis-twee-hibried (G2H) kardiale biblioteek sifting en om hierdie interaksies te verifieer met behulp van 

drie-dimensionele (3D) ko-lokalisering en ko-immunopresipitasie eksperimente. Ons het verder 

gehipotiseer dat beide MyBPH and kMyBPC betrokke kan wees in outofagie. Om hierdie hipotese te 

toets is beide MyBPH en kMyBPC geanaliseer vir ko-lokalisering met ‟n merker vir outofagie, LC3b-II. 
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Verder het ons beplan om die rol van MyBPH en kMyBPC in kardiale spiersel-sametrekking te 

ondersoek deur die oppervlak van gedifferensieerde H9c2 rot kardiomiosiete in reaksie op β-

adrenergiese stres te meet, na individuele en gesamentlike siRNA-bemiddelde uitklopping van 

MyBPH en kMyBPC. 

 

In hierdie studie het ons ‟n familie-gebaseerde genetiese assosiasie analise benadering gevolg om 

vas te stel of MyBPH en gene wat kodeer vir die geverifieerde bindingsgenote van MyBPH bydra tot 

die modifisering van die hipertrofiese fenotipe. Die doel van hierdie studie was om die hipertrofiese 

effek van 38 enkel nukleotied polimorfismes (SNPs) en haplotipes in vier kandidaat HKM 

modifiserende gene in 388 individue van 27 HCM families te toets, waarin drie unieke Suid-Afrikaanse 

HKM-stigters mutasies segregeer.  

 

G2H analise het drie verneemde MyBPH bindingsgenote geidentifiseer, naamlik miosien (MYH7),  

alfa kardiale aktien (ACTC1) en die SUMO-konjugerende ensiem UBC9 (UBC9). Hierdie interaksies is 

geverifieer deur middel van 3D ko-lokalisering en ko-immunopresipitasie analises. Verder is bewys dat 

MyBPH en kMyBPC betrokke is in outofagie, siende dat beide proteïene gewerf is tot die membraan 

van die outofagosoom. ‟n Kardiale sametrekkings eksperiment het gevind dat die gesamentlike 

siRNA-bemiddelde uitklopping van MyBPH en kMyBPC ‟n merkwaardige vermindering in die 

kardiomiosiet sametrekking veroorsaak het in reaksie op β-adrenergiese stres kondisies, in 

vergelyking met die individuele proteïen en kontrole uitkloppings eksperimente. Hierdie resultate 

bevestig dat MyBPH vir kMyBPC kan instaan en ook andersom, wat verder bevestig dat beide 

proteïene benodig word vir effektiewe sarkomeer sametrekking.  

   

Resultate van die genetiese assosiasie studie het gevind dat ‟n aantal SNPs en haplotipes ‟n 

beduidende effek of HKM hipertrofie het. Enkel SNP en haplotipe analises in gene wat kodeer vir 

MyBPH, MYH7, ACTC1 en UBC9 het SNPs en haplotipes geidentifiseer wat bydra tot die omvang van 

hipertrofie in HKM. Verder het ons gevind dat sekere SNPs en haplotipes kenmerkend verskillende 

statisties beduidende effekte in die teenwoordigheid van elk van die drie HKM-stigter mutasies gehad 

het.   

 

Die resultate van hierdie studie skryf twee nuwe funksies aan MyBPH toe. Kardiale MyBPC en 

MyBPH speel ‟n kritiese rol in sarkomeer sametrekking en is betrokke in outofagie. Hierdie resultate 
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het verdere implikasies vir die verstaan van die pato-etiologie van die HKM-veroorsakende mutasies 

in die MyBPH, MYH7, ACTC1 en UBC9 gene.  

 

So vêr dit ons kennis strek is dit die eerste genetiese assosiasie studie wat die modifiserende effek 

van bindingsgenote van MyBPH ondersoek as risiko aanduiding vir die ontwikkeling van LVH in die 

konteks van HKM. Ons bevindinge bewys dat die hipertrofiese fenotipe van HKM gemoduleer word 

deur die komplekse effekte van SNPs en haplotipes in die MyBPH geen en gene wat MyBPH 

proteïen-bindingsgenote enkodeer. Hierdie resultate verskaf dus ‟n basis vir toekomstige studies om 

die risiko profiel van hipertrofie ontwikkeling met betrekking tot HKM te ondersoek, wat gevolglik kan 

bydra tot die verbeterde risiko stratifikasie en pasiënte bestuur. 

.  

Stellenbosch University  http://scholar.sun.ac.za



  
viii Acknowledgements 

 

Acknowledgements 

I would like to extend my sincerest gratitude to the following individuals who have assisted me in this 

study. 

 

My supervisors, Dr CJ Kinnear and Prof JC Moolman-Smook. Thank you for your invaluable insight, 

scientific input, guidance and patience, without which this study would not have been possible. 

  

Professor Lize van der Merwe. My gratitude for your guidance, assistance and patience was not only 

very helpful but also very encouraging. You challenged my understanding of statistical analysis and 

gave me a new appreciation for genetic association analyses. 

 

Dr Ben Loos at the Department of Physiology, Stellenbosch University. Your technical insight and help 

with the microscopy experiments and analyses were very valuable to me. The challenging scientific 

questions you posed and discussions you prompted were particulary challenging, but equally 

rewarding. 

 

Susan Cooper and Professor Dirk Lang at the Imaging Facility located at the University of Cape Town.  

Thank you for your advice, assistance and guidance with the analysis in using the confocal 

microscope. 

  

Stefanie Malan, my colleague and dear friend, thank you for standing by me during the course of this 

project. Your endless encouragement and good naturedness were often a source of inspiration for me. 

 

Professor P van Helden. In addition to providing the necessary financial support and superb 

infrastructure, I thank you for this opportunity that allowed me to undertake this study while working.  

 

Harry Crossley Foundation. Thank you for the funding that allowed this project to happen. 

 

Stellenbosch University  http://scholar.sun.ac.za



  
ix Acknowledgements 

My friend Delia (and Jacques). Thank you for reading through and editing many copies of this thesis. 

Your friendship and encouragement have surely been a great motivation during this study. 

  

My dear friends and colleagues in the Department of Biomedical Sciences. Thank you for your friendly 

smiles and always being available to help seek an answer to a question.  

 

My parents and family. Your love, encouragement, unexpected visits and motivating phone calls have 

helped shape me into the person I am today. I am truly blessed to have parents and family like you. 

 

My loving husband Pierre. For motivating me to always keep going, inspiring me to always give my 

best and for loving me every day as much as the day before. 

 

Finally, thank you God, for providing me with the ability, determination, courage and motivation to give 

my best every day. 

Stellenbosch University  http://scholar.sun.ac.za



  
x Table of Contents 

TABLE OF CONTENTS 

 

LIST OF FIGURES ...................................................................................................................................xi 

LIST OF TABLES ...................................................................................................................................xvi 

LIST OF ABBREVIATIONS ...................................................................................................................xix 

INTRODUCTION........................................................................................................................................4 

MATERIALS AND METHODS: PROTEIN INTERACTION STUDY ......................................................49 

MATERIALS AND METHODS: MODIFIER STUDY ..............................................................................75 

RESULTS: PROTEIN INTERACTION STUDY ......................................................................................89 

RESULTS: MODIFIER STUDY .............................................................................................................114 

DISCUSSION: PROTEIN INTERACTION STUDY...............................................................................152 

DISCUSSION: MYBPH AND INTERACTORS AS MODIFIERS OF HYPERTROPHY ......................168 

APPENDIX I ...........................................................................................................................................190 

APPENDIX II ..........................................................................................................................................203 

APPENDIX III .........................................................................................................................................205 

REFERENCES.......................................................................................................................................208 

 

 

Stellenbosch University  http://scholar.sun.ac.za



  
xi List of Figures 

LIST OF FIGURES 

 

CHAPTER ONE: INTRODUCTION 

Figure 1.1 Pathology of hypertrophic cardiomyopathy. In comparison to the normal heart (A), the HCM 

heart (B) shows left ventricular hypertrophy with reduced left ventricular cavity size.  

On histology, the normal heart (C), as compared to the HCM heart (D), shows enlarged myocytes and 

myocyte disarray. .......................................................................................................................................6 

Figure 1.2 A representation of the cardiac sarcomere in a relaxed and contracted state. (A) The basic 

organisation of the sarcomere sub-regions; the A band represents the central location of myosin and 

actin and the Z-discs are shown in red. (B) A theoretical diagram that represents the connection 

between molecules within the sarcomere. For example, a person (which represents myosin (M)) pulls 

the bookcases (which represent Z-discs) via ropes (which represent actin)..........................................13 

Figure 1.3 Premyofibril model of myofibrillogenesis. Mature myofibrils are formed through three steps; 

pre-myofibrils that contain non-muscle myosin II, nascent myofibrils that contain both non-muscle 

myosin II and muscle specific myosin II, and mature myofibrils that contain muscle-specific myosin II 

but no non-muscle myosin II....................................................................................................................14 

Figure 1.4 Schematic representation of myofibril. Sarcomeric proteins assemble to form a sarcomere. 

Sarcomeres combine to form a myofibril.  ...............................................................................................15 

Figure 1.5 The series of reactions involved in the cross-bridge cycle. ...................................................17 

Figure 1.6 Sumoylation is regulated by conjugation and deconjugation pathways................................19 

Figure 1.7 Calcium cycling in cardiomyocytes and regulation by PKA phosphorylation. Phosphorylation 

influences cardiac functioning by phosphorylation of proteins essential for cardiac functioning. ..........21 

Figure 1.8 The ubiquitination of target substrates for degradation involves three steps. These are: 

Initial activation (catalysed by E1 enzyme), covalent linking of ubiquitin to a conjugating enzyme, E2, 

and conjugating ubiquitin to the target substrate (facilitated by E3 ligase). ...........................................23 

Figure 1.9 Ubiquitination in the normal heart compared to the cardiomyopathic heart..........................25 

Figure 1.10 Autophagy plays a role in recycling amino acids, removing damaged proteins and 

organelles and maintaining the ER..........................................................................................................28 

Stellenbosch University  http://scholar.sun.ac.za



  
xii List of Figures 

Figure 1.11 The activity of autophagy in response to pressure overload in the heart. ..........................29 

Figure 1.12 Schematic diagram of striated muscle sarcomere. This image indicates the localisation of 

cMyBPC (blue) that is restricted to the C-zone of the A-band, titin (dashed green lines), myosin (thick 

filament) in red and actin in black (thin filament) .....................................................................................33 

Figure 1.13 Schematic representation of cardiac myosin binding protein C (cMyBPC), indicating 

domains of known function.. ....................................................................................................................34 

Figure 1.14 Schematic representation of the asymmetric myosin molecule indicating the heavy 

meromyosin (HMM) and the light meromyosin (LMM). ...........................................................................36 

Figure 1.15 Two models predicting the C-terminal arrangement of cMyBPC in the sarcomere, the 

trimeric collar model (A) as proposed by Moolman-Smook et al., 2002 and the rod model (B) as 

proposed by Squire et al., 2003...............................................................................................................41 

Figure 1.16 Schematic representation of cardiac myosin binding protein H (MyBPH), indicating 

domains of known function.. ....................................................................................................................42 

 

CHAPTER TWO: MATERIALS AND METHODS 

Figure 2.1 Formula for calculating the overlap coefficient. .....................................................................73 

Figure 2.2 Formula for calculating the Pearson‟s correlation. ................................................................73 

Figure 2.3. A representation of 8-well borosilicate glass-bottomed chambers (Nunc, New York, USA) 

and the experimental preparation of the contractility assay, indicating which siRNAs were used and 

how they were treated..............................................................................................................................75 

Figure 2.4 A graphical representation of the three levels of the heart muscle at which wall thickness 

was measured. (A) The blue dotted lines on the long axis view of the left ventricle indicate the mitral 

valve, papillary muscle and apex levels at which echocardiographic parameters were measured. 

(B) A representation of a 2D echocardiographic ultrasound of the left ventricle. ...................................77 

Figure 2.5 Formula used to estimate LVM from 2D left ventricle linear dimensions ..............................78 

 

Stellenbosch University  http://scholar.sun.ac.za



  
xiii List of Figures 

 

CHAPTER THREE: RESULTS 

Figure 3.1 Linear growth curves of yeast strain GOLD transformed with non-recombinant pGBKT7, 

pGBKT7-53 and pGBKT7-MyBPH bait constructs. The growth rate of the pGBKT7-MyBPH 

transformant were compared to the non-recombinant pGBKT7 and pGBKT7-53, in an attempt to 

determine if the bait constructs had any toxic effects on the GOLD strain.............................................90 

Figure 3.2 Fluorescent imaging and co-localisation analysis of MyBPH and MYH7 in differentiated 

H9c2 cardiomyocytes. (A) MyBPH labelled with a donkey anti-mouse Cy5 secondary antibody 

(Yellow). (B) MYH7 labelled with a donkey anti-rabbit Alexa Fluor 488 antibody (Green). (C) Nucleus 

labelled with Hoechst H-33342 (Blue). (D) Overlay of images A-C. (E) Co-localisation of MyBPH and 

MYH7 generated from merged images (Pink). (F) Scatter diagram generated by co-localisation 

analysis with quadrant three representing the degree of co-localisation................................................97 

Figure 3.3 Fluorescent imaging and co-localisation analysis of MyBPH and ACTC1 in differentiated 

H9c2 cardiomyocytes. (A) MyBPH labelled with a donkey anti-mouse Cy5 secondary antibody 

(Yellow). (B) ACTC1 labelled with a donkey anti-rabbit Alexa Fluor 488 secondary antibody (Green). 

(C) Nucleus labelled with Hoechst H-33342 (Blue). (D) Overlay of images A-C. (E) Co-localisation of 

MyBPH and ACTC1 generated from merged images (Pink). (F) Scatter diagram generated by  

co-localisation analysis with quadrant three representing the degree of co-localisation... ....................98 

Figure 3.4 Fluorescent imaging and co-localisation analysis of MyBPH and UBC9 in differentiated 

H9c2 cardiomyocytes. (A) MyBPH labelled with a donkey anti-mouse Cy5 secondary antibody 

(Yellow). (B) MYH7 labelled with a donkey anti-goat Cy3 secondary antibody (Red). (C) Nucleus 

labelled with Hoechst H-33342 (Blue). (D) Overlay of images A-C. (E) Co-localisation of MyBPH and 

UBC9 generated from merged images (Pink). (F) Scatter diagram generated by co-localisation 

analysis with quadrant three representing the degree of co-localisation................................................99 

Figure 3.5 Western blots of Co-IP of MyBPH and putative interactors (A) MYH7,  

(B) ACTC1 and (C) UBC9 in differentiated H9c2 rat cardiomyocytes. Reciprocal  

Co-IPs were performed for each interaction. ........................................................................................101 

Figure 3.6 Fluorescent imaging of MyBPH and ACTC1 in differentiated H9c2 rat cardiomyocytes. (A) 

MyBPH labelled with a donkey anti-mouse Cy3 secondary antibody (Red). (B) ACTC1 labelled with a 

donkey anti-rabbit Alexa Fluor 488 secondary antibody (Green). (C) Nucleus labelled with Hoechst  

H-33342 (Blue). (D) Overlay of images A-C..........................................................................................102 

Stellenbosch University  http://scholar.sun.ac.za



  
xiv List of Figures 

Figure 3.7 Super resolution imaging and co-localisation analysis of MyBPH and LC3b-II_GFP in 

differentiated H9c2 rat cardiomyocytes. (A) MyBPH labelled with a donkey anti-mouse Cy3 secondary 

antibody (Red), GFP-tagged LC3b-II (Green). (B, C) Enlarged image. (D) Co-localisation of MyBPH 

and GFP-tagged LC3b-II generated from merged images (Yellow). ....................................................103 

Figure 3.8 Super resolution imaging and co-localisation analysis of cMyBPC and LC3b-II_GFP in 

differentiated H9c2 rat cardiomyocytes. (A) cMyBPC labelled with a donkey anti-rabbit Cy3 secondary 

antibody (Red), GFP-tagged LC3b-II (Green). (B, C) Enlarged image. (D) Co-localisation of MyBPH 

and GFP-tagged LC3b-II generated from merged images (Yellow).. ...................................................104 

Figure 3.9 Fluorescent imaging of MyBPH in differentiated H9c2 rat cardiomyocytes after 24 hours of 

differentiation (A-C), after 5 days of differentiation (D-F) and after 8 days of differentiation (G-I). (A, D, 

G) MyBPH labelled with a donkey anti-mouse Cy3 secondary antibody (Red). (B, E, H) Nucleus 

labelled with Hoechst H-33342 (Blue). (C, F, I) Overlay images... .......................................................106 

Figure 3.10 Fluorescent imaging of Alexa Fluor 488-labelled NSC siRNA after 24 hours of transfection 

in H9c2 rat cardiomyocytes that was differentiated for 5 days (A, B) and 8 days (C, D). (A - D) NSC 

siRNA tagged with Alexa Fluor 488 (Green) and nucleus labelled with Hoechst H-33342 (Blue).......107 

Figure 3.11 Western blotting quantification of MyBPH in differentiated H9c2 rat cardiomyocytes 

transfected with either a NSC or a particular MyBPH siRNA. The siRNA H3 resulted in optimal 

knockdown of MyBPH............................................................................................................................108 

Figure 3.12 Western blotting quantification of cMyBPC in differentiated H9c2 rat cardiomyocytes 

transfected with either a NSC or a particular cMyBPC siRNA. The siRNA C3 resulted in optimal 

knockdown of cMyBPC. .........................................................................................................................109 

Figure 3.13 Western blotting quantification of MyBPH in differentiated H9c2 rat cardiomyocytes 

transfected with either a NSC or H3, and C3 MyBPH and cMyBPC siRNAs concurrently. The 

concurrent transfection of siRNA H3 and C3 resulted in optimal knockdown of MyBPH.....................110 

Figure 3.14 Western blotting quantification of cMyBPC in differentiated H9c2 rat cardiomyocytes 

transfected with either a NSC or H3, and C3 MyBPH and cMyBPC siRNAs concurrently. The 

concurrent transfection of siRNA H3 and C3 resulted in optimal knockdown of MyBPC.....................111 

Figure 3.15 Effect of MyBPH and cMyBPC knockdown in di fferentiated H9c2 rat cardiomyocytes in 

response to β-adrenergic stimulation. (A) siRNA transfected H9c2 cells before (0 minutes) and after  

(60 minutes) stimulation by isoproterenol, representing the change in planar cell surface area in each 

Stellenbosch University  http://scholar.sun.ac.za



  
xv List of Figures 

group. (B) The differences between the four groups as the mean ± SEM (n=6 per group) of three 

independent experimental repeats. The percentage planar cell surface area differed significantly in the 

double knockdown group from the NSC (***p<0.05).. ..........................................................................113 

Figure 3.16 The p-values for tests of association between single SNPs in MyBPH and individual 

hypertrophy traits. ..................................................................................................................................125 

Figure 3.17 The p-values for tests of association between MYBPH haplotypes and individual 

hypertrophy traits. ..................................................................................................................................128 

Figure 3.18 The p-values for tests of association between single SNPs in MYH7 and individual 

hypertrophy traits. ..................................................................................................................................132 

Figure 3.19 The p-values for tests of association between MYH7 haplotypes and individual 

hypertrophy traits. ..................................................................................................................................135 

Figure 3.20 The p-values for tests of association between single SNPs in ACTC1 and individual 

hypertrophy traits. ..................................................................................................................................137 

Figure 3.21 The p-values for tests of association between ACTC1 haplotypes and individual 

hypertrophy traits. ..................................................................................................................................140 

Figure 3.22 The p-values for tests of association between single SNPs in UBC9 and individual 

hypertrophy traits. ..................................................................................................................................143 

Figure 3.23 The p-values for tests of association between UBC9 haplotypes and individual 

hypertrophy traits. ..................................................................................................................................147 

Stellenbosch University  http://scholar.sun.ac.za



  
xvi List of Tables 

LIST OF TABLES 

 

CHAPTER ONE: INTRODUCTION 

Table 1.1 Known HCM genes and their OMIM references. ......................................................................8 

Table 1.2 Physiological and pathological role of calpains in the heart. ..................................................32 

Table 1.3 List of cMyBPC domains that interact with cardiac actin.  .......................................................39 

 

CHAPTER TWO: MATERIALS AND METHODS 

Table 2.1 Oligonucleotide primers used for the generation of inserts for Y2H cloning.  .........................51 

Table 2.2 Oligonucleotide primers used for the amplification of inserts from cloning vectors. ..............52 

Table 2.3 Transfer conditions of the IBlot system for the different proteins. ..........................................54 

Table 2.4 Primary and secondary antibody concentrations for western blot analyses. .........................70 

Table 2.5. Antibodies and antibody concentrations for co-localisation assays. .....................................72 

Table 2.6 Excitation and emission spectra of fluorescent proteins used in co-localisation assays. ......72 

Table 2.7 Candidate genes selected for gene association analysis .......................................................79 

Table 2.8 The SNP position and nucleotide change of SNPs selected for genotyping .........................80 

 

CHAPTER THREE: RESULTS 

Table 3.1 Effect of the pGBKT7-MyBPH bait construct on the GOLD mating efficiency. ......................91 

Table 3.2 Activation of nutritional and colourimetric reporter genes by interaction between MyBPH and 

prey clones. Below is a representative subset of the scoring of the 400 clones that activated the HIS3 

reporter gene and were resistant to AbA, the 76 clones that activated the ADE2 reporter gene and the 

remaining 12 clones that were able to activate the MEL1 reporter gene. ..............................................92 

Stellenbosch University  http://scholar.sun.ac.za



  
xvii List of Tables 

Table 3.3 Interaction between MyBPH preys with heterologous baits in specificity tests. The scores of 

the clones considered as putative interactors are detailed below. .........................................................94 

Table 3.4 Identification of MyBPH putative interactor clones from Y2H cardiac library screen. Putative 

MyBPH interactors are arranged according to interactors represented by multiple clones from highest 

to lowest activity of nutritional and colourimetric reporter genes. Putative interactors represented by a 

single clone are arranged similarly. Putative interactors highlighted in pink were chosen for verification 

based on their cellular localisation and physiological role in the cardiac sarcomere .............................95 

Table 3.5 Quantification of co-localisation for the interaction between MyBPH and MYH7. .................97 

Table 3.6 Quantification of co-localisation for the interaction between MyBPH and ACTC1.................98 

Table 3.7 Quantification of co-localisation for the interaction between MyBPH and UBC9. ..................99 

Table 3.8 Quantification of co-localisation for the interaction between MyBPH and LC3b-II...............103 

Table 3.9 Quantification of co-localisation for the interaction between cMyBPC and LC3b-II. ............104 

Table 3.10 Basic characteristics of the study cohort. Individuals are grouped according to the relevant 

HCM founder mutation and mutation status as either mutation carrier (MC) or non-carrier (NC). ......115 

Table 3.11 The SNPs chosen for investigation in this study and their MAF in the CEU and YRI 

populations. ............................................................................................................................................116 

Table 3.12 Cohort-specific descriptives. Hardy-Weinberg equilibrium test p-values and MAF for the 

SNPs investigated..................................................................................................................................118 

Table 3.13 Pair-wise LD structure for MyBPH. D‟ values = 1 are highlighted in red, D‟ values between 

0,60 and 0,99 are highlighted in dark pink and D‟ values < 0,60 are highlighted in light pink.  ............120 

Table 3.14 Pair-wise LD structure for MyH7. D‟ values = 1 are highlighted in red, D‟ values between 

0,60 and 0,99 are highlighted in dark pink and D‟ values < 0,60 are highlighted in light pink.  ............121 

Table 3.15 Pair-wise LD structure for ACTC1. D‟ values = 1 are highlighted in red, D‟ values between 

0,60 and 0,99 are highlighted in dark pink and D‟ values < 0,60 are highlighted in light pink.  ............122 

Table 3.16 Pair-wise LD structure for UBC9. D‟ values = 1 are highlighted in red, D‟ values between 

0,60 and 0,99 are highlighted in dark pink and D‟ values < 0,60 are highlighted in light pink.  ............122 

Stellenbosch University  http://scholar.sun.ac.za



  
xviii List of Tables 

Table 3.17 The PC1 score defined in terms of its weighted composition: the weight of each wall 

thickness measurement. ........................................................................................................................123 

Table 3.18 The environment and heritability estimates detailed as estimated percentage contribution 

to trait variance, as well as the p-values for heritability.........................................................................124 

Table 3.19 The p-values obtained for the analysis of the additive allelic models inside the mutation 

groups in MyBPH, illustrating the allelic effect of the particular variants within these groups.. ...........126 

Table 3.20 The p-values obtained for the analysis of the association with MyBPH haplotypes within the 

mutation groups. ....................................................................................................................................129 

Table 3.21 The p-values obtained for the analysis of the additive allelic models inside the mutation 

groups in MYH7, illustrating the differences in allelic effect of the particular variants within these 

groups. ...................................................................................................................................................133 

Table 3.22 The p-values obtained for the analysis of the association with MYH7 haplotypes within the 

mutation groups. ....................................................................................................................................136 

Table 3.23 The p-values obtained for the analysis of the additive allelic models inside the mutation 

groups in ACTC1, illustrating the differences in allelic effect of the particular variants within these 

groups.. ..................................................................................................................................................138 

Table 3.24 The p-values obtained for the analysis of the association with ACTC1 haplotypes within the 

mutation groups. ....................................................................................................................................141 

Table 3.25 The p-values obtained for the analysis of the additive allelic models inside the mutation 

groups in UBC9, illustrating the differences in allelic effect of the particular variants within these 

groups. ...................................................................................................................................................144 

Table 3.26 The p-values obtained for the analysis of the association with UBC9 haplotypes within the 

mutation groups. ....................................................................................................................................148 

Stellenbosch University  http://scholar.sun.ac.za



  
xix List of Abbreviations 

LIST OF ABBREVIATIONS 

α alpha 

α1ARs alpha 1 receptors  

α2Ars alpha 2 receptors 

β beta 

βARs beta adrenergic receptors 

 γ gamma 

˚C degrees Celsius 

# number 

2D two-dimensional  

3' three prime 

5' five prime 

A alanine 

A adenine 

AbA aureobasidin a 

A-band anisotropic band 

ABI Applied Biosystems Incorporated 

AC adenylyl cyclase 

ACC ascending aortic constriction 

Acc # accession number 

ACE angiotensin-converting enzyme  

ACE1 angiotensin-converting enzyme 1 

ACE2 angiotensin-converting enzyme 2  

ACTC1 cardiac alpha actin 

ACTC1 cardiac alpha actin 

AD activating domain 

Stellenbosch University  http://scholar.sun.ac.za



  
xx List of Abbreviations 

Ade adenine 

ADE2 phosphoribosylaminoimidazole carboxylase gene 

ADP  adenosine diphosphate 

AF488 Alexa Fluor 488 

AGT angiotensinogen  

AGTR1 angiotensin II type I receptor gene 

Ala alanine 

ALP autophagy-lysosome pathway 

Aivs anterior interventricular septum thickness 

AMP adenosine monophosphate 

AMPK AMP-activated protein kinase 

Ang angiotensin 

ANKRD1 ankyrin repeat domain 1 

ANOVA analysis of variance 

Aos1/Uba2 SUMO-activating enzyme e1 

Arg arginine 

ASE American Society of Echocardiography 

Asn asparagine 

Asp aspartic acid 

ATCC American Type Culture Collection 

ATG1 autophagy-related 1 

ATG3 autophagy-related 3 

ATG5 autophagy-related 5 

ATG6 autophagy-related 6 

ATG7 autophagy-related 7 

ATG8 autophagy-related 8 

Stellenbosch University  http://scholar.sun.ac.za



  
xxi List of Abbreviations 

ATG10 autophagy-related 10 

ATG12 autophagy-related 12 

ATG13 autophagy-related 13 

ATG16L autophagy-related 16l 

ATG101 autophagy-related 101 

ATP adenosine triphosphate 

ATPase adenosine triphosphatase 

AV aortic valve 

AW anterior wall thickness 

BLAST Basic Local Alignment Search Tool 

BP blood pressure  

BSA body surface area  

© copyright 

C  cytosine 

C1 siRNA type c1 specific to myosin binding protein c  

C2 siRNA type c2 specific to myosin binding protein c  

C3 siRNA type c3 specific to myosin binding protein c  

C4 siRNA type c4 specific to myosin binding protein c  

Ca2+ calcium 

CaCl2 calcium chloride 

Calpain calcium ion-dependent papain-like protease 

CaM calmodulin 

CaMK calmodulin-dependent kinase 

cAMP cyclic adenosine monophosphate  

CaN calcineurin 

CapZ capping protein (actin filament) muscle z line, alpha 2 

Stellenbosch University  http://scholar.sun.ac.za



  
xxii List of Abbreviations 

CASQ2 calsequestrin 2 

CAV3 caveolin 3 

cDNA complementary DNA 

CEU HapMap population: parent-offspring trios with Northern and 

Western European Ancestry 

Ch2-T1 channel 2, track 1 

CH3-T2 channel 3, track 2 

Ch3-T3 channel 3, track 3 

cm2 cubic centimetre 

cMyBPC cardiac myosin binding protein c  

Co. company 

CO2 carbon dioxide 

Co-IP co-immunoprecipitation 

COX15 cytochrome c oxidase assembly protein 15 

CSRP3 muscle LIM protein  

C-terminus carboxy-terminus 

C-terminal carboxy-terminus 

Cy3 cyanine dye 3 

Cy5 cyanin dye 5 

dATP deoxy-adenosine triphosphate 

DBP diastolic blood pressure 

DCM dilated cardiomyopathy 

dCTP deoxy-cytidine triphosphate 

ddH2O distal deionised water 

DES  desmin 

dGTP deoxy-guanosine triphosphate 

DMEM Dulbecco‟s Modified Eagle media 

Stellenbosch University  http://scholar.sun.ac.za



  
xxiii List of Abbreviations 

DMSO dimethyl sulphoxide 

DNA deoxyribo nucleic acid 

dNTP deoxy-nucleotide triphosphate 

dTTP deoxy-thymidine triphosphate 

E1 ubiquitin-activating ligase 

E2 ubiquitin-conjugating ligase 

E3 ubiquitin ligase 

E4 elongation factor 

E.coli Escherichia coli 

EDTA ethylene-diamine-tetra-acetic acid 

EGF-like epidermal growth factor like 

ER endoplasmic reticulum 

F-actin filamentous actin 

FAF1 fas (TNFRSF6) associated factor 1  

FBN1 fibrillin 1 

FIP200 focal adhesion kinase (FAK) family interacting protein of 

200kda 

FLNC filamin c, gamma 

FnIII fibronectin type III 

FRET föster resonance energy transfer 

FXN frataxin 

g grams 

G guanine 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

g/cc gram per cubic centimetre 

GC genomic control 

GFP green fluorescent protein 

Stellenbosch University  http://scholar.sun.ac.za



  
xxiv List of Abbreviations 

Gln glutamine 

Glu glutamic acid 

Gly glycine 

GRK G protein-coupled receptor kinase 

H+ hydrogen 

H1 siRNA type h1 specific to myosin binding protein h 

H2 siRNA type h2 specific to myosin binding protein h 

H3 siRNA type h3 specific to myosin binding protein h 

H4 siRNA type h4 specific to myosin binding protein h 

HA hemagglutinin 

HCM hypertrophic cardiomyopathy  

Hg mercury 

His histidine 

HIS3 imidazoleglycerolphosphate dehydratase  

H2O water 

HR heart rate 

HRM high resolution melt 

HRP horseradish peroxidase 

HMM heavy meromyosin 

HWE Hardy-Weinberg equilibrium  

Hz hertz 

I-band isotropic band 

Ig immunoglobulin i-like 

Ile isoleucine 

Inc. incorporated 

IP immunoprecipitation 

Stellenbosch University  http://scholar.sun.ac.za



  
xxv List of Abbreviations 

IPneg immunoprecipitation using “non-relevant” antibody as negative 

control 

IQ domain within myosin 

ITC isothermal titration calorimetry 

IVS interventricular septum thickness 

IW inferior wall thickness 

JPH2 junctophilin-2 

K+ potassium 

KASP kompetitive allele specific PCR 

Kb kilo bases 

kDa kilo dalton 

KI knock-in 

KO knockout 

L litre 

LA  left atrium 

LAMP2 lysosomal-associated membrane protein 2 

LAMP2 lysosomal-associated membrane protein 2 

LB luria bertani 

LC3b marker for autophagy  

LC3b-I non-lipidated form of LC3b 

LC3b-II lipidated form of LC3b, pe-conjugated form of LC3b 

LD linkage disequilibrium 

LDU linkage disequilibrium unit 

LiAc lithium acetate 

LIMK1 lim domain kinase 1 

LMM light meromyosin 

LOD logarith of odds 

Stellenbosch University  http://scholar.sun.ac.za



  
xxvi List of Abbreviations 

Log logarithm 

LSM laser scanning microscopy 

Ltd. limited 

LV left ventricle 

LVH left ventricular hypertrophy  

LVIDd left ventricular internal dimension at end-diastole 

LVM left ventricular mass  

LVOT  left ventricular outflow tract 

LVW/BW left ventricular weight and body weight 

LVWT left ventricular wall thickness  

LW lateral wall thickness 

Lys lysine 

M molar 

MAF minor allele frequency  

MAFbx muscle atrophy F-box 

MC mutation carrier  

MCS multiple cloning sites 

MEF2C myocyte enhancer factor 2C 

MEL1 alpha-galactosidase  

Met methionine 

mg milligram 

MgCl2 magnesium chloride 

miRNA micro RNA 

min minute 

mIVST maximal interventricular septum thickness 

ml millilitre 

Stellenbosch University  http://scholar.sun.ac.za



  
xxvii List of Abbreviations 

MLC2v myotilin and ventricular myosin light chain 2 

mLVWT maximal left ventricular wall thickness 

mm millimetre 

mM millimolar 

m-mode motion mode 

mTOR mammalian target of rapamycin 

mPWT maximal posterior wall thickness 

MRI magnetic resonance imaging 

mRNA messenger ribonucleic acid 

MTRNR2L2 MT-RNR2-like 2 protein 

MuRF muscle ring finger 

MuRF1 muscle ring finger 1 

MuRF2 muscle ring finger 2 

MuRF3 muscle ring finger 3 

MV mitral valve 

MyBPH myosin binding protein H 

MyBPH myosin binding protein H 

MyBPC myosin binding protein C 

MYBPC3 cardiac myosin binding protein C  

MYH6 alpha-myosin heavy chain 

MYH7 cardiac beta-myosin heavy chain 

MYH7 cardiac beta-myosin heavy chain 

MYO6 myosin VI 

MYOZ myozenin 2 

MYL2 myosin regulatory light chain 

MYL3 myosin essential light chain 

Stellenbosch University  http://scholar.sun.ac.za



  
xxviii List of Abbreviations 

MYLK2 myosin light chain kinase 

n number of clinically evaluated samples 

Na+  sodium 

Na
+
/K

+
-ATPase sodium-potassium pump 

NaCl sodium chloride 

NC  non-carrier  

NCBI National Centre for Bioinformatics 

NCX sodium-calcium exchanger 

NH2-terminus amino-terminus 

NHE sodium-proton exchanger 

ng nanogram 

NLO non-linear optics 

nm nanometer 

nM nanomolar 

NMR nuclear magnetic resonance 

NSC non-silencing control 

N-terminal amino-terminus 

OBSCN obscurin 

OD optimal density 

OR odds-ratio 

p short chromosomal arm 

p62 nucleoporin 62 

P13K phosphatidylinositol-3-kinase 

PAGE polyacrylamide gel electrophoresis 

PBS phosphate buffered saline 

PCA principal component analysis 

Stellenbosch University  http://scholar.sun.ac.za



  
xxix List of Abbreviations 

PC1 first principal component 

Pc2 polycomb-2 protein 

PCI phenol-chloroform-isoamyl alcohol 

PCR polymerase chain reaction  

PD Parkinson‟s disease 

PE phosphatidylethanolamine 

PEG polyethylene glycol 

pH power of hydrogen 

Pi inorganic phosphate 

PIAS protein inhibitor of activated stat (signal transducer and 

activator of transcription) 

PIPES piperazine-N, N-bis (2-ethanesulfonic acid) 1.5 sodium 

pIVS posterior interventricular septum  thickness 

PLN phospholamban 

PML promyelocytic leukemia protein  

PMSF phenylmethylsulphonyl fluoride 

PKA protein kinase A 

PP protein phosphatase 

PPARG peroxisome proliferator-activated receptor gamma 

PRKAG2 AMP-activated protein kinase, gamma 2 non-catalytic subunit 

protG protein G agarose control 

PVDF polyvinylidene fluoride 

PW posterior wall thickness  

PWTd posterior wall thickness at end-diastole 

q long chromosomal arm 

QDO quadruple dropout 

Stellenbosch University  http://scholar.sun.ac.za



  
xxx List of Abbreviations 

QTDT quantitative transmission disequilibrium test 

® registered 

R arginine 

RAF1 v-raf-1 murine leukemia viral oncogene homolog 1 

RanBP2 ran-binding protein 2, sumo E3 ligase 

RNA ribonucleic acid 

ROCK1 rho kinase 1 

rpm revolution per minute 

RSA Republic of South Africa 

RT-PCR realtime PCR 

RyR ryanodine receptor 

RVOT right ventricular outflow tract 

S1 myosin S1 sub-fragment of myosin heavy chain 

S2 myosin S2 sub-fragment of myosin heavy chain 

SB sodium borate 

SBP systolic blood pressure 

SCD sudden cardiac death 

S. cerivieae Saccharomyce cervieae 

SD synthetic dropout 

SDS sodium dodecyl-sulphate  

sec second 

SEM standard error of mean 

SENPs sentrin-specific proteases 

Ser serine 

SERCA sarcoplasmic reticulum calcium atpase 

siRNA small interfering ribonucleic acid (RNA) 

Stellenbosch University  http://scholar.sun.ac.za



  
xxxi List of Abbreviations 

SLC5A4 solute carrier family 25 member 24 

SNP single nucleotide polymorphism 

SR-SIM super resolution structured illumination microscopy 

STAT signal transducer and activator of transcription 

SUMO small ubiquitin-related modifier  

SUMO1 small ubiquitin-related modifier 1 

SWTd intraventricular septum thickness at end-diastole 

T thymine 

T threonine 

Ta annealing temperature 

Tm melting temperature  

™ trademark 

TAC transverse aortic constriction 

TagSNP tagging single nucleotide polymorphism 

TB domain within fibrillin 1 

TBST tris-buffered saline tween 20 

TCAP telethonin or titin-cap 

TDO triple dropout 

Thr  threonine 

TIF triton-insoluble filamentous actin 

TNNIC cardiac troponin c 

TNNI3 cardiac troponin I type 3 

TNNT2 cardiac troponin T type 2 

TPM1 alpha-tropomyosin 

Trp tryptophan 

TTN titin 

Stellenbosch University  http://scholar.sun.ac.za



  
xxxii List of Abbreviations 

U unit 

Ub ubiquitin 

UBC9 SUMO-conjugating enzyme UBC9, ubiquitin-conjguating 

enzyme E2, UBE2I 

UBC9 SUMO-conjugating enzyme UBC9, ubiquitin-conjugating 

enzyme E2, UBE2I 

UCT University of Cape Town 

UK United Kingdom 

UPS ubiquitin-proteasome system 

Ura uracil 

USA United States of America 

UT transfection control 

UTR untranslated region 

UV ultra-violet  

V volts 

v version 

Val valine 

VCL vinculin 

VNTR variable number tandem repeat 

Vps34 a phosphatylinositol 3-kinase 

W tryptophan 

WB western blot 

WFS1 wolframin 

WT wild type 

W/V weight per volume 

www world wide web 

X-α-gal x-alpha-galactosidase 

Stellenbosch University  http://scholar.sun.ac.za



  
xxxiii List of Abbreviations 

YRI HapMap population: parent-offspring trios from the Yoruba 

people in Ibadan, Nigeria  

Y2H yeast two-hybrid 

YPDA yeast peptone dextrose adenine 

μl microliter 

μg microgram 

Stellenbosch University  http://scholar.sun.ac.za



  
1 Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter One 

Introduction 

 

 

 

 

 

 

  

Stellenbosch University  http://scholar.sun.ac.za



  
2 Introduction 

CHAPTER ONE 

 INTRODUCTION 

TABLE OF CONTENTS 

 

INTRODUCTION........................................................................................................................................4 

1.1 Left ventricular hypertrophy ........................................................................................................4 

1.1.1 Hypertrophic cardiomyopathy ..............................................................................................5 

1.1.2 Genetics of HCM..................................................................................................................6 

1.1.3 Phenotype modification .......................................................................................................9 

1.1.4 South African HCM founder mutations ..............................................................................10 

1.2 HCM as a disease of the sarcomere and impaired cardiac contractility ..................................11 

1.2.1 Sarcomeric development and maintenance ......................................................................11 

1.2.2 Sarcomerogenesis .............................................................................................................13 

1.2.2.1 Premyofibril model .........................................................................................................14 

1.2.3 Cardiac contraction ............................................................................................................16 

1.2.3.1 The cross-bridge cycle ...................................................................................................16 

1.2.4 Sarcomeric protein modification and regulation ................................................................17 

1.2.4.1 Sumoylation....................................................................................................................17 

1.2.4.2 Adrenergic stimulation and contractile protein phosphorylation ......................................20 

1.2.5 Sarcomeric protein integration and exchange...................................................................22 

1.2.6 Sarcomeric protein degradation ........................................................................................22 

1.2.6.1 The ubiquitin-proteasome system..................................................................................23 

1.2.6.2 Autophagy ......................................................................................................................26 

1.2.6.3 Calpain system ...............................................................................................................30 

1.3 Cardiac myosin binding protein C .............................................................................................32 

1.3.1 cMyBPC as a regulatory protein found in the sarcomere .................................................32 

1.3.2 The role of cMyBPC in the thick filament ..........................................................................34 

Stellenbosch University  http://scholar.sun.ac.za



  
3 Introduction 

1.3.3 Interactions of cMyBPC .....................................................................................................35 

1.3.3.1 Myosin ............................................................................................................................35 

1.3.3.2 Titin .................................................................................................................................37 

1.3.3.3 Actin................................................................................................................................37 

1.3.4 The arrangement of cMyBPC in the sarcomere ................................................................39 

1.3.4.1 The rod model ................................................................................................................39 

1.3.4.2 The trimeric collar model................................................................................................40 

1.4 Myosin binding protein H...........................................................................................................41 

1.4.1 MyBPH as a relatively unknown member of the MyBP family ..........................................41 

1.4.2 Interactions with MyBPH in the sarcomere .......................................................................42 

1.4.2.1 Myosin ............................................................................................................................42 

1.5 The present study......................................................................................................................43 

1.5.1 Study hypothesis and aim..................................................................................................43 

Stellenbosch University  http://scholar.sun.ac.za



  
4 Introduction 

INTRODUCTION 

1.1 Left ventricular hypertrophy 

Left ventricular hypertrophy (LVH) is acknowledged as a major risk factor for cardiovascular morbidity 

and mortality (Frey and Olson, 2003; Lorell and Carabello, 2000). The reason for this is that LVH is 

considered a feature of, and precursor to, many common diseases also prevalent in South African 

populations, such as congestive heart failure (Mathew et al., 2001), coronary heart disease  

(Devereux and Roman, 1993), stroke (Verdecchia et al., 2001), cardiac arrhythmias  

(McLenachan et al., 1987), sudden cardiac death (SCD) (Haider et al., 1998) and hypertension  

(Levy et al., 1990b). It is therefore important to understand the mechanisms influencing the 

development of LVH and identifying markers indicative of the risk of developing extensive hypertrophy 

before its occurrence. In doing so, screening families for molecular markers associated with LVH 

would allow for improved management and therapeutic intervention in susceptible individuals. 

However, identifying these molecular markers for LVH in complex disorders, such as those listed 

above, is rather challenging. It is much easier to identify and investigate molecular mechanisms 

leading to LVH in disorders in which LVH is the primary feature. 

 

One such disorder is hypertrophic cardiomyopathy (HCM), a cardiac muscle disorder. Given that its 

primary feature is the development of LVH in the absence of any other external loading conditions  

(Elliott et al., 2008), HCM has been viewed as a model in which to study the causal molecular factors 

underlying isolated cardiac hypertrophy. The cardiac phenotype of HCM is extremely heterogeneous, 

and past studies have shown that the clinical presentations observed in HCM varies greatly between 

individuals from the same and different families (Thierfelder et al., 1994).  

 

This chapter will briefly describe HCM as a disease of the sarcomere and in doing so provide a more 

detailed overview of the sarcomere, sarcomerogenesis and the processes in the heart responsible for 

protein degradation. Furthermore, the implication of cardiac myosin binding protein C (cMyBPC) in 

HCM, followed by an overview of the latter-mentioned protein, its location, structure and function 

within the sarcomere and its similarity to another myosin binding protein, myosin binding protein H 

(MyBPH), will follow. This serves as background for the current study.  
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1.1.1 Hypertrophic cardiomyopathy 

Hypertrophic cardiomyopathy is a dominant primary myocardial disease, mostly caused by defects in 

the cardiac sarcomere, and affects approximately 0.2% of individuals between the ages of 25 and 35 

years (Maron et al., 1995). Previously, the prevalence of HCM in African countries was considered to 

be extremely low (Lewis et al., 1973). However, echocardiography results from more recent 

investigations in Ghana, Ethiopia and South Africa have demonstrated that this may not be the case 

(Abegaz, 1990; Amoah and Kallen, 2000). One of these studies were conducted over a period of four 

years where 572 patients were evaluated for heart failure at the National Cardiothoracic Centre in 

Accra, Ghana. Two-dimensional Doppler echocardiography identified heart failure in 50.5% of 

patients, which was caused by hypertension (21.3%), rheumatic heart disease (20.1%), 

cardiomyopathies (16.8%), congenital heart disease (9.8%) and coronary artery disease (10%). 

Interestingly, dilated cardiomyopathy (DCM) and HCM accounted for 67.7% and 9.4% of 

cardiomyopathies identified in this cohort, respectively (Amoah and Kallen, 2000). 

 

Clinically, HCM is characterised by a wide spectrum of phenotypic expression ranging from 

asymptomatic or mildly symptomatic disease (which presents with symptoms such as dyspnoea, chest 

pain, palpitations and episodes of syncope) to heart failure and sudden cardiac death  

(Maron et al., 1986). On gross morphology HCM presents with left ventricular hypertrophy, reduced 

volume of left ventricular cavity and dilated atria, mitral valve thickening and abnormal intra-mural 

coronary arteries (Schoen, 2008), while on histology, interstitial fibrosis, cardiac myocyte hypertrophy 

and myocyte and myofibril disarray is observed (Seidman and Seidman, 2001)  

(Figure 1.1). It should be noted that this inappropriate myocardial hypertrophy occurs in the absence 

of any obvious cause, such as hypertension or aortic stenosis (Maron, 1993). Myocyte disarray is 

considered the pathognomic hallmark of the disease (Maron et al., 1981). 
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Figure 1.1 Pathology of hypertrophic cardiomyopathy.  In comparison to the normal heart (A), the HCM heart  

(B) shows left ventricular hypertrophy with reduced left ventricular cavity size. On histology , the normal heart (C),  

as compared to the HCM heart (D), shows enlarged myocytes and myocyte disarray (This image was taken and 

adapted from Wang et al., 2010).   

 

1.1.2 Genetics of HCM 

HCM is an autosomal dominantly inherited disease and a higher prevalence is expected in older 

individuals, as the penetrance of HCM is age-dependent (Niimura et al., 2002). The Ala403Gln 

missense mutation, located within the cardiac β-myosin heavy chain gene (MYH7), was the first HCM-

causing mutation identified (Geisterfer-Lowrance et al., 1990). Since the identification of this mutation 

in a French Canadian family with HCM in 1990, more than 1 000 mutations in genes encoding various 

components of the thin and thick filament of the sarcomere have been discovered (Ho, 2010).   

 

HCM is a heterogeneous disease that manifests with various phenotypes and clinical symptoms, even 

in families with the same genetic defects (Thierfelder et al., 1994). Over the past decades, several 

genes encoding sarcomeric proteins have been investigated for mutations associated with HCM 

(Marian, 2002). Currently, more than 1 000 mutations in 13 genes encoding sarcomere or  

sarcomere-related proteins can be screened for by clinical genetic testing of HCM patients 

(http://genepath.med.harvard.edu/~seidman/cg3/) (Ho, 2010; Marian and Roberts, 2001;  
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Seidman and Seidman, 2011, 2001). In 40% to 60% of sporadic and familial cases that are subjected 

to genetic screening, mutations are identified in one of the genes mentioned in Table 1.1  

(Thierfelder et al., 1994; Van Driest et al., 2004). Despite the identification of several hundred causal 

mutations, the frequency of these mutations remain low globally (Marian, 2010). In most laboratories 

thorough screening of known HCM-causing genes typically identify causal mutations only in ~50 to 

60% of cases, implying that as-yet unknown genes contribute to the patho-etiology of the condition 

(Girolami et al., 2006). For this reason, there is a large percentage of HCM patients for whom no 

genetic diagnosis can be made, which highlights the need for novel HCM-causing mutation 

identification in an attempt to identify the underlying cause of HCM. 

 

Mutations in the three genes encoding the troponin complex; cardiac troponin T (TNNT2), cardiac 

troponin I (TNNI3) and α-tropomyosin (TPM1) collectively account for approximately 10% to 15% of 

genetic causes of HCM (Richard et al., 2003; Thierfelder et al., 1994; Van Driest et al., 2004). Rare 

variants in the titin (TTN) (Bos et al., 2006), myozenin 2 (MYOZ2) (Osio et al., 2007), cardiac actin 

(ACTC1), muscle LIM protein (CSRP3) (Bos et al., 2006), myosin essential and regulatory light chains 

(MYL3 and MYL2, respectively) (Andersen et al., 2012; Flavigny et al., 1998), cardiac troponin C 

(TNNC1) (Landstrom et al., 2008), alpha myosin heavy chain (MYH6) (Carniel et al., 2005), myosin 

light chain kinase (MYLK2) (Davis et al., 2001), phospholamban (PLN) (Chiu et al., 2007;  

Landstrom et al., 2011), telethonin or titin-cap (TCAP) (Bos et al., 2006), juntophilin-2 (JPH2) 

(Landstrom et al., 2007) and Caveolin 3 (CAV3) (Hayashi et al., 2004) genes have also been shown to 

cause HCM (Marian, 2008) (Table 1.1). Mutations in the genes that encode the sarcomeric proteins 

cardiac myosin binding protein C, cMyBPC (MyBPC3) and cardiac β-myosin heavy chain (MYH7), 

have been most frequently implicated in HCM.   

 

Mutations in MyBPC3 and MYH7 account for approximately 50% of the genetic cause of HCM  

(Keren et al., 2008; Van Driest et al., 2005a). Interestingly, about 70% of mutations described in 

MyBPC3 are nonsense mutations and 30% are missense mutations, compared to mutations identified 

in MYH7, of which most are missense mutations (Marian et al., 2001). 
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Table 1.1 Known HCM genes and their OMIM references (Table was taken and adapted from  

Bos et al., 2009; Hershberger et al., 2009; Ho and Seidman, 2006).  

Genetic Causes of Hypertrophic Cardiomyopathy (HCM) 

Gene 
Symbol 

Genes Locus OMIM Prevalence 

MyH7 β-myosin heavy chain 14q12 160760 ~ 30% 

MyBPC3 Myosin binding protein  11p11.2 600958 ~ 30% 

TNNT2 Cardiac Troponin T 1q32 191045 ~ 2% - 5% 

TNNI3 Cardiac Troponin I 19q13.4 191044 ~ 2% - 5% 

TPM1 α-tropomyosin 15q22.1 191010 ~ 2% - 5% 

MYOZ2 Myozenin 2 (calsarcin 1) 4q26-q27 605602 < 1% 

ACTC1 Cardiac α-actin  15q14 102540 < 1% 

TTN Titin  2q31 188840 < 1% 

MYL3 Essential myosin light chain 3p21.3-p21.2 160790 < 1% 

MYL2 Regulatory myosin light chain 12q23-q24.3 160781 < 1% 

MYH6 α-myosin heavy chain 14q12 160710 < 1% 

TCAP T-cap (telethonin or titin-cap) 17q12 604488 Rare 

PLN Phospholamban 6q22.1 172405 Rare 

CAV3 Caveolin 3 3p25 601253 Rare 

MYLK2 Cardiac myosin light peptide kinase 20q13.3 606566 ? 

JPH2 Junctophilin 2 20q13.12 605267 ? 

TNNIC Cardiac troponin C 
3p21.3-
3p14.3 191040   Rare 

OBSCN Obscurin 1q42.13 608616 ? 

DES Desmin 2q35 125660 ? 

CSPR3 Muscle LIM protein (MLP) 11p15.1 600824 ? 

VCL Vinculin 10q22.2 193065 ? 

CASQ2 Calsequestrin 2 1p13.1 114251 ? 

MYO6 Myosin VI 6q13 600970 ? 

SLC5A4 Solute carrier family 25 member 4 4q35 103220 ? 

COX15 Cytochrome C oxidase assembly protein 15 10q24 603646 ? 

PRKAG2 
AMP-activated protein kinase, gamma 2 non-

catalytic subunit 7q36.1 602743 ? 

RAF1 V-raf-1 murine leukemia viral oncogene homolog 1 3p25 164760 ? 

FXN Frataxin 9q21.11 606829 ? 

LAMP2 Lysosomal-associated membrane protein 2 Xq24 309060 ? 

Abbreviations: α, alpha; p, short chromosomal arm; q, long chromosomal arm  
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Furthermore, the majority of mutations described in MYH7 are located within the gene region that 

encodes for the globular head of the myosin protein (Marian et al., 2001). Interestingly, two  

HCM-causing mutations, known to segregate in South African HCM families, have been identified in 

MYH7 (Moolman et al., 1993, 1995; Posen et al., 1995).   

 

It should be noted that, in contrast to the findings of earlier studies, there is in fact little correlation 

between genotypes and the HCM phenotype. Different HCM-causing mutations exhibit highly variable 

clinical, electrographic and echocardiographic manifestations and no specific mutation underlies a 

particular phenotype consistently (Marian et al., 2001). Despite the low genotype-phenotype 

correlation in HCM, mutations in several genes have been associated with certain general HCM traits. 

For example, mutations in MYH7 have been associated with more extensive hypertrophy, early onset 

of the disease and a higher incidence of SCD (Charron et al., 1998; Niimura et al., 1998), while 

mutations in MyBPC3 have been associated with a mild phenotype manifesting later in life  

(Charron et al., 1998; Niimura et al., 1998). Furthermore, mutations in TNNT2 have been associated 

with less extensive LVH, a high incidence of SCD and more extensive myocyte disarray  

(Varnava et al., 2001; Watkins et al., 1995). 

 

1.1.3 Phenotype modification 

In addition to the variability in phenotype between patients harbouring different HCM-causing 

mutations, there is also a great deal of phenotypic variability in individuals harbouring the same causal 

mutation, suggesting that the phenotype is modified by other genetic factors (Marian, 2002). These 

modifier genes are known to affect the severity of the phenotype, although they are not necessary, nor 

sufficient, to cause the phenotype observed (Alcalai et al., 2008). Individual modifier genes for HCM 

are largely unknown, although an insertion/deletion polymorphism in the angiotensin-1 converting 

enzyme 1 gene (ACE1) has commonly been associated with risk of SCD (Marian et al., 1993) and the 

severity of hypertrophy (Lechin et al., 1995). Furthermore, results from a study by Van der Merwe and 

colleagues confirmed that components of the renin-angiotensin-aldosterone system are plausible 

candidate hypertrophy modifiers, since they identified an association between the G-allele of rs879922 

in the ACE2 gene and increased left ventricular mass, maximal interventricular septal thickness and 

posterior wall thickness (Van der Merwe et al., 2008).     

 

Another gene coding for components in the renin-angiotensin-aldosterone system, the angiotensin 

(Ang) II type I receptor (AGTR1) gene, was found to play a modifying role in HCM  

(Carstens et al., 2011). Results from the latter study proved an association between the functional 

Stellenbosch University  http://scholar.sun.ac.za



  
10 Introduction 

single nucleotide polymorphism (SNP) rs1403543 in the AGTR1 gene, and heritable composite 

hypertrophy scores in HCM families, since this SNP was found to significantly decrease the 

hypertrophy composite score (Carstens et al., 2011).       

 

A recent study investigated the role of the gene encoding myocyte enhancer factor 2C (MEF2C) in the 

progression of hypertrophy in a cohort consisting of 209 Caucasian HCM patients and 313 control 

individuals. In this study, a variable number tandem repeat (VNTR) polymorphism c.-450C (8_10) and 

a 15bp insertion/deletion was found to be associated with left ventricular outflow tract (LVOT) 

obstruction. More specifically, HCM patients homozygous for the 10C allele of c.-450C (8_10) showed 

a significantly greater LVOT obstruction compared to patients carrying any of the other possible 

genotypes at this locus (Alonso-Montes et al., 2012). Intriguingly, one patient who harboured the 

p.Asp175Asn HCM-causing mutation in TPM1 and was homozygous for the 10C allele of c.-450C 

(8_10), as well as for the 15bp deletion allele, presented with a significantly thicker ventricular wall 

compared to family members who harboured the same disease-causing mutation.  

 

The above-mentioned studies provide good evidence for the role of modifier genes and variants in the 

development of hypertrophy in HCM. It is thought that a large number of genes and their functional 

variants play a role in modifying the expression of the cardiac phenotype in HCM because of the 

complexity of the regulation of gene expression and the molecular biology of cardiac hypertrophy.      

 

1.1.4 South African HCM founder mutations 

A founder mutation is a mutation that is inherited from a common ancestor. Consequently, a founder 

mutation is observed at high frequency in a geographically or culturally isolated population. In South 

Africa three founder mutations have been identified and found to cause the disease in 45% of 

genotyped HCM patients of European and Mixed Ancestry descent (Moolman-Smook et al., 1999). 

These three founder mutations are the p.Ala797Thr (Moolman et al., 1995) and p.Arg403Trp  

(Moolman et al., 1993; Posen et al., 1995) mutations located within MYH7 and the p.Arg92Trp 

mutation located within TNNT2 (Moolman et al., 1997). South African HCM patients are therefore 

screened for these three founder mutations and only in their absence is more extensive screening 

performed. Findings from a previous study (Moolman-Smook et al., 1999) indicated that the 

p.Ala797Thr mutation accounts for 25% of HCM cases in South Africa, compared to the p.Arg92Trp 

mutation in TNNT2 and the p.Arg403Trp mutation in MYH7, which accounts for 15% and 5% of South 

African HCM cases, respectively. Currently, a mutation-screening programme is in place at Tygerberg 

Hospital in the Western Cape to screen any referred patients for these three founder mutations. 

Extensive mutation screening involves screening for a selection of genes previously associated with 
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HCM by using high resolution melt analysis (HRM; Table 1.1). MYH7, TNNT2, MyBPC3, TNNI3 and 

TPM1 are screened for mutations in this programme. 

 

1.2 HCM as a disease of the sarcomere and impaired cardiac contractility 

HCM is classically described as a disease of the sarcomere, which, as the basic component of the 

myofibrils, constitutes the contractile elements in cardiac muscle (section 1.2.1). The literature 

indicates that, among others, disturbances in sarcomeric contractility and energy homeostasis are 

involved in the development of LVH. A recent article demonstrated the effect of HCM-causing 

mutations in the ankyrin repeat domain 1 (ANKRD1) gene that were transferred into engineered heart 

tissue impair cardiac mechanics. The p.Ile280Val-transduced engineered heart tissue resulted in 

prolonged relaxation after epoxomicin (a potent and selective proteasome inhibitor) treatment and 

p.Thr123Met-transduced engineered heart tissue demonstrated higher force and velocities of 

contraction and relaxation compared to the wild type (Crocini et al., 2013). To elaborate on impaired 

energy homeostasis in HCM, a study by Blair and colleagues investigated mutations in genes involved 

in the energy homeostasis in the heart in HCM families and observed two mutations, one missense 

and one in-frame single codon insertion in PRKAG2, that impaired energy homeostasis in the heart 

(Blair, 2001). These are just two examples to highlight the diversity of molecular and cellular 

mechanisms involved in the pathogenesis underlying HCM. A brief discussion of the cardiac 

sarcomere will follow to provide an overview of the complex integration of the development, 

maintenance, regulation and degradation of sarcomeric proteins. 

 

1.2.1 Sarcomeric development and maintenance 

Three important properties of the sarcomere, that are critical for performing its function, is its ability to 

shorten rapidly and efficiently, its ability to switch on and off very quickly, and its precision for self-

assembly and structural regularity. In addition to these properties, the structure and interaction of 

proteins within the sarcomere are fundamental for sarcomere functioning.   

 

The sarcomere is composed of three major functional classes; contractile, regulatory and structural 

(Squire et al., 2005). The major contractile protein myosin, which assembles into the thick filament, 

and actin, which assembles into the thin filament, play a critical role in generating force and shortening 

of the sarcomere (Huxley and Niedergerke, 1954) (Figure 1.2). Troponin, titin, cMyBPC, tropomyosin,  

α-tropomyosin and myomesin are, among others, some of the major contractile, structural and 

regulatory proteins. Some of these are involved in regulating cardiac contraction through actin-myosin 

interaction in response to changes in calcium concentration, some play an integral role in the 
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development of an integrated and stable sarcomere, some regulate activity, and some organise 

myosin and actin into thick and thin filaments (Squire et al., 2005).  

 

Myosin binding proteins, such as cMyBPC, are vital for sarcomeric structure, since they organise 

sarcomeric molecules during development and modulate contraction in the sarcomere  

(De Lange et al., 2012; Gautel et al., 1995a; Harris et al., 2002; Stöhr et al., 2013; Weisberg and 

Winegrad, 1996). Furthermore, capping proteins, such as capZ, attach to the ends of the thin filament 

and prevent polymerisation and development of actin filaments (Caldwell et al., 1989). The capZ 

protein plays a vital role in the assembly of the thin filament and regulation within the Z-disc  

(Pappas et al., 2008).   

 

The thick and thin filaments are linked by cross-linking proteins in the M and Z-lines to form organised 

three-dimensional lattices (Craig and Padron, 2004). Adjacent sarcomeres are linked to each other in 

a longitudinal or transversal manner by intermediate filaments that attach to the M and Z-lines. 

Although the full contribution of Z-disc components in the assembly and maintenance of Z-disc is not 

known, titin has been implicated in the assembly and maintenance of the Z-disc structure  

(Seeley et al., 2007; Zou et al., 2006).  

 

Lastly, the giant protein nebulin plays a regulatory role in the assembly of thick and thin filaments in 

the sarcomere (Bang et al., 2006; Wang and Williamson, 1980; Witt et al., 2006). 
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Figure 1.2 A representation of the cardiac sarcomere in a relaxed and contracted state. (A) The basic 

organisation of the sarcomere sub-regions; the A band represents the central location of myosin and actin and 

the Z-discs are shown in red. (B) A theoretical diagram that represents the connection between molecules within 

the sarcomere. For example, a person (which represents myosin (M)) pulls the bookcases (which represent   

Z-discs) via ropes (which represent actin) (This image was taken and adapted from Huxley and Niedergerke,  

1954).  

  

1.2.2 Sarcomerogenesis 

Sarcomerogenesis is the assembly of highly ordered sarcomeric proteins to form a structured, three-

dimensional longitudinal alignment of multiprotein complexes, which are regulated at the 

transcriptional, translational and post-translational levels. Cardiac muscle cells are composed of 
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tubular myofibrils, which are repeating sections of basic units of a muscle, viz., the sarcomeres. 

Although there is still some uncertainty as to how proteins assemble to form myofibrils (Sanger et al., 

2005), there is growing evidence that myofibrillogenesis involve three myofibril stages in 

cardiomyocytes (Du et al., 2008). These three stages will be discussed in more detail below.     

  

1.2.2.1 Premyofibril model 

The process of assembling the myofibril is not fully understood, although it is known that the process 

involves filament formation, association of binding proteins with filaments and integration of filaments 

into contractile sub-units to form myofibril arrays (Sanger et al., 2005). The arrangement of the 

myofibril in terms of its major components; the thin filament, thick filament and the Z-bands, are similar 

across species, although the lengths of the striated muscle differs between species (Figure 1.3). The 

importance of myofibrillar protein interactions have been documented, since mutant sarcomeric 

proteins in which such interactions are affected have been implicated in cardiomyopathies  

(Morimoto, 2007; Piston and Kremers, 2007).     

 

 

Figure 1.3 Premyofibril model of myofibrillogenesis. Mature myofibrils are formed through three steps;  

pre-myofibrils  that contain non-muscle myosin II, nascent  myofibrils that contain both non -muscle myosin II and 

muscle specific myosin II, and mature myofibrils that contain muscle-specific myosin II but no non-muscle 

myosin II (This image was taken from Sanger et al., 2005).  
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In vertebrates, the thin filaments and titin molecules are embedded in the Z-bands (approximately 2μm 

in length) that bind the sarcomere. The thin filaments and titin molecules both interact with the thick 

filament (Figure 1.4). Actin binding proteins, such as nebulins, tropomyosin and troponins, form the 

thin filament and myosin binding proteins such as cMyBPC, myomesin and creatine kinase form the 

thick filament. The titin molecule stretches from the Z-band to the middle of the A-band of the 

sarcomere. Z-band proteins, such as α-actinin, provide a scaffold for integrating the sarcomere with 

the plasma membrane.    

 

 

Figure 1.4 Schematic representation of myofibril. Sarcomeric proteins assemble to form a sarcomere.  

Sarcomeres combine to form a myofibril (This image was taken from Sparrow and Schöck, 2009).  

 

Currently, there are three proposed ways as to how sarcomeric proteins assemble to form myofibrils in 

avian cardiomyocytes (Sanger et al., 2005). Firstly, it is proposed that two subunits, the A-bands and  

I-Z-I (thin filament/Z-band) bands, assemble in tandem on a temporary stress fibre-like template 

(Dlugosz et al., 1984). Secondly, it is proposed that sarcomeres could assemble and subsequently 

combine to create a myofibril (Gregorio and Antin, 2000; Schultheiss et al., 1990). Finally, myofibrils 

form through three steps, premyofibrils containing non-muscle myosin II, nascent myofibrils containing 

both non-muscle myosin II, and muscle-specific myosin II and mature myofibrils containing the muscle 

specific myosin II but no non-muscle myosin II (Du et al., 2008; Rhee et al., 1994; Wang et al., 2005). 

Sarcomeres and sarcomeric proteins that make up myofibrils, as described above, are known to be 

complexly regulated and modified by various processes and pathways, such as sumoylation and 

phosphorylation, which will be discussed in more detail later (section 1.2.4).  
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1.2.3 Cardiac contraction 

During the differentiation of cardiac muscles, thousands of structural and regulatory proteins assemble 

into sarcomeric contractile units. Subsequently, many different classes of proteins function in concert 

to efficiently convert molecular interactions of proteins, such as actin and myosin, into contractile 

activity (Gregorio and Antin, 2000).  

 

1.2.3.1 The cross-bridge cycle 

The cross-bridge cycle is a series of reactions that generate the force required to shorten and 

lengthen the sarcomere during muscle contraction and relaxation, respectively  

(Figure 1.5, Steps 1 to 4). At diastolic levels of intracellular calcium, the troponin complex, and more 

specifically troponin I, inhibits the interaction between myosin and actin. Binding of calcium, released 

from the sarcoplasmic reticulum, to troponin C during systole, result in a change in the conformation of 

the troponin-tropomyosin complex. Tropomyosin slides over and exposes myosin-binding sites on 

actin, which allows the myosin cross-bridge from the thick filament to bind to an actin molecule in the 

surrounding thin filaments.  

 

In order for the cross-bridge cycle to begin, the myosin head needs to be activated. This occurs when 

an adenosine triphosphate (ATP) molecule binds to the myosin head and is hydrolysed to adenosine 

diphosphate (ADP) and inorganic phosphate (Pi). The energy liberated from the hydrolysis of ATP 

activates the myosin head, forcing it into its cocked position and allowing the myosin head to bind to 

actin and form the cross-bridge. Upon binding of the myosin head to an actin molecule, the 

conformation of the cross-bridge is altered to bend inwards (bending), resulting in the “power stroke”. 

The release of inorganic phosphate (Pi) increases the affinity of the myosin cross-bridge for actin. 

Following this, ADP is released, causing the myosin head to pivot, which results in the sliding of the 

thin filament towards the centre of the sarcomere and exposing the ATP-binding site on myosin. The 

cross-bridge detaches once another ATP molecule attaches to myosin at the end of the power stroke. 

This prepares the cross-bridge for another cycle, allowing it to return to its unbent conformation. In the 

absence of Ca2+, troponin and tropomyosin remain in their blocking positions and the myosin cross-

bridges and actin cannot bind and no power stroke takes place (Au, 2004). 
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Figure 1.5 The series of reactions involved in the cross-bridge cycle (This image was taken from: 

http://www.flashcardmachine.com/hosmolecular-mechanisms-ofmusclecontractionlecture16.html). 

Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate; Pi, inorganic phosphate 

 

1.2.4 Sarcomeric protein modification and regulation 

1.2.4.1 Sumoylation 

Sumoylation is the post-translational modification of proteins by the small ubiquitin-related modifier 

(SUMO). SUMO covalently attaches to specific target proteins and affect their functional properties 

during cell regulatory processes, such as attaining a particular sub-cellular localisation, DNA-binding 

and transcriptional activation (Geiss-Friedlander and Melchior, 2007; Hilgarth et al., 2004). Although 

sumoylation (section 1.2.4.1) and ubiquitination (section 1.2.6.1) compete for the lysine residues of 

substrates for proteosomal degradation, and although the series of enzymatic reactions involved are 

very similar, sumoylation is regulated by different enzymes to those involved in ubiquitination  

(Bergink and Jentsch, 2009; Hoege et al., 2002). Most of these enzymes are evolutionary, conserved 

from yeast to humans (Nacerddine et al., 2005). 

  

Sumoylation is a reversible reaction regulated by conjugation and deconjugation pathways  

(Figure 1.6). The mature form of SUMO is activated by an E1-activating enzyme, an Aos1/Uba2 
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heterodimer, in an ATP-dependent manner (Johnson et al., 1997). Subsequently, the activated SUMO 

is transferred to UBC9 to form a trioester bond that is conjugated to a lysine residue on the substrate 

(Johnson and Blobel, 1997). The human SUMO-conjugating enzyme, UBC9, is homologous to 

ubiquitin-conjugating enzymes (E2s), although UBC9 conjugates to SUMO1 instead of ubiquitin. 

UBC9 is the only E2 conjugase involved in sumoylation and has been studied in different species in an 

attempt to elucidate the physiological role of sumoylation (Hayashi et al., 2002; Jones et al., 2002; 

Nacerddine et al., 2005; Seufert et al., 1995). 

 

In one such study by Nacerddine and co-workers, UBC9-deficient mouse embryos at the blastocyst 

stage have been shown to die in early post-implantation due to developmental defects. Furthermore, 

these blastocysts had abnormal nuclear organisation, chromosome segregation, promyelocytic 

leukemia protein (PML) nuclear bodies and RanBP2-dependent nuclear pore complex  

(Nacerddine et al., 2005). It is thus evident that SUMO substrates are nuclear proteins that play an 

important role in proper nuclear architecture, accurate chromosome segregation and embryonic 

viability (Nacerddine et al., 2005).   

 

Although UBC9 associates with SUMO and aids in transferring SUMO to targets, several SUMO E3 

ligases, such as protein inhibitors of activated STAT (signal transducer and activator of transcription) 

(PIAS) family members (Johnson and Gupta, 2001; Sachdev et al., 2001), polycomb-2 protein (Pc2) 

(Kagey et al., 2003), or RanBP2 nulceoporin (Pichler et al., 2002), are required for efficient SUMO 

modification. A family of isopeptides, namely sentrin-specific proteases (SENPs), which have both 

hydrolase and isopeptidase activity, are responsible for removing SUMO from target substrates 

regulating deconjugating reactions (Li and Hochstrasser, 1999; Yeh, 2009).     

 

Defects in the SUMO pathway have been implicated in several disorders, such as cleft lip and/or 

palate, prostate and breast cancer, neurodegenerative diseases, and cardiovascular diseases  

(Dorval and Fraser, 2007; Pauws and Stanier, 2007; Song et al., 2008; Wu and Mo, 2007; Zhang and 

Sarge, 2008). Additionally, sumoylation has been proposed as an important modulator of cardiac 

function and gene regulation (Wang and Schwartz, 2010).   
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Figure 1.6 Sumoylation is regulated by conjugation and deconjugation pathways (Image was retrieved 

from The Max Planck Institute of Immunobiology and Epigenetics‟ website; http://www3.ie-

freiburg.mpg.de/research-groups/epigenetics/pichler/ regulation-of-sumoylation-by-its-sole-e2-enzyme-ubc9/). 

Abbreviations: AMP, adenosine monophosphate; ATP, adenosine triphosphate; Aos/Uba2, SUMO-activating 

enzyme E1; senp, sentrin-specific proteases; UBC9, SUMO-conjugating enzyme UBC9 

 

Accumulated evidence suggests that sarcomeric proteins tropomyosin and troponin can localise to the 

nucleus of cardiomyocytes (Asumda and Chase, 2012; Bergmann et al., 2009, 2011; Franklin et al., 

2011). Additionally, a recent study by Chase and colleagues used a bioinformatics approach (WoLF 

PSORT) and predicted the localisation of some tropomyosin and troponin to the nucleus, based on 

their primary sequence (Chase et al., 2013). In the nucleus, tropomyosin and troponin is suggested to 

play a role in Ca2+ regulation in processes that involve nuclear actin. Furthermore, nuclear actin is 

thought to be involved in the regulation of transcription and chromatin remodelling (De Lanerolle and 

Serebryannyy, 2011; Grummt, 2006).   

 

Mutations in the sarcomeric proteins tropomyosin and troponin have been associated with HCM, and 

such mutations in both tropomyosin and troponin have been associated with altered calcium sensitivity 

and/or binding (Karibe et al., 2001; Kataoka et al., 2007). It is thus thought that mutations in nuclear 

tropomyosin and troponin could alter Ca2+ binding and sensitivity, which would indirectly influence 

various signaling pathways that modulate gene expression (Kataoka et al., 2007). Interestingly, the 

study by Chase and colleagues predict that HCM- and DCM-associated mutations in tropomyosin and 

troponin could affect the functioning of the sarcomere by altering the nuclear structure, function and 

sumoylation (Chase et al., 2013).  
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There is thus growing evidence that sarcomeric proteins, such as those mentioned above, are 

localised in the nucleus of cardiomyocytes and that these proteins could play an important role in the 

structure, function and regulation of nuclear functions. It is thus not surprising that alterations, such as 

HCM-causing mutations, in sarcomeric proteins localised to the nucleus could affect processes such 

as sumoylation. 

 

1.2.4.2 Adrenergic stimulation and contractile protein phosphorylation 

Phosphorylation and de-phosphorylation is known to regulate cellular function via a variety of 

physiological stimuli. Phosphorylation of target substrates result in small conformational changes in 

protein structure, which consequently affect biological properties. Processes such as membrane 

transport and permeability, metabolism, ionic fluxes, contractility and transcription and translation of 

genes, are regulated by phosphorylation (Kurosawa, 1994).   

 

It is suggested that the classical pathway of cardiac protein phosphorylation is via cyclic adenosine 

monophosphate (cAMP) dependent processes (Lindemann et al., 1983; Rapundalo et al., 1989; 

Solaro et al., 1976). This process involves the activation of adenylyl cyclases via Gs proteins, resulting 

in increased cAMP levels. It is thought that cAMP-dependent processes underlie the mechanical 

effects of catecholamines on cardiac muscle, namely systolic shortening and enhanced contractility. 

The primary target for cAMP is protein kinase A (PKA), which is suggested to influence cardiac 

function through specific phosphorylation of regulatory proteins at various levels (Bartel et al., 1993) 

(Figure 1.7). More specifically, PKA phosphorylates proteins essential for cardiac functioning, such as 

L-type calcium channels (Gerhardstein et al., 1999; Zhao et al., 1994), phospholamban 

(Simmerman and Jones, 1998), troponin (Sulakhe and Vo, 1995), ryanodine receptors  

(Marx et al., 2000), MyBPC (Kunst et al., 2000), and protein phosphatase inhibitor 1  

(Zhang et al., 2002).  

 

Adrenergic receptors play an essential role in regulating cardiac function in response to a constantly 

changing environment. Adrenergic receptors are divided into three sub-classes; firstly, the α1 

receptors (α1Ars), which include subtypes α1A, α1B, α1D (Docherty, 2010), secondly, the α2 receptors 

(α2Ars), which include subtypes α2A, α2B, α2C (Civantos Calzada and Aleixandre de Artiñano, 2001)  

and thirdly, the β adrenergic receptors (βARs), which include subtypes β1, β2, β3 (Xiao, 2001). All 

three subtypes of α1Ars and βARs are expressed in the heart (Brodde and Michel, 1999;  

Pönicke et al., 2001) and it has been shown that both α and β receptors regulate contractile rate and 

force, and play a vital role in regulating blood pressure, airway reactivity and metabolic functions. 
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Figure 1.7 Calcium cycling in cardiomyocytes and regulation by PKA phosphorylation. Phosphorylation 

influence cardiac functioning by phosphorylation of proteins essential for cardiac functioning (Image was taken 

from Lohse, 2003). Abbreviations: AC, adenylyl cyclase; RyR, ryanodine receptor; PLB, phospholamban;  

SERCA, sarcoplasmic reticulum calcium ATPase; CaM, calmodulin; CaMK, calmodulin-dependent kinase; CaN,  

calcineurin; GRK, G protein-coupled receptor kinase; NCX, sodium-calcium exchanger; NHE, sodium-proton 

exchanger; PP, protein phosphatase 

 

The stimulation of β-adrenergic receptors and activation of adenyl cyclase result in increased cAMP 

levels. This, in turn, activates PKA, which phosphorylate sarcolemmal slow Ca
2+

  

(Sperelakis et al., 1994), which causes a conformational change, causing elevated Ca2+ influx  

(via L-type channels). Increased calcium levels “trigger” the release of more calcium (Fabiato, 1983), 

which results in increased Ca2+ re-uptake into the sarcoplasmic reticulum 

(phospholamban/sarcoplasmic reticulum calcium ATPase) and modulation of myofilament Ca2+ 

sensitivity (troponin I and MyBPC). Thus, the increased Ca2+ concentrations cause Ca2+ to bind to 

troponin C, which results in greater affinity for the interaction of troponin I with troponin C, resulting in 

a weakened actin-troponin I interaction. This permits actin-myosin interaction, allowing cross-bridge 

cycling to take place. The amount of Ca2+ delivered to troponin C determines the number of  

cross-bridge cycles that are responsible for “contractility” of the cardiomyocyte.  

 

It is unclear whether the myocardial hypertrophy results from an extended increase in cardiac 

workload caused by neurohormonal stimulation, or from acute cardiac damage, and whether this could 

Stellenbosch University  http://scholar.sun.ac.za



  
22 Introduction 

play a protective role in the prevention of deterioration of ventricular functioning  

(Barki-Harrington and Rockman, 2003; Chien, 1999; Esposito, 2002; Grossman et al., 1975). 

However, several studies have shown that sustained hypertrophy is a predictor of heart failure   

(Ho et al., 1993; Levy et al., 1990a). Furthermore, alterations in components of the adrenergic system 

have been associated with heart failure and hypertrophy (Bristow, 1998; Engelhardt, 2001).   

 

1.2.5 Sarcomeric protein integration and exchange 

The integration and exchange of new sarcomeric proteins into the sarcomere precedes the formation 

of sarcomeres and myofibrils. This continuous process requires a careful balance between protein 

synthesis and protein degradation (protein turnover). Protein turnover is, for example, regulated and 

controlled by the activation of protein synthesis during cardiac hypertrophy or by activating protein 

degradation during ventricle unloading (Hedhli et al., 2005). 

 

The half-life of contractile proteins, such as myosin, has been proven to differ significantly from that of 

myofibrillar proteins, such as troponin. The half-life of myosin in the heart is approximately 15 days 

(Papageorgopoulos et al., 2002), while the half-life of the troponin is approximately three to five days 

(Martin, 1981). It is thus evident that these sarcomeric proteins have different protein turnover rates 

within the heart and that the constant integration of proteins into the sarcomere, as well as the 

synthesis and degradation of these proteins, warrant tight regulation. 

 

Deregulation of protein synthesis and degradation has been linked to the pathogenesis of multiple 

forms of heart disease, such as cardiac ischemia (Cadete et al., 2013), hypertrophy  

(McDermott et al., 2012) and heart failure (Letavernier et al., 2012), therefore controlling the activity of 

these pathways present an opportunity for novel therapeutic avenues or strategies.  

 

1.2.6 Sarcomeric protein degradation 

Proteolysis is defined as the hydrolytic breakdown of proteins into simpler, soluble substances, such 

as peptides and amino acids. This process is also termed protein degradation, which, in the heart, is 

achieved by three main systems; the ubiquitin-proteasome system (UPS), autophagy/lysosomal 

degradation and the calpain system (Ord et al., 1983). These three systems function in distinct ways.  

 

The UPS targets specific proteins and labels them with multiple ubiquitin molecules, which then allows 

recognition and subsequent degradation by the 26S proteasome. During autophagy, larger damaged 

or misfolded proteins and damaged organelles that cannot be degraded by the UPS system, are 
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degraded. The calpain system is mediated by a family of calcium-dependent, non-lysosomal cysteine 

proteases that are expressed ubiquitously within all cells and appear to play a role in cardiac 

pathophysiology (Singh et al., 2004). 

 

1.2.6.1 The ubiquitin-proteasome system  

The ubiquitin protein degradation system is mediated by an enzyme cascade that is responsible for 

the degradation of abnormal proteins (proteins that are unfolded or damaged) and short-lived proteins 

(Goldberg, 2003). Several enzymes are involved in the ubiquitination process, the ubiquitin-activating 

(E1), ubiquitin-conjugating (E2) and ubiquitin ligase (E3) (Figure 1.8). The UPS is considered to be the 

major pathway of protein degradation, since approximately 80% to 90% of intracellular bulk proteins in 

mammalian cells are degraded via the UPS. Ubiquitin is a highly conserved 76 amino acid protein that 

is covalently linked to target substrates for degradation via the UPS.     

 

Figure 1.8 The ubiquitination of target substrates for degradation involves three steps. These are: Initial 

activation (catalysed by E1 enzyme),  covalent linking of ubiquitin to a conjugating enzyme, E2, and conjugating 

ubiquitin to the target substrate (facilitated by E3 ligase) (This image was taken and adapted from  

Zolk et al., 2006). Abbreviations: ATP, adenosine triphosphate; E1, ubiquitin-activating enzyme; E2, ubiquitin-

conjugating enzyme; E3, ubiquitin ligase; Ub, ubiquitin 
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Ubiquitin covalently attaches to ubiquitin-activating enzyme (E1) in an ATP-dependent manner. 

Subsequently, the ubiquitin-conjugating enzyme (E2) catalyses the transfer of ubiquitin from E1 to the 

active cysteine site of the E2. A third enzyme, ubiquitin ligase E3, is required to transfer ubiquitin from 

E2 to a lysine residue on the target substrate. E3 ligases ensure substrate specificity of ubiquitination 

by conjugating directly to target substrates for protein degradation (Powell, 2006) (Figure 1.8) 

(Haglund et al., 2003). An elongation factor (E4) is needed to polyubiquinate a substrate for 

degradation by the 26S proteasome. In order to transport the polyubiquinated target to the 

proteasome, the target needs to be recognised by the proteasome directly or needs to bind to a 

transport protein, such as a chaperone (Powell, 2006).  

 

One E1, approximately 12 different E2 and hundreds of E3 ubiquitin ligases have previously been 

described; nine of these have been found to be expressed in the heart (Rodríguez et al., 2009). 

Muscle-specific ubiquitin ligases, such as the muscle RING finger (MuRF) protein family and muscle 

atrophy F-box (atrogin-1/MAFbx) proteins (Gomes et al., 2001; Spencer et al., 2000), have been 

shown to play a role in the development of cardiac conditions, such as cardiac atrophy. 

 

MuRF1, MuRF2 and MuRF3 are members of a muscle-specific RING finger protein family that are 

expressed in striated muscles. More specifically, these three MuRF family members localise to the  

M-line and Z-disc of the sarcomere (Centner et al., 2001; McElhinny, 2004; Spencer et al., 2000). 

Although it is not clear what role MuRF1 plays in normal growth, it has shown to be essential in 

activating skeletal muscle atrophy (Bodine et al., 2001), mediating cardiac atrophy in vivo and 

inhibiting cardiac hypertrophy (Arya et al., 2004; Willis et al., 2009). Furthermore, MuRF1 and MuRF2 

interact with the sarcomeric proteins titin, troponin T, myotilin and ventricular myosin light chain 2 

(MLC2v) and T-cap (Witt et al., 2005), of which mutations in all but myotilin have previously been 

implicated in HCM (Table 1.1). MuRF2 plays a critical role in the maintenance of microtubules, 

intermediate filaments and the sarcomeric M-line in striated muscle (McElhinny, 2004). MuRF2 and 

MuRF3 have also been shown to be important for normal cardiac contraction and maintenance  

(Fielitz et al., 2007; Witt et al., 2007). Interestingly, MuRF3 does not interact with the same binding 

partners as MuRF1 and MuRF2, as mentioned above (Witt et al., 2005), which suggests specificity for 

targets of MuRF in the sarcomere.  

 

A recent study by Predmore and colleagues investigated the function of the UPS in human heart 

failure and HCM (Predmore et al., 2010) (Figure 1.9). Distinctly reduced proteasome activity, which 
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was indicated by measuring chymotrypsin-like and caspase-like activities, was observed in hearts with 

heart failure and HCM, compared to healthy hearts. Interestingly, protease activity was significantly 

reduced in HCM hearts containing defined disease-causing mutations (HCM-causing mutations in 

MyBPC3, TNNT2 or TPM1), compared to HCM hearts without these mutations. Furthermore, protease 

activity in failing hearts was partially reversed by mechanical unloading (Predmore et al., 2010). These 

results indicate that post-translation modifications to the proteasome may account for defective protein 

degradation in human cardiomyopathies.   

 

Figure 1.9 Ubiquitination in the normal heart compared to the cardiomyopathic heart (This image was 

taken from Day, 2013). Abbreviations: E1, ubiquitin-activating enzyme; E2, ubiquitin-conjugating enzyme; E3,  

ubiquitin ligase 

 

Several studies have shown that altered cMyBPC protein expression, as a result of either truncated 

cMyBPC (Sarikas et al., 2005) or missense mutations (Bahrudin et al., 2008, 2011), could contribute 
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to HCM cardiac dysfunction through impaired proteasome activity. A study by Vignier and colleagues 

investigated the mechanisms that regulate cardiac MyBPC expression by looking at the effect of a 

missense mutation (p.Glu264Lys) in a knock-in (KI) mouse model (Vignier et al., 2009). This mutation 

corresponds to the human mutation p.Glu258Lys and is located within the last base pair of exon 6 of 

MyBPC3, in a conserved splice site. Interestingly, this mutation resulted in three altered mRNA 

isoforms in the mouse; one containing a missense mutation, another containing nonsense mutations 

resulting in a premature stop codon, exon skipping or frameshift, and the third containing a 

deletion/insertion, which results in almost full length cMyBPC cDNA. Furthermore, truncated cMyBPC 

was significantly increased after inhibition of nonsense-mediated mRNA decay, whereas the two  

full-length cDNA isoforms were detected at higher concentrations after inhibition of the UPS, 

suggesting that nonsense-mediated mRNA decay and the UPS work together to degrade mutant 

proteins.   

 

More recently, the UPS system in a KI mouse model, containing a HCM-causing mutation that results 

in low levels of mutant cMyBPC, and a knockout (KO) model, which results in absence of cMyBPC, 

was investigated. Results indicated impaired ubiquitin-proteasome activity with age in only the KI 

mouse model and defective autophagy-lysosomal activity in the KI and KO model  

(Schlossarek et al., 2012).   

 

1.2.6.2 Autophagy 

Autophagy is a proteolytic system used for bulk degradation and recycling of long-lived proteins and 

organelles (Kim et al., 2007). Furthermore, autophagy has shown to be important for the maintenance 

of endoplasmic reticulum (ER), since autophagosomes are thought to emerge from the ER (Arstila and 

Trump, 1968; Dunn, 1990; Ericsson, 1969; Hayashi-Nishino et al., 2009, 2010; Ylä-Anttila  

et al., 2009).  

 

There are three main autophagic pathways, viz., microautophagy (Kunz, 2003), in which the cytosol is 

directly engulfed by lysosomes; chaperone-mediated autophagy (Dice, 2007), where chaperone 

proteins recognise target proteins and direct them to lysosomes, and finally, macroautophagy  

(Yorimitsu and Klionsky, 2005) (hereafter referred to as autophagy), in which cytosolic material is 

engulfed in an autophagosome and delivered to lysosomes for degradation. While autophagy is an 

important mechanism for the degradation of unwanted proteins and damaged organelles, it also 

serves to maintain cellular homeostasis during periods of nutrient and energy deprivation  

(Klionsky and Emr, 2000). Through the process of excessive self-digestion and degradation of 
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essential cellular constituents, autophagy is thought to modulate cell death (Levine and Yuan, 2005; 

Shimizu et al., 2004). 

 

A distinct vesicle, sequestering cytoplasm in a double-unit limiting membrane with the intention of 

degrading its contents, is known as an autophagosome (Klionsky and Emr, 2000) (Figure 1.10). 

During autophagy, autophagosomes lose their distinctive membrane by fusing with late endosomes 

and lysosomes to deliver their contents for degradation (Ericsson, 1969). There are several protein 

complex groups with specific functions that are responsible for mediating autophagy  

(Levine and Kroemer, 2008). One of these protein complexes is composed of the proteins ATG1 

(autophagy-related-1), FIP200 (focal adhesion kinase [FAK] family interacting protein of 200kDa), 

ATG101 and ATG13, and possesses serine/threonine kinase activity (Hosokawa et al., 2009; Jung et 

al., 2009). The mammalian target of rapamycin (mTOR) and AMP-activated protein kinase (AMPK) is 

responsible for regulating this complex through phosphorylation of ATG1, which regulates the 

autophagy rate according to the metabolic needs of the cell (Kim et al., 2011).  

 

The ATG1-containing complex controls the activity and localisation of another multiprotein complex, 

vps34, which contains phosphatidylinositol-3-kinase (P13K) activity. P13 moieties are required for the 

formation of autophagosomes (Blommaart et al., 1997; Suzuki et al., 2007). Another member of the 

vps34 protein complex, ATG6/Beclin-1 protein, is critical for the formation of autophagosomes  

(Funderburk et al., 2010; Zeng et al., 2006). The previously mentioned P13-phosphate moieties are 

essential for maturation of autophagosomes and play an important role in changing the membrane of 

the autophagosomes by changing its physical properties, (Fan et al., 2011; Matsunaga et al., 2010) to 

form a cup-like structure called an “omegasome” (Axe et al., 2008; Hayashi-Nishino et al., 2009, 

2010).   

 

An ubiquitin-like ligase system composed of ATG3, ATG7, ATG10 and a trimeric complex composed 

of ATG5, ATG12 and ATG16L, which localises to the omegasome (Fujita et al., 2008a);  

(Ichimura et al., 2004), is involved in conjugating the ATG8/LC3b protein to the lipid 

phosphatidylethanolamine (PE). This lipid is abundant in the autophagosome membrane  

(Tanida et al., 2004a). PE-conjugated LC3b (LC3b-II) specifically associates with autophagosome 

membranes (Kabeya et al., 2000) and is required for autophagosome membrane elongation  

(Fujita et al., 2008b; Weidberg et al., 2010). LC3b is targeted to the autophagosome by PE 

conjugation and co-operates in autophagosome maturation and sealing (Weidberg et al., 2010). 

Additionally, luminal-facing LC3b-II, the lipidated form of LC3b, is degraded by lysosomal hydrolases 

(Ueno and Takahashi, 2009), whereas protein on the cytosolic-facing side of autophagosome is 
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recovered by delipidation (Tanida et al., 2004b). LC3b-I is the cytoplasmic, non-lipidated form of LC3b 

and can be recruited for the formation of new autophagosomes (Tanida et al., 2004a). LC3b-II serves 

as a marker for autophagy as it is uniquely targeted to autophagosome membranes  

(Kabeya et al., 2000).     

 

Autophagy is known to play an important role in the heart. Basal levels of autophagy are involved in 

the turnover of organelles in the normal heart (Kim et al., 2007; Levine and Klionsky, 2004), which is 

altered in response to stress, such as ischemia/reperfusion (Hamacher-Brady et al., 2006;  

Matsui et al., 2007), cardiovascular diseases such as cardiac hypertrophy (Dämmrich and Pfeifer, 

1983) and heart failure (Shimomura et al., 2001).  

 

Figure 1.10 Autophagy plays a role in recycling amino acids, removing damaged proteins and organelles 

and maintaining the ER (This image was taken from Nishida et al., 2009). Abbreviations: ER, endoplasmic 

reticulum 

 

Constitutive cardiomyocyte autophagy is not only essential for degrading and recycling cytoplasmic 

components, such as long-lived proteins and organelles, but also serves a cytoprotective role by 

disposing of damaged mitochondria under the basal state (Levine and Yuan, 2005;  

Maiuri et al., 2007). Moreover, autophagy has the ability to prevent activation of apoptosis  

(Decker and Wildenthal, 1980); (Hamacher-Brady et al., 2007), since pro-apoptotic factors, such as 

cytochrome c, is released from damaged mitochondria (Gustafsson and Gottlieb, 2003).    
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Furthermore, autophagy is thought to play a protective role in the heart, given that past studies have 

observed a cardiomyopathy phenotype in lysosome-associated membrane protein 2  

(LAMP2)-deficient mice, caused by an accumulation of autophagic vacuoles and impaired autophagic 

degradation of long-lived proteins (Nishino et al., 2000; Tanaka et al., 2000). Despite increased protein 

turnover during cardiac hypertrophy, reduced autophagy in response to aortic stenosis and 

isoproterenol infusion have been observed (Pfeifer et al., 1987).   

 

An increase in the rate of protein synthesis and cardiac hypertrophy seem to be a response to 

pressure overload (Imamura et al., 1994). Interestingly, when wild type mice were subjected to 

pressure overload by transverse aortic constriction (TAC), they converted to hypertrophic mice, with 

no visible cardiac dysfunction one week after exposure (Yamaguchi, 2003). In fact, a more recent 

study compared TAC-induced hypertrophied hearts to sham-operated hearts and confirmed that 

reduced autophagic activity is observed in response to hypertrophy (Nakai et al., 2007) (Figure 1.11). 

 

 

Figure 1.11 The activity of autophagy in response to pressure overload in the heart (This image was taken 

from Nishida et al., 2009).   

 

Autophagy is thought to play an important role in mediating regression of cardiac hypertrophy upon 

unloading (Hariharan et al., 2013; McMullen, 2004). Results from a recent study  

 demonstrated the up-regulation of autophagy and a decrease in heart size in transgenic mice in which 

forkhead box protein 01 (FOX01) was over-expressed (Hariharan et al., 2013). More specifically, 

cardiac hypertrophy was observed in mice subsequent to releasing transverse aortic constriction 

(TAC) that was administered for one week. Cardiac hypertrophy was indicated by a reduced left 

ventricular weight and body weight LVW/BW ratio and a reduction in the cross-sectional area of 

cardiomyocytes in these mice. Markers for autophagy (LC3b-II expression, p62 degradation and  

GFP-LC3 dots/cell) demonstrated that autophagy was induced along with the regression of cardiac 
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hypertrophy, and subsequently cardiac-specific FOX01 was found to be up-regulated during increased 

autophagy (Hariharan et al., 2013). These effects were found to be attenuated upon inhibition of 

autophagy or downregulation of FOX01. This indicates that FOX01 and autophagy mediate regression 

of cardiac hypertrophy during mechanical unloading and that FOX01 could be used as molecular 

marker to indicate regression of cardiac hypertrophy. 

 

A study by McMullen (2004) induced autophagy using the mTOR inhibitor, rapamycin and found that 

this promoted the regression of cardiac hypertrophy. Mice that were subjected to ascending aortic 

constriction (ACC) overload for one week, followed by rapamycin treatment for another week, 

presented with a heart weight/body weight ratio decreased by 68% and 41% in mice with either 

compensated or decompensated cardiac hypertrophy, respectively. Interestingly, improved cardiac 

function was observed in mice with decompensated cardiac hypertrophy, suggesting a cardiac 

hypertrophic response during down-regulated autophagy in a hypertrophic state. Furthermore, the 

beneficial effects of rapamycin was confirmed in a more recent study (Marin et al., 2011), suggesting 

that rapamycin-induced autophagy could prevent and aid in the management of cardiac hypertrophy 

(Shioi, 2003).    

 

1.2.6.3 Calpain system 

Approximately 16 members of the calcium ion-dependent papain-like protease (calpain) family, which 

localise to the cytosol, have previously been described. Calpains are inactive pro-enzymes that 

translocate to membranes in response to increased intracellular calcium levels. Calpain 1 and  

calpain 2 are localised to the Z-disc (Dayton and Schollmeyer, 1981; Kumamoto et al., 1992) and once 

at the membrane, they are activated by calcium and phospholipids. Calpastatin is an endogenous 

inhibitor that consists of four inhibitory domains that regulate calpain 1 and 2 (Goll et al., 2003). 

Furthermore, post-translational modification by phosphate groups can inhibit calpain activity  

(Goll et al., 2003).   

 

Under normal cardiac functioning, calpain 1 and calpain 2 are active and are responsible for 

proteolysis of substrates such as desmin and protein kinase Cα, increased ubiquitination and protein 

turnover by the 26S proteasome (Galvez et al., 2007). Calpains are known to regulate cleavage and 

play an important role in various calcium-regulated cellular processes, such as muscle contraction, 

neuronal excitability, secretion, signal transduction, cell proliferation, differentiation, cell cycle 

progression and apoptosis (Carafoli and Molinari, 1998; Huang and Wang, 2001; Saido et al., 1994; 

Sorimachi and Suzuki, 2001; Sorimachi et al., 1997) (Table 1.2). Disrupted calcium homeostasis in 
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cardiac conditions, such as atrial fibrillation, heart failure, hypertrophy and ischemia-reperfusion, result 

in deregulation of calpain (Table 1.2). Consequently, deregulation of calpain has been implicated in 

myocardial damage.   

 

In a study by Galvez and colleagues, the over-expression of calpastatin, the calpain inhibitor, in mice 

hearts resulted in a decrease in the levels of ubiquitination of myocardial calpain 1 activity by 58%, 

although the general proteasome activity was not affected. Taking into account that only calpain 1 was 

affected by the over-expression of calpastatin, it was suggested that calpain 1 affects the 

ubiquitination step specifically (Galvez et al., 2007). Moreover, the inhibition of calpain 1 activity by the 

over-expression of calpastatin resulted in progressive DCM with the presence of autophagosomes, 

accumulated protein complexes and the loss of sarcomere integrity (Galvez et al., 2007). These 

findings suggest that calpain 1 activity is essential for normal cardiac functioning and is critical for the 

regulation of protein turnover of specific cardiac proteins, including sarcomeric proteins.   

 

Calpain activity has been implicated in the progression of cardiac pathophysiology (Singh et al., 2004), 

since calpain 1-dependent degradation of sarcomeric contractile proteins, such as troponin I, has been 

implicated in myocardial stunning (Gao et al., 1997). In a study by Gao and colleagues, troponin I was 

observed to be degraded in the stunned myocardium, but this could be prevented by perfusion 

resulting in decreased Ca2+ and pH. In parallel experiments, normal skinned trabeculae were found to 

be degraded by calpain 1 in a similar way. Interestingly, calpastatin was able to prevent troponin 

degradation, suggesting that myocardial stunning is caused by calcium-dependent myofilament 

proteolysis (Gao et al., 1997). 

 

Inhibition of calpain has been suggested as a possible therapeutic intervention for cardiac diseases 

such as atrial fibrillation (Ke et al., 2008). In an attempt to identify the proteases involved in the 

degradation of myofibrillar proteins during atrial fibrillation, degradation of myofibrillar proteins  

(cardiac troponin I, cardiac troponin T and cardiac troponin C) were investigated in tachy-paced 

human cardiac troponin T-overexpressing HL-1 cardiomyocytes. Furthermore, contractile function was 

evaluated by analysing cell-shortening measurements. Results from this study demonstrated that 

contractile cardiac troponins were significantly degraded and contractile dysfunction was clearly visible 

(Ke et al., 2008). Interestingly, both these effects could be inhibited by calpain, but not by caspases or 

proteases, suggesting that human cardiac troponin degradation was mediated by calpain. It was thus 

suggested that the inhibition of calpain could therefore prove to be an effective treatment for the 

structural and functional remodelling associated with atrial fibrillation (Ke et al., 2008).  
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Table 1.2 Physiological and pathological role of calpains in the heart (This table was taken and adapted 

from Bukowska et al., 2012).  

Calpains in the Heart 

Regulated by Calcium, calpastatin 

Physiological role Regulatory role in calcium dependent process: 

 Muscle contraction 

 Signal transduction 

 Gene expression 

 Cell cycle 

 Apoptotic pathway 

Patho-physiological role  

(calpain over-activation) 

Myocardial remodelling and contractile dysfunction: 

 Degradation of contractile proteins 

 Loss of regular sarcomere structure 

 Down regulation of L-type calcium channel 

 Swelling of mitochondria 

 Damage of cardiomyocytes 

Cardiac pathologies  Atrial fibrillation Heart failure Ischemia reperfusion 

Calcium level [Ca2+]I overload [Ca2+]I overload [Ca2+]I overload 

Involved calpain Calpain 1 Calpain 2 Calpain 1 and Calpain 2 

Abbreviations: Ca
2+ 

- calcium  

 

1.3 Cardiac myosin binding protein C 

MyBPC3, encoding cardiac MyBPC, is one of the most frequently mutated genes in HCM and 

interactors of this protein have previously been investigated (Ababou et al., 2007; Freiburg and Gautel, 

1996; Gruen et al., 1999; Koretz et al., 1993; Kulikovskaya et al., 2003; Labeit et al., 1992; Moolman-

Smook et al., 2002). The localisation, expression and interactions of this protein will be discussed in 

more detail, as the similarity of cMyBPC with our protein of interest in this study, myosin binding 

protein H (MyBPH), warrants investigation into the structure and function of this protein.   

 

1.3.1 cMyBPC as a regulatory protein found in the sarcomere 

cMyBPC is one of three isoforms of MyBPC, namely fast skeletal, slow skeletal and cardiac, each of 

which are encoded by separate genes (Yamamoto and Moos, 1983; Vaughan et al., 1993a, 1993b). 
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cMyBPC (approximately 130 kDa) is a multi-domain sarcomeric protein that resides in the thick 

filaments of the striated muscle. It is arranged within the C-zone along the length of the A-band in nine 

to 11 transverse stripes that are 43mm apart, with approximately two to four molecules of cMyBPC 

associated with each myosin cross-bridge (Bennett et al., 1986; Pepe et al., 1986) (Figure 1.12).  

 

Figure 1.12 Schematic diagram of striated muscle sarcomere. This image indicates the localisation of 

cMyBPC (blue) that is restricted to the C-zone of the A-band, titin (dashed green lines), myosin (thick filament) in 

red and actin in black (thin filament) (This image was taken and adapted from Lin et al., 2013). 

 

In terms of its structure, cMyBPC consists of ten globular domains; seven immunoglobulin I-like (Ig) 

domains and three fibronectin type III (Fn_III) repeats. These domains are designated C1-C10, C1 

being on the amino-terminus (NH2-terminus) (Einheber and Fischman, 1990) and C10 on the  

carboxy-terminus (C-terminus) (Figure 1.13). The cMyBPC-motif, a conserved linker, is located 

between domains C1 and C2, with the N-terminal of domain C1 extending into a proline/alanine-rich 

sequence. All isoforms of MyBPC have a similar domain organisation, with high sequence 

conservation, particularly in the C-terminal domains (Okagaki et al., 1993).   

 

However, the cardiac isoform is different from the skeletal MyBPC isoform in three important ways. 

Firstly, cMyBPC contains a unique C0 domain at the NH2-terminus, present only in the cardiac isoform 

of MyBPC. Secondly, a LAGGGRRIS-amino acid sequence insertion containing phosphorylation sites 

is located within the MyBPC-motif, which is necessary for the role that cMyBPC plays in 

phosphorylation, and thirdly, the C5 domain contains a 28-amino acid sequence insertion  

(Gautel et al., 1995a; Yasuda et al., 1995). 
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Figure 1.13 Schematic representation of cardiac myosin binding protein C (cMyBPC), indicating domains 

of known function. The purple circles represent immunoglobulin-like domains, the pink squares represent  

fibronectin type-III domains, the green hexagons represent phosphorylation sites in the cMyBPC motif located 

between domains C1 and C2, the solid blue lines represent linker sequences, the white rectangle in domain C5 

represents a cardiac-specific insert, the solid black line represents established interactions and the dashed black 

line represents interactions that require independent verification. Abbreviations: Myosin S2, Myosin S2 

subfragment of myosin heavy chain; LMM, light meromyosin 

 

1.3.2 The role of cMyBPC in the thick filament  

Although cMyBPC is thought to play a structural and regulatory role in the sarcomere, its function is 

not completely understood (Gautel et al., 1995a; Okagaki et al., 1993). Past studies have shown that 

although myosin filaments are still able to form in the absence of cMyBPC, the addition of 

physiological ratios of cMyBPC increased filament length and structural organisation of the filament 

(Davis, 1988; Koretz, 1979), substantiating its role in thick filament structure. Furthermore, when 

skeletal cMyBPC and myosin were co-expressed in non-mammalian non-muscle cells, long and 

compact myosin filaments formed around the nucleus, while diffuse spindle-shaped structures formed 

in the absence of cMyBPC (Seiler et al., 1996; Welikson and Fischman, 2002).  

 

A-band 

incorporation 

 C1  C0  C2  C3  C4  C8  C5 C10 C9 C7 C6  
P P P 

Titin 

Freiburg and Gautel, 1996  

LMM  

Okagaki et al., 1993 

Herron et al., 2006  

Myosin 

C8 C9 C10 C5 C6 

Moolman-Smook et al., 2002  

Actin 

  See Table 1.2 for detail  of interactions 

Flavigny et al., 1999 

Myosin Myosin S2 

Gruen et al., 1999  
Sadayappan et al., 2006 

Ababou et al., 2007 
Ababou et al., 2008 
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Results from the above-mentioned studies raised the question as to whether cMyBPC is necessary for 

filament assembly. Several studies have since investigated cMyBPC KO models in an attempt to 

elucidate the function of cMyBPC in cardiac muscle function (Harris et al., 2002; Korte et al., 2003; 

Luther et al., 2008). 

 

A study by Harris and co-workers involved generations of KO mouse models that lack the coding 

region of cMyBPC via homologous recombination (Harris et al., 2002). Although this study 

demonstrated that wild type mice and mice heterozygous for the KO allele were indistinguishable from 

each other upon histology, the homozygous null mice exhibited significant hypertrophy, myocyte 

disarray and fibrosis (Harris et al., 2002). Furthermore, transmission electron microscopy observed 

regular striated muscle with clear Z-lines, M-lines and A-bands in all mice with and without KO alleles, 

although the Z-lines were often misaligned in the homozygous null mice. Functionally, 

echocardiography results demonstrated a significant decrease in diastolic and systolic function in the 

homozygous null mice (Harris et al., 2002).     

 

Furthermore, a study by Luther and colleagues found normal distribution of cMyBPC in the A-band of 

cardiac and skeletal muscle in wild type mice and cMyBPC-deficient mice, showing that the A-band of 

cardiac and skeletal muscle is very similar. However, in cMyBPC-deficient mice the cMyBPC stripes 

were significantly suppressed (Luther et al., 2008). The above-mentioned experiments indicated that 

although cMyBPC is not essential for sarcomere assembly or maintenance, it may play a critical role in 

thick filament stability or regulation of such processes.    

 

1.3.3 Interactions of cMyBPC  

1.3.3.1 Myosin  

In vitro binding studies demonstrated that domain C10 in the C-terminal of cMyBPC contains light 

meromyosin (LMM)-binding sites (Okagaki et al., 1993; Alyonycheva et al., 1997a). Myosin is a 

hexamer that consists of two heavy chains and two non-identical regulatory and essential light chains 

(Figure 1.14). Furthermore, myosin has two globular head domains and one long rod domain. The 

light meromyosin (LMM) domain comprises the larger part of the C-terminal region of the rod domain 

and directs the assembly of myosin into thick filaments (Sohn et al., 1997). The globular head domains 

protrude from the thick filaments and are also known as heavy meromyosin (HMM), which is sub-

divided into sub-fragments S1 and S2. Sub-fragment S2 in the N-terminal region of the rod connects 

the neck and the head portions of myosin. Additionally, a more recent study demonstrated that the  
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C-terminal IgI domain of cMyBPC is necessary for the intracellular cross-linking of sarcomeric myosin 

in transfected non-muscle cells (Welikson and Fischman, 2002).   

 

Figure 1.14 Schematic representation of the asymmetric myosin molecule indicating the heavy 

meromyosin (HMM) and the light meromyosin (LMM) (This image was taken and adapted from  

McNally, 2002). Abbreviations: S1, myosin S1 sub-fragment of myosin heavy chain; S2, myosin S2 sub-

fragment of myosin heavy chain  

 

Furthermore, results from co-sedimentation assays and isothermal titration calorimetry (ITC) 

demonstrated that the cMyBPC-motif located between cMyBPC domains C1 and C2 interacts with the 

myosin S2 domain (Gruen et al., 1999). In addition to this, it was observed that this interaction is 

regulated in an “on-off” fashion by PKA triphosphorylation of the cMyBPC-motif. It was thus proposed 

that cMyBPC could regulate cardiac contractility through this particular interaction, since cMyBPC 

phosphorylation would enhance the removal of steric constraints from myosin heads. 

Triphosphorylation of cMyBPC not only allows myosin heads to extend into a position that is more 

favourable for binding to actin, but also transforms the tightly packed myosin rod in the thick filament 

to a more loosely packed myosin rod (Levine et al., 2001; Winegrad, 1999).  

 

In a study by Herron and colleagues, N-terminal fragments of cMyBPC were investigated in skinned 

cardiomyocte preparations from rodent and human ventricles to determine their effect on force 

production and cross-bridge activity. In previous studies, domains C0 and C1C2 were shown not to be 

involved in either the activation of the cross-bridge cycle (section 1.2.3.1) or the rate of force 

development (Harris, 2004; Kulikovskaya et al., 2003). However, Herron and co-workers showed that 

fragment C0C2 and C0C1 induced calcium-independent activation of cross-bridge cycling and force 

development (Herron, 2006). Thus, from these results, it was suggested that cMyBPC provides a 
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calcium-independent regulatory pathway, by which activation of the thin filament can be influenced by 

the thick filament. This interaction was further confirmed with results from nuclear magnetic resonance 

spectroscopy (NMR) and ITC analyses, which observed a low affinity and high specificity binding of 

cMyBPC domains C1C2 to myosin (Ababou et al., 2007). 

 

Interestingly, a novel myosin-binding site was identified in the cMyBPC C0 domain. This interaction 

was proposed based on findings that N-terminal truncated cMyBPC fragments (C0C1, C0C3, C0C4; 

all containing domain C0C1), after transfection into foetal rat cardiomyocytes, demonstrated A-band 

localisation in 10% of the mutant-expressing cardiomyocytes (Flavigny et al., 1999).   

  

1.3.3.2 Titin 

Cardiac MyBPC not only binds to myosin, but also to another thick filament component, titin  

(Fürst et al., 1992; Koretz et al., 1993; Labeit et al., 1992; Soteriou et al., 1993). A study by Freiburg 

and Gautel found that domains C8 to C10 of cMyBPC interact with a part of titin that is restricted to the 

C-zone of the A band (Freiburg and Gautel, 1996). Titin consists of a series of 11-domain  

super-repeats, which are made up of IgI-like and FnIII domains (Labeit and Kolmerer, 1995;  

Labeit et al., 1992), and cMyBPC binds exclusively to the first domain in each repeat (Freiburg and 

Gautel, 1996). Although cMyBPC is located, similar to titin, in the C-zone, it does not localise to stripes 

1 and 2, which suggest that additional factors are required to direct cMyBPC to particular positions 

within the C-zone. However, in contrast to the interactions with myosin (Moos et al., 1975;  

Offer et al., 1973; Okagaki et al., 1993), the interaction with titin was found to be fairly weak (Freiburg 

and Gautel, 1996). Despite these findings, the complex interactions of titin and myosin with the  

C-terminal of cMyBPC could form a stable structure, which is likely to be instrumental in the 

arrangement of the sarcomere.    

 

1.3.3.3 Actin 

Early studies identified interactions between cMyBPC and actin in both regulated and unregulated 

filaments (Moos et al., 1978; Yamamoto and Moos, 1983). Since then, several cMyBPC domains have 

been proven to interact with actin; these are indicated in Table 1.3.  

 

The C0 domain was shown to directly bind to actin (Kulikovskaya et al., 2003). Another study by 

Shaffer and colleagues identified two additional actin-binding sites in cMyBPC (C1 domain and the 

region containing the three phosphorylation sites (M-domain)) within the N-terminal region of cMyBPC 

(Shaffer et al., 2009). However, the interaction of actin with the M-domain of cMyBPC was found to be 
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reversible and phosphorylation-dependent, while the interaction of actin with domain C1 was 

unaffected by phosphorylation. The actin-C1-interaction could provide stable coupling of thick and thin 

filaments, regardless of the MyBPC phosphorylation state. Such coupling could ensure optimal lattice 

spacing as sarcomere shortening ensues and thereby help to maintain efficient cross-bridge 

interactions throughout the cardiac cycle. Recently, several other studies focused their attention on the 

interaction between the cMyBPC M-domain and actin (Howarth et al., 2012; Kensler et al., 2011;  

Lu et al., 2011; Mun et al., 2011; Orlova et al., 2011), and confirmed that the M-domain binds to both 

actin and myosin in a phosphorylation dependent manner (Razumova et al., 2006;  

Shaffer et al., 2009).   

 

In contrast to the above-mentioned studies, a novel interaction was found between actin and domains 

C6-C10 at the C-terminus of cMyBPC (Rybakova et al., 2011). Furthermore, results from the 

aforementioned study by Rybokova and colleagues proved that the actin-binding sites in domains  

C0-C1, C0-C4 and C0-C5, were weak and without saturation (Rybakova et al., 2011). Interestingly, in 

contrast to the binding of the M-domain with actin (Shaffer et al., 2009), neutron contrast variation data 

demonstrated that domains C0-C2, containing the M-domain, and actin do not interact; instead, 

domains C0-C1 were shown to interact with actin. From these contradicting results, the precise actin-

binding regions in cMyBPC is not clear and warrants further interaction and verification studies .   
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Table 1.3 List of cMyBPC domains that interact with cardiac actin.  

cMyBPC Domain Interaction Assay Reference 

C0 Immunoprecipitation (Kulikovskaya et al., 2003) 

C0-C1 
In vitro motility, co-sedimentation binding 

and acto-myosin ATPase assays 
(Razumova et al., 2006) 

C0-C2 Electron microscopy (Kensler et al., 2011) 

C1, M-domain Co-sedimentation binding assay (Shaffer et al., 2009) 

C1-C2 
In vitro motility, co-sedimentation binding 

and acto-myosin ATPase assays 
(Razumova et al., 2006) 

C-C10 Co-sedimentation binding assay (Rybakova et al., 2011) 

 

1.3.4 The arrangement of cMyBPC in the sarcomere 

Currently two models, the rod model (Squire et al., 2003) and the trimeric collar model  

(Flashman et al., 2004, 2008; Moolman-Smook et al., 2002), describe the arrangement of the  

C-terminal of cMyBPC in the sarcomere. Despite the contradicting data supporting each model, both 

models suggest the interaction of cMyBPC with the thick and thin filament systems. 

   

1.3.4.1 The rod model  

The rod model proposes that three C-terminal domains of cMyBPC interact along the axis of the thick 

filament with the N-terminal domains extended perpendicularly towards the thin filament  

(Squire et al., 2003) (Figure 1.15). The projection in which titin and cMyBPC lie parallel to each other 

takes into consideration the interaction between domains C8-C10 of cMyBPC with titin  

(Freiburg and Gautel, 1996). However, this model does not consider the interaction between domains 

C5-C8 and C7-C10 of cMyBPC, nor the fact that titin might only bind one, or at most two, of the three 

C-terminal domains of cMyBPC (Flashman et al., 2004). Three-dimensional image analyses of 

electron micrographs confirmed that three to four domains of cMyBPC form a rod-like structure by  

C-terminal interaction along the thick filament (Al-Khayat et al., 2009; Zoghbi et al., 2008).   
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1.3.4.2 The trimeric collar model 

The trimeric collar model is based on in vitro binding studies that suggested interactions between 

cMyBPC domains C5 and C8 and additional interactions between domains C7 and C10  

(Flashman et al., 2004, 2008; Moolman-Smook et al., 2002) (Figure 1.13). Interactions between three 

parallel staggered cMyBPC molecules at the C5-C10 domains form a collar-like structure around the 

core of the thick filament (Flashman et al., 2008) (Figure 1.15), which is thought to be stabilised by 

interactions between domains C5-C8 and C7-C10.    

 

Findings from yeast two-hybrid (Y2H) and plasma resonance interaction assays suggested that 

interactions between C5-C8 and C8-C10 are similar to interactions observed in cardiac isoforms, 

although the binding affinity were found to be much lower between C5-C8 in fast skeletal muscle 

compared to cardiac muscle. Thus, the findings from the above-mentioned study suggested that a 

similar trimeric collar arrangement exists in fast skeletal muscle, but that either no collar is present in 

slow skeletal muscle or other domains could be involved in such an arrangement  

(Flashman et al., 2008).   

 

Interestingly, both the collar and the rod models propose that the arrangement of the N-terminal 

domains (C0-C4) extend into the interfilament space, which allows for interaction with the thin filament 

(Moolman-Smook et al., 2002; Squire et al., 2003). Recent small-angle X-ray scattering data 

confirmed the predictions of both these models (Moolman-Smook et al., 2002; Squire et al., 2003), 

since the cMyBPC N-terminus (in its unphosphorylated state) adopted an extended tandem 

arrangement in a solution that could span interfilament cross-bridge distances (Jeffries et al., 2008).   
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Figure 1.15 Two models predicting the C-terminal arrangement of cMyBPC in the sarcomere, the trimeric 

collar model (A) as proposed by Moolman-Smook et al., 2002 and the rod model (B) as proposed by 

Squire et al., 2003 (This image was taken from Flashman et al., 2004). 

 

1.4 Myosin binding protein H  

The MyBPH protein, which is the protein of interest in this study, is similar to cMyBPC in terms of 

structure, sequence and location within the sarcomere. While cardiac MyBPC has been extensively 

studied, very little is known about the structure, functions and implications of MyBPH in general, and 

HCM in particular.  

 

1.4.1 MyBPH as a relatively unknown member of the MyBP family 

MyBPH is approximately 55kDa in size and is encoded by a single gene (MyBPH). MyBPH encodes a 

single isoform that is expressed in both fast skeletal and cardiac muscle cells, including those that 

differentiate into Purkinje fibres, which are the primary conduction cells of the heart  

(Alyonycheva et al., 1997a; Vaughan et al., 1993a, 1993b) Interestingly, although Purkinje fibres 

contain significant amounts of MyBPH, cMyBPC, which is present in all striated muscles, was shown 

to be absent from Purkinje fibres (Alyonycheva et al., 1997a).   

 

A study by Bennett and colleagues, in which different types of rabbit muscle fibres were labelled with 

purified anti-MyBPH antibody, found that MyBPH was localised to stripe 3 in the C-zone  

(counting from the M-line) in the majority of psoas fibres, a muscle containing mainly fast white fibres 
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(Bennett et al., 1986). Subsequently, a number of independent studies have confirmed its cellular 

localisation (Bennett et al., 1986; Starr et al., 1985; Yamamoto, 1984).   

 

Structurally, cMyBPC and MyBPH are very similar, as both are multi-domain proteins consisting of IgI 

and FnIII domains (Figure 1.13, Figure 1.16). In chickens, the unique N-terminal sequence of MyBPH, 

which contain motifs of alternating alanine and proline residues, have been found to be the cause of 

the slow mobility of MyBPH upon electrophoresis (Vaughan et al., 1993a, 1993b). The C-terminal 

shares 50% identity and 17% conserved amino acids with cMyBPC, and consist of four protein 

modules, FnIII-IgI-FnIII-IgI, which correspond to domains C7-C10 of cMyBPC (Vaughan et al., 1993b). 

 

 

                                        

 

 

 

 

 

Figure 1.16 Schematic representation of cardiac myosin binding protein H (MyBPH), indicating domains 

of known function. The purple circles represent immunoglobulin-like domains, the pink squares represent  

fibronectin type-III domains, the solid blue lines represent linker sequences, the solid black line repres ent  

established interactions and the dashed black line represent interactions that require independent verification.  

Abbreviations: LMM, light meromyosin  

 

1.4.2 Interactions with MyBPH in the sarcomere 

1.4.2.1 Myosin 

Past studies demonstrated that the H4 domain in the C-terminal of MyBPH interacts with light 

meromyosin (LMM)-binding sites within myosin (Alyonycheva et al., 1997b; Okagaki et al., 1993). 

Similar to domain C10 of cMyBPC (as mentioned in section 1.3.3.1), this IgI domain is necessary for 

the intracellular cross-linking of sarcomeric myosin in transfected non-muscle cells  

(Welikson and Fischman, 2002). It seems that even if myosin is saturated by MyBPH, cMyBPC would 

still be able to bind myosin (Yamamoto, 1984). 

 

As much of the current research has focussed on cMyBPC, very little is known about the binding 

partners and functions of the molecular mechanisms involving MyBPH.  

 H2 H4 H3 H1 

LMM 

Okagaki et al. 1993 
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1.5 The present study 

1.5.1 Study hypothesis and aim 

In the past much of the focus of our research group has been on identifying cMyBPC-interacting 

proteins in an effort to better understand the function and incorporation of this protein into the 

sarcomere and its role in the pathogenesis of HCM (Flashman et al., 2004; Moolman-Smook et al., 

2002, 2003). Given the sequence homology and similarity in structure between cMyBPC and MyBPH, 

and since both proteins are known to bind myosin (Vaughan et al., 1993b; Okagaki et al., 1993), we 

proposed that MyBPH may also play a crucial role in the cardiac sarcomere and possibly in HCM 

pathogenesis. However, since the function of this protein remains largely unknown, we considered 

that identifying novel protein interactors of MyBPH could shed some light on its function. Moreover, we 

proposed that MyBPH and the genes encoding each of the putative interactors of MyBPH could be 

considered good candidate hypertrophy-modifying genes.      

 

The aims of this study were to contribute to the knowledge of the structure and function of the 

sarcomeric protein MyBPH by;  

 Identifying protein ligands of MyBPH by means of a Y2H analysis  

 Verifying interactions between Y2H-identified ligands and MyBPH  

 Assessing the structural and functional role these interactions may play within the sarcomere 

 Assessing known SNPs in MyBPH and genes encoding identified putative interactors of 

MyBPH for association with hypertrophy in a cohort of HCM founder families, to determine if 

they modify hypertrophy development  
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MATERIALS AND METHODS: PROTEIN INTERACTION STUDY 

2.1  DNA extraction 

 2.1.1 Bacterial plasmid purification using ZyppyTM Plasmid purification kit 

Escherichia coli (E.coli) colonies containing the plasmid of interest were picked from Luria-Bertani (LB) 

agar plates (Appendix I) containing the appropriate antibiotics, and innoculated in 10ml of LB media 

(Appendix I), in a 50ml polypropylene tube (Greiner Bio-One, Frickenhausen, Germany). The culture 

was subsequently incubated at 37°C, shaking at 250rpm overnight in a YIH DER model LM-530 

shaking incubator (SCILAB Instrument Co. Ltd., Taipei, Taiwan). The following morning, the culture 

was centrifuged for 10 minutes at 3000rpm in an Eppendorf model 5810/5810R centrifuge  

(Eppendorf, Hauppauge, New York, USA) after which the supernatant was discarded. The plasmid 

DNA was subsequently extracted using the ZyppyTM Plasmid Miniprep kit (Zymo Research 

Corporation, California, USA) as per manufacturer‟s instructions. Afterward, purified plasmid was 

quanitified using a Nanodrop Spectrophotometer (Thermo Fisher Scientific Inc., Massachusetts, USA).   

 

 2.1.2 Bacterial plasmid purification using Qiagen Maxi Plasmid prep kit 

In order to isolate endotoxin free LC3b-II_GFP DNA plasmids for transfection into H9c2 cells, the 

Qiagen Maxi Plasmid prep kit (Qiagen, Hilden, Germany) was used. A 10ml LB culture containing 

100μl of the bacterial glycerol stock of LC3b-II_GFP, (containing the appropriate antibiotics) was 

incubated at 37°C, shaking at 250rpm overnight in a YIH DER model LM-530 shaking incubator 

(SCILAB Instrument Co. Ltd., Taipei, Taiwan).  Following incubation, 100μl from the start-up culture 

was used to innoculate 200ml LB media (Appendix I) (containing the appropriate antibiotics). This 

200µl culture was subsequently incubated at 37°C, shaking overnight at 250rpm in a YIH DER model 

LM-530 shaking incubator (SCILAB Instrument Co. Ltd., Taipei, Taiwan). Following this, the culture 

was centrifuged for 10 minutes at 3000rpm in an Eppendorf model 5810/5810R centrifuge  

(Eppendorf, Hauppauge, New York, USA) after which the supernatant was discarded and the plasmid 

DNA extracted using the Qiagen Maxi Plasmid Prep kit (Qiagen, Hilden, Germany), according to the 

manufacturer‟s instructions. The DNA was resuspended in 100μl ddH20 and the plasmid DNA was 

quantified using a Nanodrop Spectrophotometer (Thermo Fisher Scientific Inc., Massachusetts, USA).   

  

2.1.3 Yeast plasmid purification 

A Saccharomyce ceriviseae (S. cerivieae) GOLD strain (Clontech Laboratories, Inc., Palo Alto, 

California, USA) colony containing a plasmid of interest was innoculated in 1ml synthetic dropout 
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media (SD) containing the appropriate dropout supplement (Clontech Laboratories, Inc., Palo Alto, 

California, USA) (Appendix I). The culture was incubated overnight at 30°C, shaking at 200rpm in a 

YIH DER model LM-530 shaking incubator (SCILAB Instrument Co. Ltd., Taipei, Taiwan). Following 

this, 4ml of 1X YPDA (Appendix I) was added to the culture. This culture was further incubated at 

30°C for 4 hours, shaking at 200rpm in a YIH DER model LM-530 shaking incubator (SCILAB 

Instrument Co. Ltd., Taipei, Taiwan). The cells were subsequently centrifuged at 3000rpm for  

5 minutes in a Labnet PrismTM microcentrifuge (Labnet International Inc., New Jersey, USA) and the 

supernatant was discarded. The pellet was resuspended in the remaining supernatant and transferred 

to a 2ml microcentrifuge tube. The following was added in quick succession to the pellet:  200μl yeast 

lysis buffer (Appendix I), 200μl phenol-chloroform-isoamyl alcohol (PCI) (Sigma Aldrich Inc., St Louis, 

USA) and 0.3μg sterile 450-600μm glass beads (Sigma-Aldrich Inc., St Louis, USA).  This mixture was 

mixed by vortexing for approximately 3 minutes using a Whirlimixer vortex  

(Fisher Scientific UK Ltd., Loughborough, UK). To obtain phase separation, the samples were 

centrifuged at 14 000rpm for 10 minutes at room temperature in a Labnet PrismTM microcentrifuge 

(Labnet International Inc., New Jersey, USA). A volume of 500μl of the aqueous phase was 

transferred to a Wizard PCR purification column (Wizard Purefection Mini Plasmid DNA purification kit, 

Promega Corp., Madison Wisconsin, USA) for DNA purification (section 2.1.4). The DNA was eluted in 

35μl of ddH2O and used to transform bacterial E.coli DH5α cells (section 2.11.1). 

 

 2.1.4 DNA purification using the Wizard Mini Plasmid DNA purification kit  

Yeast Plasmid DNA preparations (section 2.1.3) and PCR amplified DNA products (section 2.2) were 

purified using the Wizard Mini Plasmid DNA purification kit (Wizard Purefection Mini Plasmid DNA 

purfication kit, Promega Corp., Madison Wisconsin, USA) according to manufacturer‟s instructions. 

The purified products were subsequently sequenced (section 2.5) and used for cloning reactions 

(section 2.8.2). 

 

2.2 Polymerase chain reaction 

 2.2.1 Oligonucleotide primer design and synthesis 

All gene reference sequences for which primers were to be designed, were obtained from the National 

Centre for Biotechnology Information (NCBI) Entrez Nucleotides Database 

(http://www.ncbi.nlm.nih.gov/nucleotide/). All primers were designed using Integrated DNA 

Technologies Software, Primer Quest (http://www.idtdna.com). The NCBI Basic Local Alignment 

Search Tool (BLAST) (http://www.ncbi.nlm.nih.gov/BLAST/) was used to examine primer specificity. 
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Oligonucleotide primers were synthesised according to standard phosphorimidite methodology at the 

Department of Molecular and Cellular Biology, University of Cape Town (UCT), Cape Town, South 

Africa. 

 

  2.2.1.1 Primers for generation of inserts for Y2H cloning 

A pair of oligonucleotide primers were designed to amplify the MyBPH cDNA sequence for cloning into 

the Y2H pGBKT7 bait vector (Clontech Laboratories, Inc., Palo Alto, California, USA) (Appendix III), 

containing the appropriate restriction enzyme (NdeI and EcoRI) sites, as well as a six nucleotide 

“overhang” tag to facilitate restriction digestion. Primer seqeunces of the primers used to generate the 

desired polymerase chain reaction (PCR) fragment for cloning are presented in Table 2.1. 

 

Table 2.1 Oligonucleotide primers used for the generation of inserts for Y2H cloning.  

Primer Name *Primer Sequence (5’-3’) Ta (°C) Tm (°C) 

MyBPH_Forward ACTGCAGAACATATGATGATGGAAAAAAACACCTCCGAG 51 55 

MyBPH_Rerverse ACTGCAGAAGAATTCTCAGTGTGCGGCTGAGGC 51 55 

Abbreviations: A, adenine; C, cytosine; °C, degrees Celsius; G, guanine; MyBPH, myosin binding protein H; T, 

thymine; Ta, annealing temperature; Tm, melting temperature 

*
The nucleotide sequence in black font represents the sequence of the primer that anneals t o the DNA in the 

PCR reaction. An “overhang” tag to facilitate restriction enzyme digestion is represented in blue font, while the 

sequence in bold red and orange font represents the NdeI and EcoRI restriction enzyme sites, respectively.  

 

  2.2.1.2 Primers for Y2H insert screening 

Primers flanking the multiple cloning sites (MCS) of pGBKT7 (Clontech Laboratories, Inc., Palo Alto, 

California, USA) (Appendix III) and pGADT7-Rec (Clontech Laboratories, Inc., Palo Alto, California, 

USA) (Appendix III) Y2H vectors were designed to amplify inserts cloned into the the Y2H cloning 

vectors. In order to design these primers, sequences from the ClontechTM MatchmakerTM vector 

handbook (www.clontech.com) were used. The sequences of these primers are presented in  

Table 2.2.  
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Table 2.2 Oligonucleotide primers used for the amplification of inserts from cloning vectors.  

Primer Name Primer Sequence (5’-3’) Ta (°C) Tm (°C) 

pGBKT7_Forward TCATCGGAAGAGAGTAG 45 50 

pGBKT7_Reverse TCACTTTAAAATTTGTATACA  45 50 

pGADT7_Forward CGATGATGAAGATACCCCAAA 56 50 

pGADT7_Reverse CACGATGCACAGTTGAAGTGAACT 56 50 

Abbreviations: A, adenine; C, cytosine; °C, degrees Celsius; G, guanine; MyBPH, myosin binding protein H;   

T, thymine; Ta, annealing temperature; Tm, melting temperature 

 

 2.2.2 PCR-amplification for the generation of the MyBPH cDNA insert 

The following PCR conditions were used to amplify the MyBPH cDNA sequence from genomic DNA. 

The MyBPH fragment was subsequently cloned into the pGBKT7 Y2H cloning vector (section 2.8.2). 

 

For amplification of the MyBPH cDNA, the PCR was performed in a reaction mixture consisting of 

100ng genomic DNA, 1X Bioline High Fidelity Velocity Buffer (Bioline UK Ltd., London, UK), 1.5mM 

MgCl2 (Bioline UK Ltd., London, UK), 200μM dNTPs (dATP, dCTP, dGTP, dTTP), 1.0U of Velocity Taq 

Polymerase enzyme (Bioline UK Ltd., London, UK), 0.2μM of each forward and reverse primers  

(Table 2.1) and ddH2O to a final volume of 50μl. PCR amplifications were performed using the 

GeneAmp® PCR System 2700 (Perkin-Elmer, Applied Biosystems Inc., Foster City, California, USA). 

The standard PCR cycle consisted of initial denaturation at 95°C for 3 minutes, followed by 35 cycles 

of denaturation at 95°C for 30 seconds, annealing at the Ta (Table 2.1) for 30 seconds, elongation at 

72°C for 30 seconds, and a final elongation step at 72°C for 5 minutes. The amplified products were 

verified by electrophoresis on a 1% (w/v) agarose gel (Appendix I). 

 

 2.2.3 Bacterial colony PCR 

In order to identify bacterial colonies containing the recombinant plasmid with the desired insert, a 

baterial colony PCR was performed. The PCR amplification performed is similar to that described in 

section 2.2.2, but using primers for the amplification of inserts from Y2H cloning vectors (Table 2.2) 

instead. Furthermore, instead of using 100ng genomic DNA, a minute amount of an individual E. coli 

colony from an agar plate containing the antibiotic Ampicilin (F. Hoffmann-La Roche Ltd., Basel, 

Switzerland), was used as template DNA.   
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PCR amplifications were performed using the GeneAmp® PCR System 2700 (Perkin-Elmer, Applied 

Biosystems Inc., Foster City, California, USA). The PCR cycle consisted of initial denaturation at 95°C 

for 3 minutes, followed by 35 cycles of denaturation at 95°C for 30 seconds, annealing at the Ta for the 

specific PCR primers sets (Table 2.2) for 30 seconds, elongation at 72°C for 30 seconds, and a final 

elongation step at 72°C for 5 minutes. Electrophoresis on a 1% (w/v) agarose gel (Appendix I) verified 

the amplified products. 

 

2.3 Bradford protein concentration determination 

For co-immunoprecipitation (Co-IP) and western blot analysis protein concentrations of the cell lysates 

(section 2.10.2) were determined by means of a Bradford assay. For calculation of the standard curve, 

10μl of a bovine serum albumin protein dilution series (0-1000μg/μl) were used as protein standards. 

Then 200μl Bradford reagent (Sigma-Aldrich Inc., St Louis, USA) was added to each of the protein 

standards and the 1μl lysate sample, in duplicate. The reaction was performed in a 96-well microtitre 

and the absorbance for each sample was measured at 595 nanometers (A595), using a luminometer 

(BioTek Instruments Inc., Vermont, USA). The A595 was used to calculate the concentration of the 

protein samples.    

 

2.4 Gel electrophoresis 

 2.4.1 Agarose gel eletrophoresis 

PCR-amplified fragments and plasmid preparations were visualised using agarose gel electrophoresis. 

DNA fragments were also excised from agarose gel electrophoresis for purification. Approximately 

10μl of the PCR products or 10μl plasmid preparations were mixed with 3μl cressol loading dye 

(Appendix I), before loading the total 13μl into separate wells of a 1% (w/v) agarose gel (Appendix I). 

All agarose gels contained 1μg/ml ethidium bromide (Sigma Aldrich Inc., St Louis, USA) and 1X 

sodium borate (SB) buffer (Appendix I). To verify the size of the PCR fragments and plasmid 

preparations, 5μl Kapa Universal Ladder (Kapa Biosystems, Woburn, Massachusetts, USA) was 

electrophoresed concurrently. The products were resolved at 140V, for 10 to 15 minutes in 1X SB 

running buffer (Appendix I). The gels were examined under UV light and photographed with the 

Multigenius Bio Imaging System (Syngene, Cambridge, UK).  
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 2.4.2 Sodium dodecyl sulphate polyacrylamide gel eletrophoresis 

Protein products derived from Co-IP reations (section 2.14) were subjected to sodium dodecyl 

sulphate gel electrophoresis (SDS-PAGE). Prior to SDS-PAGE in Mini-Protean TGX 4-15% resolving 

precast gels (Bio-Rad, Hercules, CA, USA), 50μg protein was mixed with a 1X SDS loading buffer, 

containing pre-mixed SDS Laemlli Sample buffer (Bio-Rad, Hercules, CA, USA) and 5% freshly added 

β-mercaptoethanol (Merck, Darmstadt, Germany). Protein samples were subsequently incubated in a 

Techne Dri-block DB-3A heating block (Techne Ltd., Duxford, Cambridge, UK) at 95°C for 5 minutes, 

before loading it onto the gels. Electrophoresis followed at 150V for 1 hour in 1X SDS running buffer 

(Appendix I). The protein samples in the gel were subsequently transferred to a polyvinylidene fluoride 

(PVDF) membrane for visualisation by western blotting (section 2.15).   

 

 2.4.3 Transfer of protein from SDS polyacrylamide gels to PVDF membrane 

Western blotting was performed to visualise the protein bands of the Co-IP experiments. To facilitate 

this, the proteins separated on the SDS-PAGE gels were transferred to a PVDF membrane. The  

SDS-PAGE gels were rinsed in TBST buffer (Appendix I) prior to placing the gel on the PVDF 

membrane, which is attached to the bottom stack of the IBLOT transfer pack, as provided by the 

manufacturer (Life Technologies, InvitrogenTM, Carlsbad, California, USA). Subsequently, the transfer 

stack was assembled and the proteins transferred to the membrane using the iBLOT  

(Life Technologies, InvitrogenTM, Carlsbad, California, USA) transfer system at different transfer 

voltages and durations for different proteins (Table 2.3), according to the manufacturer‟s instructions.   

 

 Table 2.3 Transfer conditions of the IBlot system for the different proteins. 

Protein Name Transfer Programme Duration (min) Voltage (V) 

MyBPH P3 8 20 

cMyBPC P3 5 20 

MYH7 P3 9 20 

ACTC1 P3 9 20 

UBC9 P6 9 7.5 

Abbreviations: ACTC1, cardiac α-actin; cMyBPC, cardiac myosin binding protein C, MyBPH, myosin binding 

protein H; MYH7, cardiac β-myosin heavy chain; UBC9, SUMO-conjugating enzyme UBC9 
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2.5 Automated DNA sequencing 

Cloned inserts were bi-directionally sequenced using the BigDye® Terminator v3.1 Cycle Sequencing 

kit (Perkin-Elmer, Applied Biosystems Inc., Foster City, California, USA), followed by electrophoresis 

on an ABI 3130XL Genetic Analyzer (Perkin-Elmer, Applied Biosystems Inc., Foster City, California, 

USA). All automated DNA sequencing reactions were performed at the Core Sequencing Facility of 

the Department of Genetics at Stellenbosch University, Stellenbosch, South Africa. 

 

2.6 DNA sequencing analysis 

Sequences were analysed using BioEdit Sequence Alignment Editor Software v7.0.9.0  

(Hall, 1999) to verify the sequence integrity of the MyBPH fragment generated by PCR-amplification, 

as well as to identify each of the putative MyBPH-interacting prey clones identified by Y2H analysis. 

The reference sequence (accession number: NP_004988.2, NM_004997.2) in NCBI 

(http://www.ncbi.nlm.nih.gov/nucleotide/,2010) was aligned to the sequenced MyBPH cDNA  

(section 2.2.2), used in the present study. The ClustalW v1.4 programme was used to align and 

analyse the sequence of interest for mismatches to the reference sequence. BLAST 

(www.ncbi.nlm.nih.gov/BLAST) was used to compare the nucleotide sequences of bait and prey 

inserts to the appropriate cDNA and mRNA sequences obtained from the Genbank database 

(www.ncb.nlm.nih.gov/Entrez) and the Ensemble database (www.ensemble.co.za). These prey insert 

sequences were also translated using the BioEdit Sequence Alignment Editor Software v7.0.9.0  

(Hall, 1999) in the frame dictated by the GAL4 DNA activating domain reading frame  

(reading frame 1). The deduced protein sequences were compared to the protein sequences in the 

NCBI database (http://blast.ncbi.nlm.nih.gov/protein/) using BLAST in order to confirm that the prey 

insert sequences encode for in-frame proteins. 

  

2.7 Restriction enzyme digest for cloning 

For cloning of the MyBPH cDNA into the pGBKT7 bait vector, the PCR-generated MyBPH cDNA 

fragment (section 2.2.2), as well as the Y2H bait vector pGBKT7, were double-digested with NdeI and 

EcoRI restriction enzymes (Table 2.1). Digestion reactions consisted of 10μl of the PCR product or 

20µl of plasmid vector DNA (100ng/μl), 1X NEBuffer 2, 5U of the EcoRI restriction enzyme  

(New England Biolabs, Ltd., Massachusetts, USA) and ddH20 to a final volume of 20μl. Samples were 

then incubated at 37°C for 3 hours in a Techne Dri-block DB-3A heating block (Techne Ltd., Duxford, 

Cambridge, UK). Following this, the digestion reactions were purified using the Wizard Purefection 

Mini Plasmid DNA purification kit (Wizard Purefection Mini Plasmid DNA purification kit, Promega 
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Corp., Madison Wisconsin, USA), as discussed in section 2.1.4. The samples were eluted using 35μl 

ddH20 before using it for the second restriction enzyme digest. The second digestion mix contained 

35μl purified digestion product, 1X NEBuffer 3, 5U of the NdeI restriction enzyme (New England 

Biolabs Inc., Massachusetts, USA) and ddH20 to a final volume of 50μl. The samples were again 

incubated at 37°C for 3 hours in a Techne Dri-block DB-3A heating block (Techne Ltd., Duxford, 

Cambridge, UK). Following the 3-hour incubation, the samples were again purified using the Wizard 

Purefection Mini Plasmid DNA purification kit (Promega Corp., Madison Wisconsin, USA). 

 

2.8 Generation of constructs 

 2.8.1 Generation of Y2H constructs 

The MyBPH bait insert was cloned into the pGBKT7 bait vector (Appendix III) and was subjected to 

automated DNA sequencing to verify sequence integrity and confirm the conservation of the  

GAL4 DNA binding domain reading frame, before transforming it into the GOLD yeast strain. This 

construct (pGBKT7-MYBPH:GOLD) was used to screen a CLONTECH MATCHMAKERTM pre-

transformed cardiac cDNA library, comprised of cardiac cDNAs cloned into the pGADT7 prey-vector 

(Appendix III) and transformed into the Y187 yeast strain.  

 

 2.8.2 DNA ligation 

The double-digested PCR fragment and plasmid vector (section 2.7) were added in a ratio of 5:1 to a 

mixture containing 5μl T4 DNA ligase buffer (Promega, Madison W isconsin, USA), 5U T4 DNA ligase 

(Promega, Madison Wisconsin, USA) and ddH2O to a final volume of 15μl. This DNA ligation mixture 

was incubated at room temperature for 16 hours, before 5μl of the sample was transformed into an 

E.coli DH5α bacterial strain (section 2.11.1). Bacterial colonies containing sucessful ligation reactions 

were identified by bacterial colony PCR (section 2.2.3).       

 

2.9 Bacterial strains, yeast strains and cell lines 

 2.9.1 Bacterial strains 

In order to facilitate the selection and purification of Y2H cloned constructs, the ligation reactions 

described in section 2.8.2 were transformed into the E.coli DH5α bacterial strain. Transformed 

bacterial colonies were selected based on their ability to grow on LB agar plates (Appendix I) 

containing appropriate antibiotics (when selecting for the pGBKT7 vector, kanamycin was used as 
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selection antibiotic, ampicilin was used to select for the pGADT7 vector). Colonies containing  

recombinant plasmids were identified by colony PCR (section 2.2.3).   

  

 2.9.2 Yeast strains 

The recombinant bait plasmid pGBKT7-MyBPH was transformed in the S.ceriviseae GOLD strain 

(Clontech Laboratories, Inc., Palo Alto, California, USA). The cardiac cDNA library (Clontech 

Laboratories, Inc., Palo Alto, California, USA) was cloned into the pGADT7 prey vector and  

pre-transformed into the Y187 yeast strain (Clontech Laboratories, Inc., Palo Alto, California, USA) by 

the manufacturer.   

 

 2.9.3 Cell lines 

The Rattus Norvegicus (rat) cardiac (atrial) myocyte H9c2 cell line, purchased from the American Type 

Culture Collection (ATCC, Manassas, Virginia, USA), was used for all co-localisation, Co-IP and 

functional assays.   

 

2.9.4 Generation of E.coli DH5α competent cells 

A frozen E.coli DH5α stock was removed from the -80°C and thawed on ice for 20 minutes. A volume 

of 10ml LB media (Appendix I) was innoculated with 200μl of thawed E.coli DH5α stock and incubated 

at 37°C overnight in a YIH DER model LM-530 shaking incubator (SCILAB Instrument Co. Ltd., Taipei, 

Taiwan) at 200rpm. The following day, 200μl of this overnight culture was innoculated in 200ml LB 

media (Appendix I) in a sterile 2L Erlengmeyer flask. Consequently, the culture was incubated 

overnight at room temperature on a STUART orbital shaker model SSL1 shaking at 200rpm 

(Barloworld Scientific Ltd., Staffordshire, UK). In order to determine whether the cells are in the log 

growth phase (OD600nm = 0.6), the OD600nm were measured the following morning. 

 

The growth culture was pelleted by transferring the culture to four 50ml polypropylene centrifuge tubes 

(Greiner Bio-One, Frickenhausen, Germany) and centrifuging in an Eppendorf model 5810/5810R 

centrifuge (Eppendorf, Hauppauge, New York, USA) at 3000rpm for 10 minutes. Subsequently, the 

supernatant was discarded and the pellet resuspended in 8ml ice-cold CAP buffer (Appendix I). The 

cells were pelleted using an Eppendorf model 5810/5810R centrifuge (Eppendorf, Hauppauge, New 

York, USA) at 3000rpm for 10 minutes, before discarding the supernatant. The pellet was 

resuspended in 4ml ice-cold CAP buffer and kept on ice. The cells in suspension were then 
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transferred to 1.5ml microcentrifuge tubes (Eppendorf, Happauge, New York, USA) in 200µl aliquots 

and stored overnight at 4°C before storing them at -80°C until needed.   

 

2.10 Culturing of cell lines 

 2.10.1 Culture of cells from frozen stocks 

  2.10.1.1 Thawing the cells 

Frozen H9c2 cells were thawed by immersing the vial containing the cells in a waterbath at 37°C for  

3 minutes. The vial was then immediately sterilised with 70% ethanol and placed in the Esco 

Airstream® Class II Biohazard Safety cabinet (Esco Technologies Inc., Missouri, USA) for further use.  

 

  2.10.1.2 Removing the Dimethyl Sulphoxide (DMSO) from stocks and culturing cells 

Frozen stocks of cells contain DMSO. It was therefore necessary to remove the DMSO to improve the 

cell viability upon plating. One millilitre of thawed cells were transferred into a 14ml tube  

(Greiner Bio-One, Frickenhausen, Germany) containing 4ml pre-heated (37°C) complete growth 

media (Appendix I). The cells were gently mixed before centrifugation at 5000rpm for 1 minute in a 

Labnet PrismTM microcentrifuge (Labnet International Inc., New Jersey, USA). The supernatant was 

discarded and the cells were gently resuspended in 2ml complete growth media (Appendix I), before 

transferring the cells to two 25cm2 flasks (Corning Inc., New York, USA) containing 5ml complete 

growth media (Appendix I) each. The cells were distributed by gently swirling the flasks before 

incubation at 37°C in a Thermo Scientific Forma Steri-Cycle 5% carbon dioxide humidified incubator 

(Thermo Fisher Scientific Inc., Massachusetts, USA). 

 

  2.10.1.3 Subculturing cell cultures 

The H9c2 cell cultures were passaged every 2 to 4 days, at 70-80% confluency. The growth media 

was removed from the flask and residual media removed by washing cells with 2ml Trypsin-Versene 

(Lonza Group Ltd., Basel, Switzerland), before adding 4ml Trypsin-Versene (Lonza Group Ltd., Basel, 

Switzerland) for 5 minutes at room temperature to loosen cells from the growth surface. To deactivate 

the trypsin enzyme activity, 5ml complete growth media (Appendix I) was added. The cells were 

transferred to a 14ml tube (Greiner Bio-One, Frickenhausen, Germany), which was centrifuged for  

1 minute at 300rpm to pellet cells, in a Sorvall® general laboratory centrifuge model GLC-4 (Thermo 

Fisher Scientific Inc., Massachusetts, USA). The supernatant was discarded and the pellet 
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resuspended in 3ml complete growth media (Appendix I), before the cells were evenly distributed into 

75cm2 flasks (Corning Inc., New York, USA) containing 25ml complete growth media (Appendix I).      

 

  2.10.1.4 Differentiation of cells 

Cells used in all analyses were differentiated between 5 and 10 days to form elongated myotubes 

containing multiple nuclei. Cells were grown and passaged in complete growth media  

(section 2.10.1.3). Twenty four hours after seeding the cells for various analyses, the complete growth 

media was replaced with differentiation media (Appendix I), to allow for differentiation of 

cardiomyoblasts to myotubes.   

 

 2.10.2 Cell lysis  

  2.10.2.1 Cell lysis using RIPA buffer 

The H9c2 cell lysates used in subsequent Co-IP and western blot analyses (section 2.14 and 2.15) 

were prepared as follows: cells were trypsinised (section 2.10.1.3) from the growth surface of the 

flask, 5ml of complete growth media (Appendix I) was added and the cells were transferred to a 50ml 

polypropolene tube (Greiner Bio-One, Frickenhausen, Germany), prior to centrifugation in an 

Eppendorf model 5810/5810R centrifuge (Eppendorf, Hauppauge, New York, USA) for 3 minutes at 

5000rpm. The supernatant was discarded and the pellet resuspended in 300μl phosphate buffered 

saline (PBS) (Appendix I) before transferring it to a 1.5ml microcentrifuge tube. The cells were 

subsequently centrifuged in a Labnet PrismTM microcentrifuge (Labnet International Inc., New Jersey, 

USA) for 3 minutes at 5000rpm, after which the supernatant was discarded. The pellet was  

resuspended in 250-500μl passive cell lysis buffer (Appendix I), depending on the pellet size and left 

on ice for 30 minutes. A small amount of ZR0B05 Ceria Zirconium Oxide Silicate beads  

(3.8g/cc, 0.5mm) (Next Advance, Inc., New York, USA) was added to the cell mixture on ice, before 

the cells were subjected to the Bullet Blender® (Gentaur, UK). The blending series consisted of  

1 minute blending, 1 minute rest for three cycles at 4°C. The cell mixture was centrifuged in a Labnet 

PrismTM microcentrifuge (Labnet International Inc., New Jersey, USA) at room temperature, for 5 

minutes at 5000rpm. The supernatant was transferred to a clean microcentrifuge tube and stored at  

-80°C until further use.     
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  2.10.2.2 Cell lysis using Qiagen RNA/DNA/protein extraction kit  

For extracting RNA, DNA and proteins using the Qiagen RNA/DNA/Protein extraction kit (Qiagen, 

Hilden, Germany), H9c2 cells were grown in six well plates (Greiner Bio-One, Frickenhausen, 

Germany). Cell lyastes were used for purification of messenger ribonucleac acid (mRNA) for realtime 

PCR (RT-PCR) and extraction of proteins for immunoprecipitation and western blotting. The cells were 

loosened from the growth surface using the RTL PLUS buffer and cell scrapers as recommended in 

the manufacturer‟s protocol. The cell lysates necessary for these assays were obtained following the 

protocol as recommended by the manufaturer (Qiagen, Hilden, Germany).   

 

2.11 Transformations and transfection of plasmids into prokaryotic and eukaryotic cells 

 2.11.1 Bacterial plasmid transformation 

A 200μl aliquot of competent E.coli DH5α cells (section 2.9.4) was removed from a -80°C freezer and 

thawed on ice for 20 minutes. A volume of 1μl plasmid preparation (section 2.1.4) or 3-5μl of the 

ligation reaction (section 2.8.3) was subsequently added to the competent E.coli DH5α cells. Following 

20 minutes incubation on ice, the cells were transformed by incubating the reaction at 42°C for  

45 seconds in a Techne Dri-block DB-3A heating block (Techne Ltd., Duxford, Cambridge, UK). The 

samples were left standing at room temperature for 2 minutes before adding 1ml LB media (Appendix 

I), after which samples were incubated for 1 hour at 37°C, in a 200rpm YIH DER model LM-530 

shaking incubator (SCILAB Instrument Co. Ltd., Taipei, Taiwan). The samples were centrifuged for  

1 minute at 14 000rpm using a Labnet Prism
TM

 microcentrifuge (Labnet International Inc., New Jersey, 

USA) and the supernatants were discarded before the pellets were resuspended in 200μl LB media 

(Appendix I). These samples were plated out onto agar plates (Appendix I) containing the appropriate 

antibiotics before incubating the plates in an inverted position at 37°C in a model 329 stationary CO 2 

incubator (Former Scientific, Marieta, Ohio, USA) for 16 hours.   

 

2.11.2 Yeast plasmid transformation 

A volume of 100μl of the yeast strain to be transformed was innoculated from a glyserol stock into 5ml 

YPDA media (Appendix I) in a 15ml polypropolene tube (Greiner Bio-One, Frickenhausen, Germany). 

This culture was subsequently incubated overnight at 30°C in a YIH DER model LM-530 shaking 

incubator (SCILAB Instrument Co. Ltd., Taipei, Taiwan) (200rpm). The following day these cultures 

were plated onto YPDA agar plates (Appendix I) and incubated at 30°C for 2 to 3 days in a Sanyo 

MIR262 stationary ventilated incubator (SANYO Electronic Co., Ltd., Ora-Gun, Japan). A volume 

respresenting 20-50μl yeast cells were picked from the plates and resuspended in 1ml ddH2O in a 
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sterile 2ml microcentrifuge tube (Eppendorf, Hauppage, New York, USA), before the cells were 

pelleted by centrifugation at 13 000rpm for 30 seconds in a Labnet PrismTM microcentrifuge (Labnet 

International Inc., New Jersey, USA). The supernatant was discarded and the pellet resuspended in 

1ml 100mM lithium acetate (LiAc) (Appendix I), prior to incubation for 5 minutes at 30°C in a Sanyo 

MIR262 stationary ventilated incubator (SANYO Electronic Co., Ltd., Ora-Gun, Japan). The cells were 

then centrifuged at 13 000rpm for 30 seconds to form a pellet. The supernatant was removed after 

which the following were added, in this order, in quick succession: 240μl of 50% polythylene glycol 

(PEG) (Appendix I), 36μl of 1M LiAc (Appendix I), 25μl of 2mg/ml heat denatured and snap-cooled 

sonicated herring sperm DNA (Promega, Madison Wisconsin, USA), 10-20μl plasmid preparation and 

ddH2O to a final volume of 350μl. The samples were then vigorously vortexed using a Whirlimixer 

vortex (Fisher Scientific UK Ltd., Loughborough, UK) for at least 1 minute, before incubation at 42°C 

for 20 to 30 minutes in a waterbath. Following incubation, the cells were centrifuged at 13 000rpm for 

30 seconds to pellet the cells and the supernatant was discarded before resuspending the pellet in 

250μl ddH2O. These samples were then plated onto the appropriate selection plates and incubated in 

an inverted position at 30°C for 2 to 4 days in a Sanyo MIR262 stationary ventilated incubator 

(SANYO Electronic Co., Ltd., Ora-Gun, Japan).   

 

 2.11.3 Transfection of H9c2 cells for microscopy and siRNA experiments 

To determine if MyBPH plays a role in autophagy, the LC3b-II_GFP construct (kind gift from Dr Ben 

Loos) was transfected into H9c2 cells in the following manner: approximately 8000 cells per well were 

seeded (Appendix II) in complete growth media (Appendix I), in 8-well borosilicate glass-bottomed 

chambers (Nunc, New York, USA). The cells were then incubated at 37°C in a Thermo Scientific 

Forma Steri-Cycle 5% carbon dioxide humidified incubator (Thermo Fisher Scientific Inc., 

Massachusetts, USA). At 70-80% confluency, the cells were transfected. For the transfection, 12μl 

Lipofectamine transfection reagent (Life Technologies, InvitrogenTM, Carlsbad, California, USA) was 

added to 200μl serum free media (Appendix I) and 800ng LC3b-II_GFP plasmid DNA per well was 

added to 200μl serum free media (Appendix I) in a separate 1.5ml microcentrifuge tube (Eppendorf, 

Hauppage, New York, USA). Before incubation at room temperature for 5 minutes, gentle pipetting 

mixed each solution. The solutions were then combined and mixed in a single 1.5ml microcentrifuge 

tube (Eppendorf, Hauppage, New York, USA) before incubating at room temperature for 20 minutes. 

Afterwards 100μl of the transfection/DNA/media mixture was added drop-wise to the cells in the wells. 

Twenty four hours after the H9c2 cells were seeded and transfected, the cells were differentiated to 

cardiac myotubes as described in section 2.10.1.4 and incubated at 37°C in a Thermo Scientific 
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Forma Steri-Cycle 5% carbon dioxide humidified incubator (Thermo Fisher Scientific Inc., 

Massachusetts, USA) for 5 days.   

 

Optimal knockdown conditions such as siRNA concentration and time point of transfection, for 

RNA/protein extractions, were optimised by transfecting H9c2 cells with siRNA constructs (Qiagen, 

Hilden, Germany). To establish optimised knockdown conditions, the following procedure was 

followed: 45 000 cells were seeded in six well plates (Appendix II) (Greiner Bio-One, Frickenhausen, 

Germany), of which one plate was transfected before the cells were differentiated (section 2.10.1.4) 

and the other plate was differentiated for 5 days before transfection. Once the ideal time-point for 

transfection was optimised at transfection post differentiation, the siRNA concentration was 

determined by transfecting H9c2 cells with an Alexa Fluor 488-labelled non-silencing control (NSC) 

(Qiagen, Hilden, Germany) at different concentrations, as recommended by the manufacturer‟s 

protocol (5nM, 10nM). 

 

2.12 Assessment of Y2H constructs 

 2.12.1 Phenotypic assessment of yeast strains 

The phenotype of each of the yeast strains used in the Y2H analysis was assessed before 

transformation of the MyBPH:pGBKT7 bait plasmid and the respective prey p lasmids into the GOLD 

and Y187 strain. Both strains were plated onto different agar plates containing specific selection media 

(SD-Ade, SD-Trp, SD-His, SD-Leu, SD-Ura) (Appendix I) and the non-transformed yeast cells that 

were able to grow on SD-Ura and were unable to grow on SD-Ade, SD-Trp, SD-His, SD-Leu were 

used for transformation and subsequent Y2H analysis.       

 

 2.12.2 Toxicity tests of transformed cells 

In order to determine whether the pGBKT7-MyBPH bait construct (section 2.8.1) is toxic when 

expressed in the GOLD yeast strain (section 2.9.2), a growth curve of the GOLD yeast strain 

transformed with pGBKT7-MyBPH was compared with a growth curve of the GOLD yeast strain 

transformed with non-recombinant pGBKT7. These growth curves were set up under the same 

experimental conditions at the same point in time. Each of the aforementioned transformed yeast 

strains were grown in SD-Trp media (Appendix I) in 50ml polypropylene tubes (Greiner Bio-One, 

Frickenhausen, Germany) overnight at 30°C, in a YIH DER model LM-530 shaking incubator (SCILAB 

Instrument Co. Ltd., Taipei, Taiwan) (200rpm) to a stationary growth phase. The growth cultures were 
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then diluted 1:10 in SD-Trp media (Appendix I) and incubated at 30°C in a shaking incubator 

(200rpm). A 1ml aliquot of the culture was taken and its OD600nm was measured every 2 hours over a 

period of 8 hours. A linearised graph of the log of these OD600nm readings versus time was drawn and 

the slopes of the graphs generated for the recombinant and non-recombinant transformants were 

compared.    

 

 2.12.3 Testing the mating efficiency 

Small-scale yeast matings were performed to determine whether the bait construct had any significant 

effect on the mating efficiency of the GOLD yeast cells. The pGBKT7-MyBPH bait transformed GOLD 

strain was mated with the Y187 prey host strain, into which either the non-recombinant pGADT7-Rec 

prey vector (Appendix III) or the control prey vector, pTD1.1 was transformed (Clontech Laboratories, 

Inc., Palo Alto, California, USA). Control matings, in which either the non-recombinant pGBKT7 or the 

control pGBKT7-53 vector transformed GOLD strain (Clontech Laboratories, Inc., Palo Alto, California, 

USA) was mated with Y187 prey host strain, which was transformed with either the non-recombinant 

pGADT7-Rec prey vector or the pTD1.1 control prey vector, were conducted concurrently with the 

aforementioned matings. In order to determine the mating efficiency, the yeast strains GOLD 

pGBKT7-MyBPH and GOLD pGBKT7 were plated onto the SD-Trp nutritional selection agar plates 

(Appendix I) and the Y187 pGADT7-Rec and Y187 pTD1.1 yeast strains were plated onto SD-Leu 

agar plates (Appendix I). Plates were incubated at 30°C for 2 to 4 days in a Sanyo MIR262 stationary 

ventilated incubator (SANYO Electronic Co., Ltd., Ora-Gun, Japan). A single colony from each of the 

test mating plates were used to innoculate 1ml YPDA media (Appendix I), in a 15ml polypropolene 

tube (Greiner Bio-one, Frickenhausen, Germany). These matings were incubated overnight at 30°C, 

shaking at 200rpm in a YIH DER model LM-530 shaking incubator (SCILAB Instrument Co. Ltd., 

Taipei, Taiwan). Following incubation, serial dilutions (1:10, 1:100, 1:1000 and 1:10 000) of the mating 

cultures were plated onto SD-Leu, SD-Trp and SD-Trp-Leu agar plates (Appendix I). These plates 

were incubated in an inverted position at 30°C for 4 to 5 days in a Sanyo MIR262 stationary ventilated 

incubator (SANYO Electronic Co., Ltd., Ora-Gun, Japan), prior to counting  the colonies on each plate 

and calculating the mating efficiency (Appendix II).         

 

2.13 Yeast two-hybrid analysis 

 2.13.1 The cardiac cDNA library 

The pre-transformed MATCHMAKERTM cDNA human cardiac library (Clontech Laboratories, Inc., Palo 

Alto, California, USA) in the Y187 S.cerevisciae strain, used for the Y2H screen, was constructed by 

Stellenbosch University  http://scholar.sun.ac.za



 
64 Materials and Methods 

homologous recombination-mediated cloning in a pGADT7-Rec vector. The library consisted of 

normal, whole hearts pooled from three Caucasian males of the following ages: 33 and 55 years that 

died due to trauma. The library contained approximately 1.15 X 107 independent clones and had an 

insert range of between 0.5 and ≥ 3.0kb. 

 

 2.13.2 Establishment of bait culture 

A pGBKT7-MyBPH transformed GOLD colony was streaked out onto SD-Trp agar plates (Appendix I) 

and four of the resultant colonies were inoculated in four separate 500ml Erlengmeyer flasks 

containing 50ml SD-Trp media (Appendix I). These cultures were grown to obtain a final pooled bait 

culture with a titre of at least 1 X 1010. In order to ensure a high mating efficiency, a 100-fold excess of 

the bait to prey culture was needed. These 50ml cultures were incubated at 30°C overnight, shaking at 

200rpm in a YIH DER model LM-530 shaking incubator (SCILAB Instrument Co. Ltd., Taipei, Taiwan). 

Following overnight incubation, cells were pelleted in 50ml polypropolene tubes  

(Greiner Bio-One, Frickenhausen, Germany) using an Eppendorf model 5810/5810R centrifuge 

(Eppendorf, Hauppauge, New York, USA) at 3000rpm for 10 minutes at room temperature. The 

supernatants were then discarded and all four the pellets were resuspended in a total volume of 50ml 

SD-Trp media (Appendix I). The 50ml resuspension was subsequently transferred to a 500ml 

Erlengmeyer flask and incubated at 30°C for 16 hours in a YIH DER model LM-530 shaking incubator 

(SCILAB Instrument Co. Ltd., Taipei, Taiwan) (200rpm). Following incubation, the OD600nm of 1ml of 

the of the bait culture was measured and the cells counted before the cells were centrifuged at 

3000rpm at room temperature in an Eppendorf model 5810/5810R centrifuge (Eppendorf, Hauppauge, 

New York, USA) for 10 minutes. The supernatant was discarded and the pellet resuspended in the 

residual SD-Trp media (Appendix I). A 10µl aliquot of this culture was removed for control mating 

experiments. 

 

 2.13.3 Library mating 

A 1ml pre-transformed cardiac cDNA library (Clontech Laboratories, Inc., Palo Alto, California, USA) 

aliquot stored at -80°C was thawed and vortexed using a Whirlimixer vortex (Fisher Scientific UK Ltd., 

Loughborough, UK). Subsequently, 10μl of the thawed library was transferred to a 1.5ml 

microcentrifuge tube (Eppendorf, Hauppauge, New York, USA) for the library titre. In order to 

determine the mating efficiency, 100μl aliquots of 1:100, 1:1000, 1:10 000 dilutions were plated out 

onto 90mm SD-Trp, SD-Leu, SD-Trp-Leu agar plates (Appendix I).   
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The remaining pre-transformed library culture (990μl) was added to 45ml 2X YPDA media (Appendix I) 

containing the pGBKT7-MyBPH:GOLD bait culture (section 2.13.2) and 50μg/ml Kanamycin in a 2L 

Erlengmeyer flask. To ensure all of the remaining growth culture in the 500ml Erlengmeyer flask was 

being used, the flask was washed out twice with 30ml 2X YPDA (Appendix I), which was then 

transferred to the culture in the 2L Erlengmeyer flask. The culture was incubated at 30°C in a YIH 

DER model LM-530 shaking incubator (SCILAB instrument Co. Ltd., Taipei, Taiwan), shaking at 

200rpm overnight. The following day a drop of the mating culture was viewed on a slide under the 

microscope (Nikon Corporation, Tokyo, Japan) to confirm the presence of zygotes before plating out 

the mated culture. 

 

The content of the 2L Erlengmeyer flask was transferred to a 50ml polypropolene tube  

(Greiner Bio-One, Frickenhausen, Germany) and centrifuged for 10 minutes at 3000rpm in an 

Eppendorf model 5810/5810R centrifuge (Eppendorf, Hauppauge, New York, USA). To ensure that all 

of the remaining mating culture is plated out, the Erlengmeyer flask was rinsed twice with 50ml 2X 

YPDA (Appendix I). The rinses were used to resuspend pelleted cells and recentrifuged at 3000rpm 

for 5 minutes to repellet the cells. All pelleted cells were resuspended in 10ml 0.5X YPDA  

(Appendix I), containing 50μg/ml Kanamycin. The total volume of cells plus media was 13ml.   

 

Serial dilutions (1:10, 1:100, 1:1000 and 1:10 000) of 100µl of the mating culture were plated onto 

90mm SD-Leu, SD-Trp and SD-Trp-Leu agar plates (Appendix I) in order to determine the bait: library 

maiting efficiency and the number of library plasmids screened (Appendix II). A volume of 250μl of the 

remaining mating culture was plated directly onto each of the 58 140mm TDO (SD-Trp-Leu-His) agar 

plates (Appendix I), before the plates were incubated for 2 weeks in an inverted position at 30°C in a 

Sanyo MIR262 stationary ventilated incubator (SANYO Electronic Co., Ltd., Ora-Gun, Japan).  

 

 2.13.4 Establishing a library titre 

The colonies of the mating culture serial dilutions (1:10, 1:100, 1:1000 and 1:10 000) that grew on the 

selection plates SD-Leu, SD-Trp and SD-Trp-Leu (section 2.12.3) were counted to calculate the 

mating efficiency of the library mating and the number of library plasmids screened (Appendix II).   
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 2.13.5 Control matings 

Control matings were performed to ensure that the recombinant pGBKT7-MyBPH:GOLD construct 

had no influence on the ability of the transformed GOLD strain to mate with the Y187 library strain.  

Consequently, 10μl of the pGBKT7-MyBPH:GOLD and the pTD1.1:Y187 cultures were co-innoculated 

in 1ml 0.5X YPDA (Appendix I) and incubated overnight shaking at 200rpm in a 30°C YIH DER model 

LM-530 shaking incubator (SCILAB Instrument Co. Ltd. , Taipei, Taiwan). Following incubation, 

cultures were diluted (1:10; 1:100; 1:1000; 1:10 000) and plated onto SD-Trp, SD-Leu and SD-Trp-Leu 

plates (Appendix I). After incubating the plates at 30°C for 3 to 5 days in a Sanyo MIR262 stationary 

ventilated incubator (SANYO Electronic Co., Ltd., Ora-Gun, Japan), the colonies were counted and 

the mating efficiency calculated as previously described (section 2.12.3) (Appendix II). 

 

2.13.6 Detection of activation of nutritional reproter genes 

  2.13.6.1 Selection of transformant yeast colonies 

In order to identify transformant yeast colonies to use in this Y2H library screen, the  

pGBKT7-MyBPH:GOLD bait construct was plated onto SD-Trp plates (Appendix I), and incubated at 

30°C for 3 to 5 days in a Sanyo MIR262 stationary ventilated incubator (SANYO Electronic Co., Ltd., 

Ora-Gun, Japan). Transformant yeast colonies were picked and used for both small-scale and library 

mating experiments.  

 

    2.13.6.2 Selection of diploid yeast colonies containing putative interactor peptides  

In order to identify diploid colonies in which an interaction between the bait- and prey-fusion peptides 

had taken place, diploid yeast colonies were plated onto TDO and QDO plates, containing 

Aureobasidin A (AbA) (TDO+AbA) (QDO+AbA) (Appendix I). Growth on TDO+AbA and QDO+AbA 

plates signify resistance to AbA and the transcriptional activation of the reporter gene HIS3 and both 

HIS3 and ADE2, respectively.  

 

2.13.7 Detection of activation of colourimetric reporter genes via X-α-galactosidase assay 

Yeast colonies that were resistant to AbA and activated transcription of the HIS3 and ADE2 reporter 

genes, as determined by their growth on QDO+AbA agar plates (Appendix I), were transferred to 

Hybond N+ nylon membrane. These membranes were subsequently placed, colony side up, onto 

QDO+AbA plates containing 20mg/ml X-α-galactosidase (Clontech Laboratories, Inc., Palo Alto, 

California, USA) (Appendix I). Growth of yeast cultures on these plates indicated transcription of the 
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MEL1 reporter gene by specific interaction between bait and prey peptides. After incubation at 30°C 

for 3 to 5 days in a Sanyo MIR262 stationary ventilated incubator (SANYO Electronic Co., Ltd.,  

Ora-Gun, Japan), the colour of the yeast colonies were assesed visually.   

 

 2.13.8 Rescuing prey plasmids from diploid colonies  

All yeast colonies that grew on the QDO+AbA agar plates (section 2.13.6) and turned blue on the 

plates containing X-α-galactosidase (section 2.13.7) contained putative MyBPH interactors. In order to 

test the specificity of the putative interaction and to identify the putative interactors, prey plasmids had 

to be isolated from the diploid colonies. Plasmids were isolated from diploid yeast colonies  

(section 2.1.3) and then transformed into E.coli DH5α cells (section 2.11.1), before plating the 

transformed cultures onto LB plates (Appendix I) containing ampicilin (F. Hoffmann-La Roche Ltd., 

Basel, Switzerland) to select for prey constructs. Subsequently, the prey plasmids were purified  

(section 2.1.1) and transformed into the Y187 prey yeast strain (section 2.11.2).        

 

 2.13.9 Interaction specificity test 

Once the prey contructs were isolated, the specificities of the interactions between the MyBPH-

pGBKT7 bait construct and each of the prey constructs were assessed by mating each of the prey 

colonies on agar plates (Appendix I) containing the appropriate selection media. Each of the prey 

colonies were mated with the following transformed GOLD strains; the recombinant pGBKT7-MyBPH 

bait construct, the non-recombinant pGBKT7, the pGBKT7-53 control bait-plamid, supplied by the 

manufacturer (Clontech Laboratories, Inc., Palo Alto, California, USA) and the GOLD strain 

transformed with a heterologous bait encoding a transmembrane protein, wolframin (WFS1), a protein 

exclusively expressed in the brain. Diploid clones were selected on SD-Trp-Leu plates (Appendix I), 

after which positive clones were streaked out onto TDO+AbA and QDO+AbA plates (Appendix I) to 

test for resistance to AbA and activation of nutritional reporter genes. Clones that were positive on 

both the TDO+AbA and QDO+AbA plates (Appendix I) and produced a blue colour in the presence of 

X-α-galactosidase (20mg/ml) (Clontech Laboratories, Inc., Palo Alto, California, USA) were considered 

true putative interactors of MyBPH, in the absence of any colony growth for any of the control matings. 

Subsequently, prey constructs considered to be true interactors of MyBPH were subjected to 

automated DNA sequencing (section 2.5) and sequencing analyses (section 2.6) to reveal their 

identities.     

 

Stellenbosch University  http://scholar.sun.ac.za



 
68 Materials and Methods 

2.14 Co-immunoprecipitation (Co-IP) 

For Co-IP, 150μg prepared lysate (section 2.6 and section 2.10.2) was pre-cleared by transferring it to 

a 1.5ml microcentrifuge tube (Eppendorf, Hauppage, New York, USA) containing 30μl protein  

G agarose beads (KPL, Gaithersburg, Maryland, USA), which were incubated at 4°C for 30 minutes 

on a LabRoller II rotator wheel (Labnet International Inc., New Jersey, USA) at 60rpm. After 

centrifugation at room temperature at 7000rpm for 30 seconds in a Labnet PrismTM microcentrifuge 

(Labnet International Inc., New Jersey, USA), the pre-cleared lysates (supernatant) were transferred 

to a clean 1.5ml microcentrifuge tube (Eppendorf, Hauppage, New York, USA). A lysis mixture 

containing the appropriate amount of pre-cleared lysate (150μg), 1μg primary antibody and passive 

lysis buffer (Appendix I) to a total volume of 200μl was prepared and incubated overnight at 4°C for  

30 minutes on a LabRoller II rotator wheel (Labnet International Inc., New Jersey, USA) at 60rpm. For 

each experiment two controls were included, the negative control to which a “non-relavant” antibody,  

HA-probe F-7 AC (sc-7392, Santa Cruz Biotechnology, California. USA), was added to the lysis 

mixture instead of the antibody of interest, and the second was the protein G agarose control, which 

contained no antibody at all, only pre-cleared lysate and passive lysis buffer (Appendix I). 

 

Following the overnight incubation, 60μl protein G agarose beads (KPL, Gaithersburg, Maryland, USA) 

were added to each sample and incubated at 4°C on a LabRoller II rotator wheel (Labnet International 

Inc., New Jersey, USA) at 60rpm for a further 60 minutes. The beads were then collected by 

centrifugation at 7000rpm for 30 seconds and the supernatant transferred to clean  

1.5ml microcentrifuge tubes (Eppendorf, Hauppage, New York, USA), which was kept on ice for use 

as controls in western blot analyses (section 2.15). Passive lysis buffer (200μl) (Appendix I) was used 

to wash the beads 3 to 5 times, by centrifugation in a Labnet PrismTM microcentrifuge (Labnet 

International Inc., New Jersey, USA) between each wash step and discarding the supernatant each 

time, before adding more passive lysis buffer (Appendix I) to wash. After the final wash, the 

supernatant was removed from the agarose beads and 35μl pre-mixed SDS Laemlli sample buffer 

(Bio-Rad, Hercules, California, USA), containing 5% β-mercapto-ethanol (Merck, Darmstadt, 

Germany), was added to each sample. These samples were denatured at 95°C for 5 minutes in a 

Techne Dri-block DB-3A heating block (Techne Ltd., Duxford, Cambridge, UK) and centrifuged at 

7000rpm for 30 seconds in a Labnet PrismTM microcentrifuge (Labnet International Inc., New Jersey, 

USA). The supernatant for each sample was loaded onto 4-15% TGX resolving pre-cast SDS 

polyacrylamide gels (section 2.4.2).       
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2.15 Western blotting 

Proteins obtained from Co-IP assays (section 2.14) were visualised on western blots. The optimal 

primary and secondary antibody concentrations used to detect putative interactions with MyBPH are 

summarised in Table 2.4. For the immunoprecipitation analyses performed to determine siRNA-

mediated knockdowns of MyBPH and cMyBPC (section 2.14), the supernatant of each sample was 

kept on ice and used to blot for GAPDH (Santa Cruz Biotechnology, California, USA), which served as 

loading control at the optimised concentrations (Table 2.4).  

 2.15.1 Membrane blocking 

Following the transfer of proteins from the 4-15% TGX resolving pre-cast SDS polyacrylamide gels 

(section 2.4.2) onto the PVDF membranes (section 2.4.3), the membranes were removed from the 

iBLOT transfer machine and washed with TBST (Appendix I). The membranes were then blocked in 

5% Elite fat-free instant powder milk (Clover, Roodepoort, South Africa) in TBST (Appendix I), 

containing 0.01% Tween-100 (Merck, Darmstadt, Germany) at room temperature for 60 minutes on a 

STUART orbital shaker model SSL1 shaking at 200rpm (Barloworld Scientific Ltd., Staffordshire, UK), 

to reduce the amount of background or non-specific binding of the antibodies.         

 

 2.15.2 Addition of primary antibody 

After the PVDF membrane was blocked in 5% fat-free milk in TBST (section 2.15.1), the PVDF 

membrane was incubated overnight at 4°C on a STUART orbital shaker model SSL1 shaking at 

200rpm (Barloworld Scientific Ltd., Staffordshire, UK) with the appropriate primary antibody at the 

optimised concentration (Table 2.4) diluted in either 5% fat-free milk or 5% bovine serum albumin 

dissolved in TBST, containing 0.01% Tween-100 (Merck, Darmstadt, Germany) (Table 2.4). After 

primary antibody incubation, the PVDF membrane was washed three times (10 minute washing steps) 

using fresh TBST on a STUART orbital shaker model SSL1 shaking at 200rpm (Barloworld Scientific 

Ltd., Staffordshire, UK) at room temperature.  
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Table 2.4 Primary and secondary antibody concentrations for western blot analyses. 

Abbreviations: ACTC1, cardiac α-actin; GAPDH,  glyceraldehyde 3-phosphate dehydrogenase; MyBPC3,  

cardiac myosin binding protein C, MyBPH, myosin binding protein H; MYH7, cardiac β-myosin heavy chain;  

UBC9, SUMO-conjugating enzyme UBC9 

 

*All secondary antibodies were HRP-conjugated for chemiluminescent visualisation and supplied by Santa Cruz 

Biotechnology, California, USA. 
#
Antibodies were supplied by Abcam

®
, Massachusetts, USA, 

**
Antibodies were 

supplied by Thermo Scientific, Pierce Biotechnology, Illinois, USA, 
+
Antibodies were supplied by Santa Cruz 

Biotechnology, California, USA. 

 

 2.15.3 Addition of secondary antibody 

Following the wash steps to get rid of the primary antibody, the PVDF membrane was incubated with 

the appropriate concentration of secondary antibody in 5% milk in TBST containing 0.01% Tween-100 

(Merck, Darmstadt, Germany) (Table 2.4) at room temperature for 60 minutes on a STUART orbital 

shaker model SSL1 at 200rpm (Barloworld Scientific Ltd., Staffordshire, UK). The membrane was then 

washed three times (10 minute washing steps) with fresh TBST, while shaking at room temperature on 

a STUART orbital shaker model SSL1 at 200rpm (Barloworld Scientific Ltd., Staffordshire, UK). 

 

 2.15.4 Chemiluminescent visualisation of membrane proteins  

After washing the PVDF membrane, the membrane was subjected to a working solution of the  

Supersignal West Pico Chemiluminescent Substrate (Thermo Scientific, Pierce Biotechnology, Illinois, 

USA), which consists of a 1:1 ratio of two substrates, the Supersignal West Pico Enhancer solution 

Antigen 
Primary 

Antibody 

Catalogue 

Number 
Solution TBST 

Optimum 

Concentration 

*Secondary 

Antibody 

Optimum 

Concentration 

MyBPH 
#
MyBPH ab55561 5% milk 1:500 Donkey-anti mouse 1:2000 

ACTC1 
**
ACTC1 PA5-21396 5% milk 1:1000 Donkey-anti rabbit 1:2000 

UBC9 
#
UBC9 ab21193 5% milk 1:100 Donkey-anti rabbit 1:2000 

MYH7 
#
MYH7 ab15 

5% bovine 

serum albumin 
1:1000 Donkey-anti mouse 1:2000 

MyBPC3 
+
MyBPC3 sc-67353 5% milk 1:400 Donkey-anti rabbit 1:2000 

GAPDH 
+
GAPDH sc-25778 5% milk 1:2000 Donkey-anti rabbit 1:2000 
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and the Supersignal West Pico Stable Peroxide solution. Visualisation of the proteins on the 

membrane took place in the dark room, as reagents were sensitive to light. The membrane was 

incubated in this working solution for 5 minutes before the membrane was removed and placed 

between two transparent plastic sheets, within an autoradiography cassette. A glow-in-the-dark sticker 

was placed in the bottom right corner on the plastic sheet in the cassette to aid in orientation. The 

membrane was then exposed to autoradiography film (Thermo Scientific, Pierce Biotechnology, 

Illinois, USA) for 10 seconds to 10 minutes and developed using an automatic HyperprocessorTM 

autoradiography film processor (Amersham Pharmacia Biotech UK Ltd., Little Chalfont, Bucks, UK).   

 

2.16 Co-localisation 

 2.16.1 Co-localisation assay 

For co-localisation of putative interactions identified in the Y2H analyses (section 2.13), the 

appropriate antibodies were used to stain endogenous proteins as indicated in Table 2.5. However, for 

the autophagy assay the LC3b-II_GFP construct was transfected into H9c2 cells (section 2.11.3), after 

which the cells were differentiated for 5 to 10 days (2.10.1.4) before proceeding with the co-

localisation assay, as described below.   

 

For co-localisation assays, approximately 10 000 to 15 000 H9c2 cells were seeded, and transfected 

in the case of the autophagy assays, on sterile glass coverslips (section 2.11.3) before differentiation 

for 5 to 10 days (section 2.10.1.4). The differentiation media was removed and the cells washed with 

PBS (Appendix I). Subsequently, the cells were fixed to the glass coverslips using 100% methanol at 

4°C for 5 minutes and 5% paraformaldehyde at room temperature for an additional 5 minutes. The 

cells were washed three times (10 minute washing steps) using PBS, before incubation with  

1% bovine serum albumin for 60 minutes to reduce non-specific binding of antibodies. After blocking 

the coverslips, the cells were incubated with the primary antibody at the optimised concentration 

(Table 2.5), diluted in 1% bovine serum albumin overnight at 4°C in a humidified chamber. 

   

The following day the excess primary antibody was removed by washing the coverslips twice  

(10 minute washing steps) using PBS. The coverslips were then incubated with the secondary 

antibody (diluted in PBS) at the optimised concentrations (Table 2.5), at room temperature for 90 

minutes in a humidified chamber. Prior to staining the nuclei of the differentiated H9c2 cells with 

Hoechst H-33342 (Sigma-Aldrich Inc., St Louis, USA) at an optimised concentration of 0.5μg/ml in 

PBS at room temperature for 10 minutes, the excess secondary antibody was washed off three times 
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(10 minute washing steps) using PBS. The excess Hoechst H-33342 was washed of with PBS for 10 

minutes, before mounting the coverslip to glass slides using 20-30μl Mowiol, containing freshly added  

n-propylgallate as anti-fade (Appendix I).     

 

Table 2.5 Antibodies and antibody concentrations for co-localisation assays.  

Antigen 
Primary 

Antibody 

Catalogue 

Number 

Optimum 

Concentration 
*Secondary Antibody 

Optimum 

Concentration 

MyBPH 
#
MyBPH ab55561 1:20 

Donkey-anti mouse (Cy5) 1:500 

Donkey-anti mouse (Cy3) 1:500 

ACTC1 
**

ACTC1 PA5-21396 1:100 Donkey-anti rabbit (AF488) 1:500 

UBC9 
#
UBC9 ab21193 1:10 Donkey-anti rabbit (Cy3) 1:500 

MYH7 
o
MYH7 LS-B5888 1:50 Donkey-anti rabbit (AF488) 1:500 

MyBPC3 
#
MyBPC3 ab140892 1:50 Donkey-anti rabbit (Cy3) 1:500 

Abbreviations: AF488, Alexa Fluor 488; Cy3, cyanine dye 3; Cy5, cyanine dye 5; ACTC1, cardiac α-actin; 

MyBPC, cardiac myosin binding protein C, MyBPH, myosin binding protein H; MYH7, cardiac β-myosin heavy 

chain; UBC9, SUMO-conjugating enzyme UBC9  

*All secondary antibodies were fluorescently labelled and supplied by Jackson ImmunoResearch Laboratories  

Inc., USA. 
#
Antibodies were supplied by Abcam

®
, Massachusetts, USA 

+
Antibodies were supplied by Santa Cruz 

Biotechnology, California. USA, 
**

Antibodies were supplied by Thermo Scientific, Pierce Biotechnology, Illinois, 

USA, 
o
Antibodies supplied by Li fespan Biosciences Inc., Washington, USA.  

 

Table 2.6 Excitation and emission spectra of fluorescent proteins used in co-localisation assays.  

Fluorescent Protein Excitation (nm) Emission (nm) 

Hoechst 358 461 

GFP 395 509 

AF488 496 519 

Cy3 550 570 

Cy5 650/670 649 

Abbreviations: AF488, Alexa Fluor 488; Cy3, cyanine dye 3; Cy5, cyanine dye 5; GFP, green fluorescent  

protein; nm, nanometer 
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The slides were viewed using the Zeiss LSM 510 Meta confocal microscope, with a pulsed infrared 

laser for 2-photon excitation and imaging (NLO) or the super resolution ELYRA S1, with SR-SIM and 

LSM 780 technology, located at the Confocal and Light Microscope Imaging Facility, UCT, South 

Africa and the Central Analytical Facility, Department of Physiological Sciences, Stellenbosch 

University, South Africa, respectively. The excitation and emission spectra of fluorescent proteins are 

shown in Table 2.6. All images were captured using a 60X oil immersion objective.   

 

Co-localisation of proteins were quantified using the Zeis Zen 2011 Lite software package, 

downloaded from the Carl Zeiss website; 

http://microscopy.zeiss.com/microscopy/en_de/downloads/zen.html (Carl Zeiss Microscopy GmbH, 

Jena, Germany). This software allowed calculation of overlap (Figure 2.1) and co-localisation 

coefficients as derived from Mander‟s article based on Pearson‟s correlation coefficient (Figure 2.2) 

(Zinchuk, 2007; Dunn, 2011). 

 

  

       Overlap coefficient : [Σ(Ch1i)(Ch2i)]/[√(sum(Ch1i)
2(Ch2i)

2)] 

 

Figure 2.1 Formula for calculating the overlap coefficient.  

The values for the overlap coefficient range from 0 to 1. An overlap coefficient with a value of 1 would 

represent perfectly co-localised pixels.  

 

 

       Pearson's correlation:[Σ(Ch1i−Ch1avg)(Ch2i−Ch2avg)]/[√(sum(Ch1i−Ch1avg)2(Ch2i−Ch2avg)2)]  

 

Figure 2.2 Formula for calculating the Pearson‟s correlation.  

 

Because each pixel is subtracted by the average pixel intensity, the value for correlation R can range 

from -1 to 1. A value of 1 would mean that the patterns are perfectly similar (co-localised), while a 

value of -1 would mean that the patterns are perfectly opposite.  
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For each co-localisation image, three images of each of the bait protein and prey proteins were taken 

and the average baseline threshold was determined for each channel, which was used to calculate the 

average co-localisation of the respective bait and prey protein pairs in at least 20 overlay images, 

which included z-stack images.   

 

2.17 RNA-interference-mediated knockdown 

 2.17.1 siRNA preparation, transfection and optimisation 

For the siRNA-mediated knockdown assay, cells were seeded and transfected with siRNA constructs 

as described in section 2.11.3. For both MyBPH and cMyBPC, four different siRNA constructs 

(Qiagen, Hilden, Germany) were prepared and diluted according to the manufacturer‟s instructions 

with RNase free H2O to a concentration of 20μM. Each assay included a well which was transfected 

with a NSC siRNA construct, which consisted of scrambled RNA sequence. An  

Alexa Fluor 488-labelled NSC was used to transfect the cells (section 2.11.3) at different 

concentrations and viewed using the Zeiss LSM 510 meta two-photon laser scanning confocal 

microscope, located at the Confocal and Light Microscope Imaging Facility, UCT, South Africa. The 

concentration of siRNA used to transfect the cells was optimised at 200ng per well, for a final 

concentration of 10nM. To determine whether the cells should be transfected with siRNA constructs 

before the cells were differentiated (pre-differentiation) or after the cells were differentiated  

(post-differentiaton) (section 2.10.1.4), cells were seeded onto glass coverslips (section 2.11.3) and 

transfected with the optimised concentration of Alexa Fluor 488-labelled NSC (10nM). Cells were 

visualised using the Zeiss LSM 510 meta two-photon laser scanning confocal microscope at the 

Confocal and Light Microscope Imaging Facility, UCT, South Africa.   

 

Significant individual and concurrent knockdown of MyBPH and cMyBPC in the siRNA-treated groups 

compared to the NSC-treated group were determined by unpaired, two-tailed t-test, where a p-value 

<0.05 indicated significance. Graphpad Prism software version 5.03 for Windows was used for 

statistical analyses (Graphpad Software Inc., California, www.graphpad.com). Data presented are the 

mean ± SEM, representative of three independent experiments. 

 

 2.17.2 Contractility assay 

To investigate the role of MyBPH and cMyBPC in cardiac cell contractility, the planar cell surface area 

of the seeded and transfected cells (section 2.11.3) were measured using the Axiovert fluorescent 

microscope, located at the Central Analytical Facility, Stellenbosch University, South Africa, as 
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previously described (Chen et al., 2004, 2011). A concentration of 0.1μM of the β-adrenergic 

stimulant, isoproterenol (Sigma-Aldrich Inc., St Louis, USA) was added to four of the eight wells 

(Figure 2.3) and the marked cells within each well were captured every 20 minutes to calculate the 

planar cell surface area upon isoproterenol stimulation.  

 

An average of six cells in each well were used to calculate the percentage contractility over time. The 

experiment was repeated three times and the data pooled to achieve an average percentage for each 

group. The planar surface area of each cell was measured at time point 0, 20 minutes, 40 minutes and 

60 minutes. The isoproterenol treated groups were normalised with the non-isoproterenol treated 

groups. For statistical analysis, a mixed model repeated measures ANOVA test was used by  

Professor Martin Kidd, at the Centre for Statistical Consultation, Department of Statistics and Actuarial 

Sciences, Stellenbosch University, Stellenbosch, South Africa to determine whether there is a 

significant difference in percentage contractility between the siRNA treated groups over time.   

 

 

H3 siRNA 

Isoproterenol 

treated 

 

C3 siRNA 

Isoproterenol 

treated 

 

H3 + C3 siRNA 

Isoproterenol 

treated 

 

NSC siRNA 

Isoproterenol 

treated 

 

H3 siRNA 

 

H3 siRNA 

 

H3 + C3 siRNA 

 

NSC siRNA 

Figure 2.3. A representation of 8-well borosilicate glass-bottomed chambers (Nunc, New York, USA) and 

the experimental preparation of the contractility assay, indicating which siRNAs were used and how they 

were treated. Abbreviations: H3, siRNA type H3 specific to myosin binding protein H; C3, siRNA type C3 

specific to myosin binding protein C; siRNA, small interfering RNA; NSC, non-silencing control  

 

MATERIALS AND METHODS: MODIFIER STUDY 

2.18 Study participants 

The Ethical Review Committee of the Faculty of Health Science at Stellenbosch University, South 

Africa, (N04/C3/062) granted institutional approval for this study and informed, written consent was 

obtained from all the participants.  
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A panel of 115 South African HCM unrelated probands, who were consecutively recruited from 

Tygerberg Hospital in the Western Cape, South Africa, or were referred to us from elsewhere, were 

previously screened for mutations in 11 sarcomeric genes. This led to the identification of 27 probands 

harbouring three South African HCM founder mutations, namely R304W in MYH7, A797T in MYH7 

and R92W in TNNT2, as previously described by Moolman-Smook et al., 1999.   

 

The modifier gene study consisted of consenting relatives older than 18 years, for whom HCM-founder 

mutation carrier-status was determined. The South African HCM founder-mutation familial cohort used 

in this modifier gene study consisted of 388 genetically and clinically affected and unaffected 

individuals, from 27 South African HCM families of self-reported Caucasian or Mixed Ancestry 

descent. 

 

 2.18.1 Clinical evaluation 

All participating individuals were clinically characterised by an experienced echocardiographer  

(Dr Miriam Revera from Pavia University, Italy), who was blinded to patient mutation carrier status. 

Echocardiography data obtained were M-mode, transthoracic 2-dimensional (2D) echocardiography 

and Doppler imaging using a GE Healthcare Vivid7 cardiovascular ultrasound system. More 

specifically echocardiographic imaging was measured using a 2.5Hz transducer in standard 

parasternal long- and short-axis orientations and apical four- and two-chamber views. 

Echocardiograms were analysed using measurement conventions as outlined in the American Society 

of Echocardiography (ASE) (Schiller et al., 1989) for the assessment of patients with HCM, as 

previously described by Revera et al., 2008. 

 

Ventricle wall thickness (left ventricular wall thickness [LVWT], maximal posterior wall thickness 

[mPWT] and maximal intraventricular septum thickness [mIVST]) were assessed by 16  

2D-echocardiographic measurements taken at the mitral valve-, papillary muscle- and supra-apex 

levels (Figure 2.4). Six of these 16 segments were measured at the mitral valve- and papillary muscle 

levels (at the anterior interventricular septum [IVS], posterior IVS and anterior wall [AW], lateral wall 

[LW], inferior wall [IW] and posterior wall [PW] of the left ventricle) and four at the supra-apex level  

(at the IVS, AW, LW and PW as per 4 chamber view). 
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Past medical records were obtained for deceased family members and, if relevant, in living individuals 

who had had previous contact with medical services. In addition, medical history and additional 

cofounders for cardiac hypertrophy such as age, sex, body surface area (BSA), heart rate (HR) and 

arterial blood pressure (in sitting position after 5 minutes of rest) were recorded for each individual. 

When participants had blood pressure of more than 140mm and 90mm Hg systolic and diastolic 

pressure, respectively, or were being treated for hypertension, they were considered hypertensive.   

 

 

Figure 2.4 A graphical representation of the three levels of the heart muscle at which wall thickness was 

measured (The image was taken from http://www.med.yale.edu/.../aortic_regurgitation.html, with modifications 

by JC Moolman-Smook.). (A) The blue dotted lines on the long axis view of the left ventricle indicate the mitral 

valve, papillary muscle and apex levels at which echocardiographic parameters were measured. (B) A 

representation of a 2D echocardiographic ultrasound of the left ventricle. Abbreviations: AV, aortic valve; LA,  

left atrium; LV, left ventricle; LVOT, left ventricular out flow tract; MV, mitral valve; RVOT, right ventricular outflow 

tract  

 

In the present cohort principal component analysis (PCA) was used to derive PC1  

(principal component score), which is a weighted sum of 16 wall thickness measurements or 

composite scores of hypertrophy to best define ventricle-wide hypertrophy and LVH variability. 

A

) 

B

) 
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Due to the variable extent and distribution of hypertrophy, the measurement of hypertrophy was 

described by left ventricular mass (LVM), instead of a single wall thickness measurement. Left 

ventricular mass was calculated to estimate the LVM from two-dimensional LV linear dimensions 

according to ASE‟s formula (Figure 2.5). 

 

LVM (g) = 0.8 X 1.04 X [(LVIDd + PWTd + SWTd)3 – (LVIDd)3] + 06g 

  

Figure 2.5 Formula used to estimate LVM from 2D left ventricle linear dimensions. Abbreviations: g,  

gram; LVIDd, left ventricular internal dimension at end-diastole; LVM, left ventricular mass; PWTd, posterior wall 

thickness at end-diastole; SWTd, intraventricular septum thickness at end-diastole 

 

2.19 Blood sample collection and DNA extraction 

A total of two 5ml ethylene-diamine-tetra-acetic acid (EDTA) tubes (Vacutainer, South Africa) and one 

10ml heparin tube (Vacutainer, South Africa) of blood was collected for DNA extraction and 

establishment of permanent lymphosite cell lines, respectively. Blood obtained from patients at other 

centres in South Africa was transported to the laboratory and extracted within 24  hours of sampling. 

The DNA extraction method used to extract the DNA from peripheral blood lymphocytes is an adapted 

method previously described by Corfield et al., 1993. The protocol used to establish the permanent 

lymphosite cell line is a method previously described by Neitzel, 1986.   

 

2.20 Bioinformatics 

 2.20.1 Candidate gene selection 

The candidate genes selected for genotyping in the South African HCM founder-mutation familial 

cohort, were genes encoding the proteins involved in the protein interactions, as identified in the Y2H 

assay and confirmed with co-localisation and Co-IP analyses. The gene information for the genes 

encoding the three prey proteins MYH7, ACTC1, UBC9 and the bait protein, MyBPH and their 

functions are summarised in Table 2.7. 
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Table 2.7 Candidate genes selected for gene association analysis.  

Gene 

Symbol 
Gene Size (bp) Protein Function 

MYBPH myosin binding protein H 8004 Binds to myosin. 

UBC9 

(SUMO-conjugating 

enzyme UBC9) 

ubiquitin-conjugating 

enzyme E2I, UBE2I 

21 472 

Involved in sumoylation, accepts the 

ubiquitin-like proteins from UBLE1A-

UBLE1b E1 complex and catalyses their 

covalent attachment to other proteins with 

the help of an E3 ligase.  

MYH7 Myosin heavy chain 22 981 
Involved in cross bridge cycling and 

contraction. 

ACTC1 Cardiac alpha actin 8044 Involved in various types of cell motility.  

Abbreviations: ACTC1, cardiac α-actin; bp, base pairs; MyBPH, myosin binding protein H; MYH7, cardiac β-

myosin heavy chain; UBC9, SUMO-conjugating enzyme UBC9 

 

 2.20.2 SNP selection 

SNPs spanning MyBPH, MYH7, ACTC1 and UBC9 were selected using the SNPbrowserTM v4.1 

software (De La Vega et al., 2006). The SNPbrowserTM software creates metric linkage disequilibrium 

(LD) maps similar to the genetic map expressed in centi-Morgans (cM) from the HapMap NCBI 36 

assembly, by using the LDMAP programme (Kuo et al., 2007). SNPs can then be selected based on 

their additive position as markers for population-based disease association studies  

(Collins et al., 2004). Accordingly, there is no distance between SNPs in perfect LD in contrast to the 

distance of three or more linkage disequilibrium units (LDUs) between SNPs with no significant 

correlation (De La Vega et al., 2006). In this study, SNPs were selected to achieve an even coverage 

of 0.5 LDUs in the HapMap CEU and YRI populations. Markers were further prioritised with a minor 

allele frequency (MAF) of ≥ 0.05 (De La Vega, 2007). LDU is a measurement that represent the 

genetic map distance between SNPs which depends on the allelic association between these SNPs 

(Maniatis et al., 2004). Details of the SNPs selected for genotyping are presented in Table 2.8.  
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Table 2.8 The SNP position and nucleotide change of SNPs selected for genotyping.  

MyBPH (NM_004997) 

SNP ID 
(rs number) 

Chromosome  
Locus 

Chromosome 
Position (bp) 

Nucleotide  
Change 

2642531 

1q32.1 

201401348 A/C 

4950926 201403289 G/A 

7545750 201405399 T/A 

2250509 201405593 G/A 

2791718 201408047 C/A 

3737872 201410018 T/C 

762625 201411924 C/T 

MYH7 (NM_000257) 

SNP ID 
(rs number) 

Chromosome  
Locus 

Chromosome 
Position (bp) 

Nucleotide  
Change 

12147570 

14q12 

22951760 G/T 

3729833 22953024 C/T 

765019 22953688 T/C 

3729832 22953977 T/A 

7140721 22955534 G/A 

3729825 22956104 C/T 

7159367 22957485 T/C 

10136106 22957705 G/A 

2277475 22958505 A/T 

12147533 22960531 A/G 

743567 22960822 T/G 

7157087 22962790 C/T 

7155989 22962874 G/A 

1951154 22967306 G/A 

2754163 22967347 T/C 

3729810 22969565 A/G 

2239578 22973220 A/G 

2239577 22973792 C/G 

17092326 22973988 G/A 

ACTC1 (NM_005159) 

SNP ID 
(rs number) 

Chromosome  
Locus 

Chromosome 
Position (bp) 

Nucleotide  
Change 

1370154 

15q14 

32869517 C/T 

3729755 32871507 C/G 

2070664 32872493 T/C 

7165006 32873189 C/G 

7166484 32873658 G/A 
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UBC9 (NM_003345) 

SNP ID 
(rs number) 

Chromosome  
Locus 

Chromosome 
Position (bp) 

Nucleotide  
Change 

2281226 

16p13.3 

1304768 C/A 

11248866 1305342 A/G 

9933497 1309731 G/A 

8052688 1312184 G/C 

761059 1314525 G/A 

761060 1314657 G/A 

8063 1314819 G/A 

Abbreviations: A, adenine; ACTC1, cardiac α-actin; bp, base pairs; C, cytosine; G, guanine; MyBPH, myosin 

binding protein H; MYH7, cardiac β-myosin heavy chain; T, thymine; UBC9, SUMO-conjugating enzyme UBC9 

 

2.21 SNP genotyping by KBioscience 

 2.21.1 Sample preparation 

The SNPs selected for genotyping were genotyped using PCR-based KASPTM genotyping assays 

designed by KBiosiences (LGC Genomics Ltd., Hertz, UK). DNA samples were diluted to 20ng/μl and 

60μl were transferred to a 96 well plate (Axygen, Scientific, Inc., California, USA) and sealed with a 

Eppendorf heat sealer (Eppendorf AG, Hamburg, Germany) using peelable heat sealing foil sheets 

(Thermo Scientific, ABgene House, Surrey, UK) before sending the samples to KBiosciences  

(LGC Genomics Ltd., Hertz, UK) for genotyping.  

  

2.21.2 Allelic discrimination 

The software programme SNPviewer2 v3.2.2.16 supplied by LGC KBiosciences, Herts, UK provided 

for allele discrimination and viewing of allelic discrimination plots. The genotyping data was provided in 

a grid format for easy transfer into a database, minimising errors associated with transferring data.   

 

2.22 Statistical analysis 

2.22.1 Descriptive Statistics 

Pedstats v6.11 (Wigginton and Abecasis, 2005) was used to verify and assess the Mendelian 

inheritance within families, the conformance of genotype data of unrelated, individuals with  

Hardy-Weinberg equilibrium (HWE) and the distribution of quantative traits and covariates. 
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Subsequently, the data obtained served as a check for genotyping inconsistencies, which were then 

re-genotyped. 

 

Minor allele frequencies (MAF) and genotype efficiency for SNPs investigated in the present HCM 

cohort were determined using Haploview v4.2 (Barrett et al., 2005). Haploview reports the genotyping 

efficiency for the entire cohort after individuals for whom no DNA was available were excluded, while 

the MAFs were determined on a set of unrelated individuals.  

 

Since linear models and variance components analyses are sensitive to kurtosis and skewness in trait 

distribution, all traits were quantile-normalised to approximate normal distributions (Pilia et al., 2006) 

prior to association analysis.  

 

2.22.2 Linkage disequilibrium (LD) determination 

Genotyping data described in sections 2.21.1 and 2.21.2 were to determine pairwise LD statistics for 

our cohort applying Haploview v4.2 (Barrett et al., 2005). Since our cohort consisted of complex 

families with multiple generations, a set of maximally informative unrelated individuals were selected 

by Haploview for analyses. This was to ensure an accurate estimate of LD, as variants in related 

individuals are in tight LD by definition.   

 

Haploview selects potentially different “informative subsets” with consecutive runs, but there are 

sometimes multiple, equally valid unrelated sample sets, which can result in different LD estimates 

from the same data. This could result in variable LD values when the same data is analysed a number 

of times. In this study, we report on the median of the normalised disequilibrium coefficient (D‟) values, 

which were obtained from 100 consecutive Haploview runs.  

 

If two SNPs are in complete LD the following is true; individuals genotyped for two SNPs in complete 

LD with possible alleles a, A, b and B, would have genotypes ab or AB. When genotyping both these 

SNPs, any association or frequency observed for alleles of one SNP would be true for the alleles of 

other SNP. Complete LD is thus deterministic and if the above-mentioned is true, r2 = 1 (Jarvik, 2003; 

Pittman, 2005). 
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Linkage disequilibrium can also be determined by a D‟ value, for example when the LD between two 

SNPs are being described by D‟ = 0, there is no inheritance pattern between these two SNPs, thus 

these two SNPs would act completely independent of one another. Furthermore, the higher the D‟ 

value, the higher the relation or association between these SNPs would be.  

 

Only if all possible haplotypes are observed in a sample, the D‟ could be less than 1. For example, if 

the D‟ = 1, it means that at least one of the haplotypes, such as aB or Ab are not present in the 

sample. Thus, D‟ is not a strict measure of linkage and in our study cohort LD indicated by D‟ is not 

deterministic, as pair-wise LD was estimated on a selected subset of unrelated individuals every time, 

to give an idea of the LD in the underlying population. It is therefore possible that only one SNP can be 

associated with a hypertrophy trait and the other not, although they are in complete LD (D‟=1) and it is 

thus clear that the allelic effects of these SNPs would not be the same. 

 

2.22.3 Principal component score 

Finding a single echocardiographic measure to quantify the extent of hypertrophy in all HCM patients 

accurately is very difficult, since the hypertrophy phenotype observed in HMC patients is extremely 

variable.   

 

The five hypertrophy traits chosen to represent the HCM hypertrophic phenotype were viz. LVM, 

mIVST, mLVWT (maximal left ventricular wall thickness), mPWT and PC1. Although the use of 

echocadiographically derived LVM is most often used to quantify hypertrophy in HCM, it is known that 

it may not be an accurate account of the variable and asymmetric nature of hypertrophy in HCM. 

Principal component analysis provides a means to derive a single score that comprehensively 

describes the person-to-person variability in hypertrophy, regardless of the variability in the distribution 

of the hypertrophy. The principal component score outcome variable, PC1, is a single score, which is 

a weighted sum of 16 wall thickness measurements and define the largest quantity of variability in this 

data. It is a measure of hypertrophy, which takes into account the variability in distribution, and extent 

of hypertrophy between patients in the cohort, in all 16 measurements combined.    

 

2.22.4 Confounding variables 

All analyses were adjusted for covariates that are known to modulate cardiac hypertrophy. These 

inlcuded the mutation carrier status and the identity of HCM-causing founder mutations viz. R92W 
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mutation in the TNNT2 gene, R403W and A797T mutations in the MYH7 gene, hypertension 

(including treatment for hypertension), mean arterial blood pressure, sex, age, ethnicity (as proxy for 

recent population stratification), BSA and HR (as proxy measure for tachycardia). These known 

confounders were included in the models as fixed effects. Consequently, the effect of the variant were 

being estimated after the effects of the covariates have been removed from the phenotype.   

 

Furthermore possible clustering of the phenotype within families, the extent of relatedness and 

phenotype correlation between each pair of individuals were adjusted for by including random effects 

for family and individuals in the models. The coefficients of the random effects were an indicator of 

family-membership, and a function of the kinship coefficients, respectively.  

    

2.22.5 Heritability 

The definition of broad sense heritability is the ratio of inherited variance to total phenotypic variance. 

A variance components model, the Abecasis pedigree-based QTDT (Abecasis et al., 2000), was used 

to define hypertrophy variability into either environmental or additive genetic effects. Taking into 

account hypertrophy cofounders, this model furthermore estimated the components of variance of the 

quantile normalised hypertrophy traits.  

 

2.22.6 Single nucleotide polymorphism association 

Genetic association between each variant and the five hypertrophy traits chosen to represent the HCM 

hypertrophic phenotype were assessed with a specialised mixed-effects linear model (lmekin function, 

coxme: Mixed Effects Cox Models, R package v2.2-3 (http://CRAN.R-project.org/package=coxme) and 

the kinship2 function: Pedigree functions, R package v1.5.0 (http://CRAN.R-

project.org/package=kinship2). This model enabled us to adjust for per family, as well as per 

individual, random effects, so that they included environmental (individual and per family) and 

polygenic variance components. SNPs were numbered 0, 1 or 2 according to their number of minor 

alleles. A significant association between a bi-allelic variant and a phenotype trait (p-value<0.05) 

indicates that the mean phenotype trait value is significantly different between wild type homozygotes 

(no minor alleles) and heterozygotes (1 minor allele) and that this is equal to the difference between 

heterozygotes and minor homozygotes (2 minor alleles), the so-called additive allelic model.    
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2.22.7 Effect sizes 

In order for the conclusions, specifically p-values, from the linear mixed effect models used for these 

analyses to be valid, the trait values have to be approximately normally distributed. Therefore the traits 

were quantile normalised to approximate normality for appropriate statistical inference (i.e. they deliver 

valid p-values), but these models provide the effect estimates in quantile-normalised units, which are 

not clinically meaningful. In order to estimate the effect sizes in the orginial units of measurement, 

effect sizes were obtained by modelling the raw, untransformed, cardiac wall thickness 

measurements. However, the effect sizes for PC1 were based on modelling the mean of the 16 

untransformed, cardiac wall thickness measurements.  

 

2.22.8 Haplotype assignment and association analysis 

The most probable fully-typed maternal and paternal haplotype pairs for each individual were inferred 

using Simwallk v2.91 (Sobel and Lange, 1996). This programme uses so-called simulated annealing 

to estimate the most likely set of fully-typed maternal and paternal haplotypes of the marker loci at 

each individual in the pedigree. The optimal haplotype configuration were determined in  

Simwalk v2.91 by running the analysis multiple times using different randomly selected starting points. 

These haplotypes were then coded, for each individual, as the number of copies 0, 1 or 2. The 

haplotype-phenotype pairs were modelled with the R function lmekin, in exactly the same way as 

described for genotypes. 
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RESULTS: PROTEIN INTERACTION STUDY 

3.1 Yeast two-hybrid analysis of MyBPH 

 3.1.1 Sequence analyses of the pGBKT7 bait constructs 

After constructing the pGBKT7-MyBPH bait construct, DNA sequence analysis was performed to 

ensure that the integrity of the sequence and the reading frame had been maintained. Results 

revealed that the DNA nucleotide sequence and reading frame had been retained.    

 

 3.1.2 Phenotype test 

The phenotype of the GOLD and Y187 yeast strains were able to grow on SD-Ura media, but were 

unable to grow on SD-Ade, SD-Trp, SD-His and SD-Leu. These results confirmed the phenotype of 

both the GOLD and Y187 yeast strains.  

 

 3.1.3 Toxicity test 

Growth curves were generated in order to establish whether the MyBPH-pGBKT7 construct was toxic 

to the GOLD yeast strain (section 2.12.2). The growth curve of the pGBKT7-MyBPH bait construct 

transformed into GOLD was compared to the growth curve of the non-recombinant pGBKT7 and 

pGBKT7-53 transformed into GOLD. The linearised growth curve of the pGBKT7-MyBPH bait 

transformed GOLD strain was similar to the growth curve of the non-recombinant pGBKT7 and 

pGBKT7-53 transformed GOLD strains, confirming that the bait constructs had no toxic effect on the 

growth of the GOLD yeast strain (Figure 3.1).  
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Figure 3.1 Linear growth curves of yeast strain GOLD transformed with non -recombinant pGBKT7, 

pGBKT7-53 and pGBKT7-MyBPH bait constructs. The growth rate of the pGBKT7-MyBPH transformant were 

compared to the non-recombinant pGBKT7 and pGBKT7-53, in an attempt to determine if the bait constructs 

had any toxic effects on the GOLD strain. Abbreviations: nm, nanometer; MyBPH, myosin binding protein H 

 

 3.1.4 Mating efficiency of GOLD transformed with bait construct 

To ensure that the mating ability of the GOLD yeast strain was not affected by the pGBKT7-MyBPH 

transformation, a small scale yeast mating was performed (section 2.12.3). The mating efficiency of 

the pGBKT7-MyBPH transformed GOLD yeast strain and pTD1.1 transformed Y187 strain was 

compared to the mating efficiency of pGBKT7-53 and pTD1.1. The calculated mating efficiency was 

more than the minimum 2% recommended by the manufacturer and we concluded that the pGBKT7-

MyBPH bait construct did not affect the mating efficiency (Table 3.1).  
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Table 3.1 Effect of the pGBKT7-MyBPH bait construct on the GOLD mating efficiency. 

Matings Mating Efficiency (%) 

pGBKT7-MyBPH:GOLD x pTD1.1:Y187 >2% 

pGBKT7-53:GOLD x pTD1.1:Y187 >2% 

 

 3.1.5 Y2H screening of pre-transformed cardiac cDNA library 

Using the pGBKT7-MYBPH bait, approximately 6 X 106 cardiac cDNA clones were screened.  

Four hundred yeast clones were able to activate the HIS3 reporter gene and were resistant to AbA, as 

they were able to grow on agar plates containing TDO and AbA (Table 3.2). A further 76 clones were 

able to activate the ADE2 reporter gene as was evident by their growth on agar plates containing QDO 

and AbA (Table 3.2). The X-α-galactosidase assay eliminated a further 64 clones, leaving 12 clones 

that were subjected to bait-specificity tests via heterologous bait matings. As detailed in Table 3.3, 

these 12 clones passed the bait specificity tests and were sequenced to reveal the identities of the 

putative interactors.  

 

DNA sequencing identified three clones encoding cardiac β-myosin heavy chain (MYH7), and three 

clones encoding the complete mitochondrial genome, together with one clone each encoding γ-filamin 

(FLNC) transcript variant 2, isoform b, MT-RNR2-like 2 (MTRNR2L2), cardiac α-actin (ACTC1), fas 

(TNFRSF6)-associated factor 1 (FAF1), fibrillin 1 (FBN1) and ubiquitin-conjugating enzyme E2I 

(UBE2I) transcript variant 1, also known as SUMO-conjugating enzyme UBC9 (UBC9). Three of the 

12 putative interactors, as decribed in more detail in Table 3.4, were considered to be plausible 

putative physiological interactors of MyBPH based on their function and cellular localisation as 

assessed in silico.  
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Table 3.2 Activation of nutritional and colourimetric reporter genes by interaction between MyBPH and 

prey clones. Below is a representative subset of the scoring of the 400 clones that activated the HIS3 reporter 

gene and were resistant to AbA, the 76 clones that activated the ADE2 reporter gene and the remaining 12 

clones that were able to activate the MEL1 reporter gene.  

Activation of nutritional and colourimetric reporter genes by prey-MyBPH interaction 

Clone # 
Growth on TDO+AbA                    

(HIS3 activation) 
Growth on QDO+AbA                       

(ADE2 activation) 
X-α-galactosidase (colour) +AbA 

(MEL1 activation) 

1 +++ +++ ++++ (no blue) 

2 ++++ ++++ ++++ (no blue) 

3 ++++ ++++ ++++ (no blue) 

4 ++++ ++++ ++++ (no blue) 

5 ++++ ++++ ++++ (no blue) 

6 ++++ ++++ ++++ (no blue) 

7 ++++ ++++ ++++ (no blue) 

8 ++++ ++++ ++++ (no blue) 

9 ++++ ++++ ++++ (no blue) 

10 ++++ ++++ ++++ (no blue) 

11 + + + (no blue) 

12 ++++ ++++ ++++ (no blue) 

13 ++++ ++++ ++++ (no blue) 

15 ++++ ++++ ++++ (no blue) 

16 ++++ ++++ ++++ (no blue) 

17 ++++ ++++ ++++ (no blue) 

18 ++++ ++++ ++++ (no blue) 

19 ++++ ++++ ++++ (no blue) 

20 ++++ ++++ ++++ (no blue) 

21 ++++ ++++ ++++ (no blue) 

22 ++ ++ ++ (no blue) 

23 ++ ++ ++ (no blue) 

25 ++++ ++++ ++++ (no blue) 

26 ++++ ++++ ++++ (no blue) 

27 ++++ ++++ ++++ (no blue) 

28 ++++ ++++ ++++ (no blue) 

29 ++++ ++++ ++++ (no blue) 

30 ++++ ++++ ++++ (no blue) 

31 ++++ ++++ ++++ (no blue) 

32 ++++ ++++ ++++ (no blue) 

33 ++++ ++++ ++++ (no blue) 

34 ++++ ++++ ++++ (no blue) 

35 ++++ ++++ ++++ (no blue) 

36 ++++ ++++ ++++ (no blue) 

37 ++++ ++++ ++++ (no blue) 

38 ++++ ++++ ++++ (no blue) 
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Activation of nutritional and colourimetric reporter genes by prey-MyBPH interaction 

Clone # 
Growth on TDO+AbA                    

(HIS3 activation)  

Growth on QDO+AbA                       

(ADE2 activation)  

X-α-galactosidase (colour) +AbA (M EL1 

activation)  

39 ++++ ++++ ++++ (no blue) 

40 ++++ ++++ ++++ (no blue) 

41 ++++ ++++ ++++ (no blue) 

42 ++++ ++++ ++++ (no blue) 

43 ++++ ++++ ++++ (no blue) 

44 ++++ ++++ ++++ (no blue) 

45 ++++ ++++ ++++ (no blue) 

46 ++++ ++++ ++++ (no blue) 

47 ++++ ++++ ++++ (no blue) 

48 ++++ ++++ ++++ (no blue) 

49 ++++ ++++ ++++ (no blue) 

50 ++++ ++++ ++++ (no blue) 

51 ++++ ++++ ++++ (no blue) 

52 ++++ ++++ ++++ (no blue) 

53 ++++ ++++ ++++ (no blue) 

54 ++++ ++++ ++++ (no blue) 

55 ++++ ++++ ++++ (no blue) 

56 ++++ ++++ ++++ (no blue) 

57 ++++ ++++ ++++ (no blue) 

58 ++++ ++++ ++++ (no blue) 

59 ++++ ++++ ++++ (no blue) 

60 ++++ ++++ ++++ (no blue) 

61 ++++ ++++ ++++ (no blue) 

62 ++++ ++++ ++++ (no blue) 

63 ++++ ++++ ++++ (no blue) 

64 ++++ ++++ ++++ (no blue) 

65 ++++ ++++ ++++ (no blue) 

66 ++ ++ ++++ (blue) 

67 ++ ++ ++++ (blue) 

70 ++ ++ ++ (blue) 

71 ++ + ++++ (light blue) 

72 ++ ++ ++++ (light blue) 

77 ++ ++ +++ (light blue) 

79 +++ ++++ ++++ (light blue) 

81 ++++ ++++ ++++ (light blue) 

83 ++ +++ ++++ (blue) 

84 ++ +++ ++++ (light blue) 

166 ++ ++ +++ (blue) 

396 ++ ++ ++ (blue) 

Colonies in blue f ont activ ated HIS3, ADE2, MEL1 reporter genes. TDO +AbA= agar plates containing AbA and lacking Leu, Trp and His; QDO+AbA=agar plates 

containing AbA and lacking Leu, Trp, His and Ade. Growth of  colonies on plates: ++++=v ery  good, +++=good, ++=weak, +=v ery  weak, -=no growth. 

Abbreviations: Ab A, Aureobasidin A; ADE2, HIS3 and MEL1, yeast two-hy brid reporter genes; MyBPH, my osin binding protein H 
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Table 3.3 Interaction between MyBPH preys with heterologous baits in specificity tests. The scores of the 

clones considered as putative interactors are detailed below. 

Clone # pGBKT7-MyBPH pGBKT7 pGBKT7-53 pGBKT7-WFS1 

66 ++++ - - - 

67 ++++ - - - 

70 ++++ - - - 

71 +++ - - - 

72 ++ + ++ + 

77 + - - - 

79 + - - - 

81 ++++ - - - 

83 +++ - - - 

84 ++ - - - 

166 ++++ ++ ++ - 

396 ++++ - - - 
 

Growth of colonies after 5 to 8 days on QDO+AbA. QDO+AbA=agar plates containing AbA and lacking Leu, Trp,  

His and Ade. Growth of colonies on plates: ++++=very good, +++=good, ++=weak, +=very weak, -=no growth.  

Abbreviations: MyBPH, myosin binding protein H; WFS1, Wolframin protein; pGBKT7-53, yeast two-hybrid 

control vector; pGBKT7, yeast two-hybrid bait vector; #, number 
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Table 3.4 Identification of MyBPH putative interactor clones from Y2H cardiac library screen. Putative MyBPH interactors are arranged according 

to interactors represented by multiple clones from highest to lowest activity of nutritional and colourimetric reporter genes. Putative interactors  

represented by a single clone are arranged similarly. Putative interactors highlighted in pink were chosen to verify based on their cellular localisation and 

physiological role in the cardiac sarcomere.  

Interacting Prey Summary 

  Genomic hit In-frame protein hit  

Clone # Identity 
BLASTN Acc #   

(E-value) 
BLASTP Acc #   

(E-value) 
Cellular localisation Domains 

84, 67, 
81 

Homo sapiens myosin, heavy chain 7, 
cardiac muscle, beta (MYH7)  

NM_000257.2 
(0.0) 

NP_000248.2 
(2e-159) 

Cytoplasm; thick filament IQ/myosin head-like 

77, 79, 
396 

Homo sapiens mitochondrion, complete 
genome 

NC_012920.1 
(0.0) 

YP_003024026.1 
(0.0) 

Mitochondrion; membrane None 

66 
Homo sapiens filamin C, gamma (FLNC), 

transcript variant 2, isoform b 
NM_001127487.1 

(0.0) 
NP_001120959.1 

(0.0) 
Cytoplasm; membrane; 

cytoskeleton 
Calponin homology/ 

actin-binding  

83 Homo sapiens MT-RNR2-like 2 (MTRNR2L2) 
NM_001190470.1 

(3e-65) 
NP_001177399.1 

(1e-17) 
Cytoplasm; secreted None 

166 
Homo sapiens, actin, alpha, cardiac 

muscle 1 (ACTC1)  
NM_005159.4 

(0.0) 
NP_005150.1 

(0.0) 
Cytoplasm; cytoskeleton None 

72 
Homo sapiens fas (TNFRSF6) associated 

factor 1 (FAF1)  
NM_007051.2 

(0.0) 
NP_008982.1 

(0.0) 
Nucleus UBA/UBX 

70 Homo sapiens fibrillin 1 (FBN1) 
NM_000138.4 

(0.0) 
NP_00129.3 

(0.0) 
Extracellular matrix; 

secreted 
TB/EGF-like 

71 
Homo sapiens ubiquitin-conjugating 

enzyme E2I, UBE2I (SUMO-conjugating 
enzyme UBC9), transcript variant 1  

NM_003345.3 
(0.0) 

NP_003336.1 
(1e-113) 

Nucleus and cytoplasm None 

Abbreviations: Acc #, accession number; #, number;  TB, domains within fibrillin 1; EGF-like,  epidermal growth factor like; IQ, domain within myosin
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3.2 Co-localisation analysis of MyBPH and putative interactors as identified by Y2H analysis 

Confocal imaging was used to assess possible interactions of putative interactors identified by Y2H 

with MyBPH by means of co-localisation analyses. Intracellular localisation of MyBPH and MYH7, 

ACTC1 and UBC9 in differentiated H9c2 rat cardiomyocytes showed co-localisation of MyBPH and 

MYH7, MyBPH and ACTC1 and MyBPH and UBC9 to the same three-dimensional sub-cellular space 

(Figure 3.2, Figure 3.3, Figure 3.4, respectively). Interestingly, peri-nuclear expression of UBC9 was 

observed (Figure 3.4). 

 

Quantitative analysis of overlapping pixels and intensity using Zeiss Zen 2009 software further 

confirmed co-localisation of MyBPH and MYH7, ACTC1 and UBC9 in these cells (Table 3.5, Table 3.6 

and Table 3.7). Quantification of co-localisation results included using two algorithms; overlap 

coefficient and Pearson‟s correlation (correlation R) as described in section 2.16.1. The pixels in 

quadrant three in the scatter diagram (Figure 3.5 (F), Figure 3.6 (F) and Figure 3.7 (F)) are an 

indication of the amount of pixels from the channels indicated in (A) and (B) in the figures that share 

the same location. In each of the three co-localisation experiments the overlap coefficient was higher 

than 0.9, towards the upper end of the range (0 to 1). An overlap coefficient of 1 would represent 

perfectly co-localised pixels. The correlation R for each co-localisation analysis was more than -0.06, 

indicating that it lies within the middle of the range (-1 to 1). A correlation R of 1 would indicate that co-

localisation patterns of the two proteins are perfectly similar. Taken together, in each of the co-

localisation experiments the overlap coefficient and correlation R indicted that MyBPH colocalised with 

MYH7 (Table 3.5), ACTC1 (Table 3.6) and UC9 (Table.3.7).  
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Figure 3.2 Fluorescent imaging and co-localisation analysis of MyBPH and MYH7 in differentiated H9c2 

cardiomyocytes. (A) MyBPH labelled with a donkey anti-mouse Cy5 secondary antibody (Yellow). (B) MYH7 

labelled with a donkey anti-rabbit Alexa Fluor 488 antibody (Green). (C) Nucleus labelled with Hoechst H-33342 

(Blue). (D) Overlay of images A-C. (E) Co-localisation of MyBPH and MYH7 generated from merged images 

(Pink). (F) Scatter diagram generated by co-localisation analysis with quadrant three representing the degree of 

co-localisation. Scale bar 20µm. 

 

Table 3.5 Quantification of co-localisation for the interaction between MyBPH and MYH7. 

 

 

 

Weighted Co-localisation 
Coefficient Ch2-T1 

Weighted Co-localisation 
Coefficient Ch3-T2 

Overlap 
Coefficient 

Correlation R 
Correlation 

R x R 

0.2856 0.1870 0.9222 -0.0333 0.0022 

A B C 

D E F 
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Figure 3.3 Fluorescent imaging and co-localisation analysis of MyBPH and ACTC1 in differentiated H9c2 

cardiomyocytes. (A) MyBPH labelled with a donkey anti-mouse Cy5 secondary antibody (Yellow). (B) ACTC1 

labelled with a donkey anti-rabbit Alexa Fluor 488 secondary antibody (Green). (C) Nucleus labelled with 

Hoechst H-33342 (Blue). (D) Overlay of images A-C. (E) Co-localisation of MyBPH and ACTC1 generated from 

merged images (Pink). (F) Scatter diagram generated by co-localisation analysis with quadrant three 

representing the degree of co-localisation. Scale bar 20µm. 

 

Table 3.6 Quantification of co-localisation for the interaction between MyBPH and ACTC1. 

Weighted Co-localisation 
Coefficient Ch2-T1 

Weighted Co-localisation 
Coefficient Ch3-T2 

Overlap 
Coefficient Correlation R 

Correlation 
R x R 

0.1284 0.2936 0.9125 0.0288 0.0025 

 

 

 

 

A 

F 

C D B 

D E 
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Figure 3.4 Fluorescent imaging and co-localisation analysis of MyBPH and UBC9 in differentiated H9c2 

cardiomyocytes. (A) MyBPH labelled with a donkey anti-mouse Cy5 secondary antibody (Yellow). (B) MYH7 

labelled with a donkey anti-goat Cy3 secondary antibody (Red). (C) Nucleus labelled with Hoechst H-33342 

(Blue). (D) Overlay of images A-C. (E) Co-localisation of MyBPH and UBC9 generated from merged images 

(Pink). (F) Scatter diagram generated by co-localisation analysis with quadrant three representing the degree of  

co-localisation. Scale bar 20µm. 

 

Table 3.7 Quantification of co-localisation for the interaction between MyBPH and UBC9. 

Weighted Co-localisation 
Coefficient Ch3-T2 

Weighted Co-localisation 
Coefficient Ch3-T3 

Overlap 
Coefficient Correlation R 

Correlation 
R x R 

0.1403 0.3344 0.9500 -0.0542 0.0058 

 

 

 

 

 

A B C 

D E F 
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3.3 Co-immunoprecipitation (Co-IP) of MyBPH and putative interactors as identified by Y2H 

analysis 

The interactions of MyBPH with the three putative interactors were further verified in a cellular context 

in the absence of the GAL4 DNA binding and activating domains by using Co-IP (pull-down assays) 

analyses in differentiated H9c2 rat cardiomyocytes. Commercial antibodies (section 2.15.2) against 

endogenous MyBPH, MYH7, ACTC1 and UBC9 were used to detect these proteins in all subsequent 

pull-down assays.   

 

The results obtained from Co-IP studies show that MyBPH interacts with MYH7, ACTC1 and UBC9 

within the context of whole protein lysate from a cell population, without the presence of the GAL4 

DNA binding domains continually present in yeast. All negative controls (protein G agarose control 

and immunoprecipitation with “non-relevant” antibody that served as negative control) were clear in 

each experiment, suggesting that these results represent direct protein-protein interactions between 

the relevant proteins.   
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42kDa 

55kDa 

55kDa 

18kDa 

255kDa 

55kDa 

42kDa 

          IP: MYH7         IP: MyBPH 

     IP     IPneg   protG      IP    IPneg protG 

   

   

          IP: ACTC1         IP: MyBPH 

     IP     IPneg protG      IP     IPneg protG 

   

                   

          IP: UBC9         IP: MyBPH 

      IP     IPneg protG      IP   IPneg protG 

   

   

Figure 3.5 Western blots of Co-IP of MyBPH and putative interactors (A) MYH7, (B) ACTC1 and (C) UBC9 

in differentiated H9c2 rat cardiomyocytes. Reciprocal Co-IP reactions were performed for each interaction.  

Abbreviations: ACTC1, cardiac α -actin; IP, immunoprecipitation; IPneg, immunoprecipitation using “non-

relevant” antibody as negative control; kDa, kilo dalton; MyBPH, myosin binding protein H;   

MYH7, cardiac β-myosin heavy chain; UBC9, SUMO-conjugating enzyme UBC9; WB, western blot; protG,  

protein G agarose control  

 55kDa 

WB: MyBPH 

WB: MYH7 

WB: MyBPH 

WB: ACTC1 

WB: MyBPH 

WB: UBC9 

 A 

 B 

 C 

Stellenbosch University  http://scholar.sun.ac.za



 
102 Results 

3.4 Super resolution microscopy implicates MyBPH and cMyBPC in the process of 

autophagy 

The observation of small circular structures upon staining of differentiated H9c2 rat cardiomyocytes 

with anti-MyBPH antibody (Figure 3.6) encouraged further investigation, as the nature of the structures 

suggested that these were in fact autophagosomes. To confirm this suspicion, super resolution 

imaging was used to determine whether MyBPH co-localised with LC3b-II, a specific autophagosomal 

membrane protein (section 2.11.3 and section 2.16.1). Furthermore, since MyBPH and cMyBPC are 

so similar, the possible co-localisation between LC3b-II and cMyBPC was also investigated. 

 

Figure 3.6 Fluorescent imaging of MyBPH and ACTC1 in differentiated H9c2 rat cardiomyocytes. (A) 

MyBPH labelled with a donkey anti -mouse Cy3 secondary antibody (Red). (B) ACTC1 labelled with a donkey 

anti-rabbit Alexa Fluor 488 secondary antibody (Green). (C) Nucleus labelled with Hoechst H-33342 (Blue). (D) 

Overlay of images A-C. Scale bar 20µm. 

 

A B 

C D 
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Interestingly, MyBPH and cMyBPC co-localised with LC3b-II, suggesting that these proteins may be 

implicated in the maturation process of autophagosome formation by being recruited to the 

autophagosomal membrane (Figure 3.7, Figure 3.8).  

            

     

 

Figure 3.7 Super resolution imaging and co-localisation analysis of MyBPH and LC3b-II_GFP in 

differentiated H9c2 rat cardiomyocytes. (A) MyBPH labelled with a donkey anti -mouse Cy3 secondary  

antibody (Red), GFP-tagged LC3b-II (Green). (B, C) Enlarged image. (D) Co-localisation of MyBPH and  

GFP-tagged LC3b-II generated from merged images (Yellow). Scale bar 10µm (A) and 2µm (B, C).  

 

Table 3.8 Quantification of co-localisation for the interaction between MyBPH and LC3b-II. 

Weighted Co-localisation 
Coefficient TV1-T1-SR 

Weighted Co-localisation 
Coefficient TV1-T1-WF 

Overlap 
Coefficient Correlation R 

Correlation 
R x R 

0.4820 0.3090 0.0000 0.6600 0.4400 

 

A B 
C 

C D 
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Figure 3.8 Super resolution imaging and co-localisation analysis of cMyBPC and LC3b-II_GFP in 

differentiated H9c2 rat cardiomyocytes. (A) cMyBPC labelled with a donkey anti-rabbit Cy3 secondary  

antibody (Red), GFP-tagged LC3b-II (Green). (B, C) Enlarged image. (D) Co-localisation of MyBPH and GFP-

tagged LC3b-II generated from merged images (Yellow). Scale bar 10µm (A) and 2µm (B, C).  

 

Table 3.9 Quantification of co-localisation for the interaction between cMyBPC and LC3b-II. 

Weighted Co-localisation 
Coefficient TV1-T1-SR 

Weighted Co-localisation 
Coefficient TV1-T1-WF 

Overlap 
Coefficient Correlation R 

Correlation 
R x R 

0.4820 0.3090 0.0000 -0.6600 0.4400 

A B 

C 
D C 
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3.5 RNAi-mediated MyBPH and cMyBPC knockdowns 

The limited information available on the role that MyBPH plays in the sarcomere, and on its possible 

role in hypertrophic cardiomyopathy, prompted us to further investigate the function of MyBPH by 

RNAi-mediated knockdown analysis. Given the sequence homology and similarity in structure 

between cMyBPC and MyBPH, we proposed that cMyBPC could compensate for the knockdown of 

MYBPH, and vice versa, and may play critical roles in the structure and functionality of the cardiac 

sarcomere, and consequently may be involved in HCM pathogenesis. 

 

 3.5.1 Optimisation of MyBPH and cMyBPC siRNA knockdowns 

Fluorescent imaging confirmed differential expression of MyBPH at three different time points during 

differentiation of H9c2 rat cardiomyocytes. The expression of MyBPH after 24 hours of differentiation 

was relatively low (Figure 3.9 A-C) compared to the expression of MyBPH after 5 and 8 days of 

differentiation (Figure 3.9 D-F and Figure 3.9 G-I). Subsequently, the optimal differentiation time of 

H9c2 rat cardiomyocytes for knockdown experiments were determined to be 5 or 8 days. 

 

The optimal siRNA concentration and point of differentiation for siRNA-mediated knockdown 

experiments were determined using Alexa Fluor 488-labelled NSC siRNA. Results indicated that 

transfecting the cells with 200ng siRNA after 5 days of differentiation were the optimal conditions for 

the siRNA-mediated knockdown experiment, as markedly more of the Alexa Fluor 488-labelled NSC 

siRNA was visible upon fluorescent microscope imaging under these conditions (Figure 3.10 A-D).   

 

siRNA-mediated knockdown analyses allowed identification of one of four different siRNAs specific to 

MyBPH (siRNA type H1, H2, H3 and H4) (Qiagen, Hilden, Germany), and to cMyBPC (siRNA type C1, 

C2, C3 and C4) (Qiagen, Hilden, Germany), H3 siRNA and C3 siRNA, respectively, that provided 

optimal knockdown of MyBPH at 48 hours and cMyBPC at 24 hours after transfection in differentiated 

H9c2 rat cardiomyocytes. As a result of H3 siRNA transfection, significantly diminished expression of 

MyBPH compared to that seen in the NSC was observed (52.87% ± 3.927%, p<0.05; Figure 3.11). 

Similarly, RNAi-mediated knockdown using siRNA C3 resulted in significantly decreased expression of 

cMyBPC compared to the NCS (45.66 ± 6.110%, p<0.05; Figure 3.12). In all subsequent knockdown 

experiments, siRNAs H3 and C3 were used to silence MyBPH and cMyBPC expression.     
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A significant difference in MyBPH expression was observed between the cells treated with concurrent 

knockdowns of MyBPH and cMyBPC and the NSC-treated cells (47.64 ± 7.779%, p<0.05; Figure 

13.13). In addition, cMyBPC expression was significantly decreased compared to the expression in 

the NSC (40.79 ± 6.017%, p<0.05; Figure 13.14).   

24 hours    5 days    8 days 

         

                         

          

Figure 3.9 Fluorescent imaging of MyBPH in differentiated H9c2 rat cardiomyocytes after 24 hours of 

differentiation (A-C), after 5 days of differentiation (D-F) and after 8 days of differentiation (G-I). (A, D, G) 

MyBPH labelled with a donkey anti-mouse Cy3 secondary antibody (Red). (B, E, H) Nucleus labelled with 

Hoechst H-33342 (Blue). (C, F, I) Overlay images. Scale bar 20µm. 

A D G 

B E H 

C F I 
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5 days       8 days 

   

   

Figure 3.10 Fluorescent imaging of Alexa Fluor 488-labelled NSC siRNA after 24 hours of transfection in 

H9c2 rat cardiomyocytes that was differentiated for 5 days (A, B) and 8 days (C, D). (A - D) NSC siRNA 

tagged with Alexa Fluor 488 (Green) and nucleus labelled with Hoechst H-33342 (Blue). Scale bar 50µm.  

Abbreviations: ng, nanogram; siRNA, small interfering RNA 

 

200ng siRNA 

100ng siRNA 

A 

B 

C 

D 
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              IP: MyBPH 

                  H1      H2      H3       H4      NSC  UT    IPneg protG 

              

               Supernatant 

               H1      H2       H3      H4      NSC    UT  IPneg protG 

             

Figure 3.11 Western blotting quantification of MyBPH in differentiated H9c2 rat cardiomyocytes 

transfected with either a NSC or a particular MyBPH siRNA. The siRNA H3 resulted in optimal knockdown of 

MyBPH. Data presented are the mean ± SEM, representative of three independent  experiments, * p<0.05  vs  

control. Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; H1,  siRNA type H1 specific to 

MyBPH; H2, siRNA type H2 specific to MyBPH; H3, siRNA type H3 specific to MyBPH; H4, siRNA type H4 

specific to MyBPH; IPneg, immunoprecipitation using “non-relevant” antibody as negative control; kDa, kilo 

dalton; NSC, non-silencing control, MyBPH, myosin binding protein; protG, protein G agarose control; siRNA,  

small interfering RNA; UT, transfection control; WB, western blot 

WB: MyBPH 55kDa 

37kDa 
WB: GAPDH 

A 

B 
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     IP: cMyBPC 

        C1          C2 C3   C4    NSC        UT     IPneg   protG 

    

       Supernatant 

       C1          C2        C3          C4     NSC        UT       IPneg    protG 

   

 

Figure 3.12 Western blotting quanti fication of cMyBPC in differentiated H9c2 rat cardiomyocytes 

transfected with either a NSC or a particular cMyBPC siRNA. The siRNA C3 resulted in optimal knockdown 

of cMyBPC. Data presented are the mean ± SEM, representative of three independent experiments, * p<0.05 vs  

control. Abbreviations: cMyBPC, cardiac myosin binding protein C; C1, siRNA type C1 specific to cMyBPC; 

C2, siRNA type C2 specific  to cMyBPC; C3, siRNA type C3 specific to cMyBPC; C4,  siRNA type C4 specific to 

cMyBPC; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IPneg, immunoprecipitation using “non-

relevant” antibody as negative control; NSC, non-silencing control; protG, protein G agarose control; siRNA,  

small interfering RNA; UT, transfection control; WB, western blot 

 

WB: cMyBPC 144kDa  

37kDa WB: GAPDH 

A 

B 
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       IP: MyBPH 

        H3/C3   NSC   IPneg   protG 

       

        Supernatant 

            H3/C3   NSC   IPneg protG 

          

Figure 3.13 Western blotting quantification of MyBPH in differentiated H9c2 rat cardiomyocytes 

transfected with either a NSC or H3, and C3 MyBPH and cMyBPC siRNAs concurrently. The concurrent  

transfection of siRNA H3 and C3 resulted in optimal knockdown of MyBPH. Data presented are the mean ± 

SEM, representative of three independent experiments, * p<0.05 vs control. Abbreviations: cMyBPC, cardiac  

myosin binding protein C; C3, siRNA type C3 specific to cMyBPC; GAPDH, glyceraldehyde 3-phosphate 

dehydrogenase; H3, siRNA type H3 specific to MyBPH; IPneg, immunoprecipitation using “non-relevant” 

antibody as negative control; kDa, kilo dalton; NSC, non-silencing control; MyBPH, myosin binding protein H;  

protG, protein G agarose control; siRNA, small interfering RNA; UT, transfection control; WB, western blot 

WB: MyBPH 55kDa 

37kDa WB: GAPDH 

A 

B 
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       IP: cMyBPC 

         H3/C3   NSC   IPneg protG 

       

        Supernatant 

            H3/C3   NSC   IPneg protG 

           

Figure 3.14 Western blotting quanti fication of cMyBPC in differentiated H9c2 rat cardiomyocytes 

transfected with either a NSC or H3, and C3 MyBPH and cMyBPC siRNAs concurrently. The concurrent  

transfection of siRNA H3 and C3 resulted in optimal knockdown of MyBPC. Data presented are the mean ± 

SEM, representative of three independent experiments, * p<0.05 vs control. Abbreviations: cMyBPC, cardiac  

myosin binding protein C; C3, siRNA type C3 specific to cMyBPC; GAPDH, glyceraldehyde 3-phosphate 

dehydrogenase; H3, siRNA type H3 specific to MyBPH; IPneg, immunoprecipitation using “non-relevant” 

antibody as negative control; MyBPH, myosin binding protein H; NSC, non-silencing control; protG, protein G 

agarose control; siRNA, small interfering RNA; UT, transfection control; WB, western blot  

WB: cMyBPC 144kDa  

37kDa WB: GAPDH 

A 

B 
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 3.5.2 Effect of MyBPH and cMyBPC knockdowns on contractility 

Given that the interactions between MyBPH and two sarcomeric proteins (ACTC1 and MyH7) are 

known to play crucial roles in regulating cardiac contractility, it was hypothesised that MyBPH itself 

may be involved in cardiac contractility. To test this hypothesis, the ability of cardiomyocytes to 

contract efficiently following siRNA-mediated knockdown of MyBPH was assessed. However, because 

of the sequence homology between MyBPH and cMyBPC, it was decided to assess the effect of the 

knockdown of both MyBPH and cMyBPC, individually and concurrently (section 2.17) on cardiac 

contractility. To detect whether differentiated H9c2 rat cardiomyocytes could still contract in the 

presence of significantly reduced expression of MyBPH and cMyBPC, the percentage planar cell 

surface area was measured in a live cell contractility assay in response to β-adrenergic stimulation. 

The β-adrenergic stimulation was necessary to induce contraction of the H9c2 cells. The results in 

Figure 3.15 represent three individual experiments and the average percentage planar cell surface 

area of six cells per image. 

 

Results show that the individual knockdown of MyBPH and cMyBPC did not result in significantly 

different percentage planar cell surface area in response to adrenergic stimulation, compared to the 

NSC (Figure 3.15). However, interestingly a statistically significant difference in planar cell surface 

area was observed when both MyBPH and cMyBPC were knocked down concurrently (Figure 3.15) 

(51.35 ± 10.978%, p<0.05), when compared to the NSC. These results suggest that these two 

proteins are both involved in the contractility of cardiomyocytes and that a degree of compensation 

was achieved when only one of them was knocked down at a time.  

 

 

Stellenbosch University  http://scholar.sun.ac.za



 
113 Results 

60 min 

0 min 

MyBPH 

knockdown 

cMyBPC 

knockdown 

Double 

knockdown 
NSC A   

        

              

               

 

Figure 3.15 Effect of MyBPH and cMyBPC knockdown in differentiated H9c2 rat cardiomyocytes in 

response  to β-adrenergic stimulation. (A)  siRNA transfected H9c2 cells before (0 minutes) and after (60 

minutes) stimulation by isoproterenol representing the change in planar cell surface area in each group. (B) The 

differences between the four groups as the mean ± SEM (n=6 per group) of three independent experimental 

repeats. The percentage planar cell surface area differed significantly in the double knockdown group from the 

NSC (***p<0.05). Abbreviations: Double, knockdown of both cMyBPC and MyBPH; cMyBPC, myosin binding 

protein C; MyBPH, myosin binding protein; NSC, non-silencing control 

B 
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RESULTS: MODIFIER STUDY 

3.6 Basic cohort characteristics 

All 388 study participants included in our study were tested for each of the three South African  

HCM-causing founder mutations. No individual was found to be compound heterozygous for any of the 

HCM founder mutations. Furthermore, 256 of the study participants were clinically assessed and the 

details of the basic characteristics of the cohort are summarised in Table 3.10. Participants are 

grouped according to their HCM-causing founder mutation carrier status, mutation carrier (MC) and 

non-carrier (NC).   
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Table 3.10 Basic characteristics of the study cohort. Individuals are grouped according to the relevant HCM founder mutation and mutation 

status as either mutation carrier (MC) or non-carrier (NC). 

  A797TMYH7 R92WTNNT2 R403WMYH7 

  MC NC MC NC MC NC 

n  68,0  50,0  48,0  34,0  32,0  24,0  

Age 43,0 (26,8-56,8) 41,5 (29,3-53,0) 36,0 (21,0-47,0) 42,0 (25,5-49,0) 36,5 (25,0-46,8) 38,0 (31,3-50,8) 

BSA (m
2
) 1,90 (1,6-2,0) 1,90 (1,7-2,0) 1,7 (1,6-1,8) 1,80 (1,60-1,90) 1,80 (1,7-2,0) 1,95 (1,70-2,05) 

SBP (mm Hg) 120,0 (115,0-134,0) 120,0 (110,0-130,0) 115,0 (110,0-130,0) 120,0 (110,0-120,0) 120,0 (115,0-130,0) 120,0 (114,0-143,0) 

DBP (mm Hg) 80,0 (70,0-87,0) 80,0 (80,0-89,0) 73,0 (70,0-80,0) 80,0 (70,0-80,0) 80,0 (79,0-80,0) 80,0 (78,0-90,0) 

HR (bpm) 68,0 (60,0-75,0) 68,0 (62,0-76,0) 68,0 (61,0-76,0) 67,0 (60,0-73,0) 65,0 (60,0-76,0) 72,0 (65,0-84,0) 

LVM (g) 191,0 (135,0-237,0) 135,0 (109,0-159,0) 146,0 (104,0-185,0) 116,0 (100,0-144,0) 170,0 (134,0-205,0) 154,0 (115,0-202,0) 

mIVST (mm) 14,5 (11,0-20,9) 10,5 (9,2-11,3) 14,0 (9,6-18,3) 10,0 (8,6-10,9) 13,6 (11,6-16,0) 11,0 (10,2-12,6) 

mLVWT (mm) 14,0 (11,0-20,7) 10,5 (9,5-11,3) 13,4 (9,9-18,1) 10,0 (9,2-10,9) 13,6 (11,6-17,8) 11,2 (10,2-12,4) 

mPWT (mm) 10,2 (9,1-11,8) 9,0 (8,3-10,0) 10,2 (8,1-11,5) 8,1 (7,5-9,1) 10,1 (9,1-11,5) 9,9 (8,8-10,4) 

PC1 2,1 (-0,1-4,9) -1,3 (-2,5--0,0) 0,9 (-2,6-2,7) -2,6 (-4,3--1,0) 1,4 (-0,3-2,4) 0,1 (-2,0-1,4) 

Abbreviations: A, alanine; bpm, beats per minute; BSA, body surface area; DBP, diastolic blood pressure; g, gram; HCM, hypertrophic  

cardiomyopathy; Hg, mercury; HR, heart rate; LVM, left ventricular mass; m
2
,
 
per square metre; MC, HCM mutation carrier; mIVST, maximum 

interventricular septal thickness; mLVWT, maximum left ventricular wall thickness; mPWT, maximum posterior wall thickness; mm, millimetre; MYH7, 

cardiac β-myosin heavy chain; NC, non-carrier; n, number of clinically evaluated participants; PC1, first principal component; R, arginine; SBP, systolic 

blood pressure; T, Threonine; TNNT2, troponin T gene 2, cardiac; W, tryptophan  
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3.7 Candidate gene selection and SNP prioritisation 

Yeast two-hybrid analyses identified three MyBPH-interacting proteins: ACTC1, MYH7 and UBC9. 

Subsequently, the genes encoding these proteins (ACTC1, MYH7 and UBC9), as well as MYBPH, 

were assessed for their potential role as hypertrophy modifiers in the present study. SNPs in each of 

these genes were selected to achieve 0.5 LDU even spacing throughout the candidate genes and to 

include all tagSNPs in these genes, in the Central European (CEU) and Yoruba (YRI) populations. 

Table 3.11 details the 38 SNPs selected for each of the four candidate genes selected and their MAFs 

for the CEU and YRI populations.   

 

Table 3.11 The SNPs chosen for investigation in this study and their MAF in the CEU and YRI 

populations. 

Candidate 
Gene 

Chromosome 
Location 

SNP ID 
Nucleotide 

Change 

MAF
* 

CEU YRI 

MyBPH 1q32.1 

rs2642531 G/C 0,208 (C)  0,417 (G) 

rs4950926 G/A 0,343 (A) 0,000 (A) 

rs7545750 T/A 0,044 (A) 0,127 (A) 

rs2250509 C/A 0,100 (A) 0,217 (A) 

rs2791718 C/A 0,158 (A) 0,458 (A) 

rs3737872 T/C 0,415 (C) 0,017 (C) 

rs762625 C/T 0,142 (T) 0,358 (T) 

MYH7 14q11.2 

rs12147570 G/T 0,109 (T) 0,125 (T) 

rs3729833 C/T 0,169 (T) 0,367 (T) 

rs765019 T/C 0,108 (C) 0,212 (C) 

rs3729832 T/A 0,108 (A) 0,217 (A) 

rs7140721 G/A 0,333 (A) 0,192 (G) 

rs3729825 C/T 0,167 (C) 0,356 (A) 

rs7159367 T/C 0,333 (C) 0,175 (T) 

rs10136106 G/A 0,083 (A) 0,342 (A) 

rs2277475 A/T 0,333 (T) 0,233 (A) 

rs12147533 A/G 0,167 (G) 0,150 (G) 

rs743567 T/G 0,325 (C) 0,183 (A) 

rs7157087 C/T 0,000 (T) 0,229 (T) 

rs7155989 G/A 0,000 (A) 0,102 (A) 

rs1951154 G/A 0,308 (A) 0,025 (A) 

rs2754163 T/C 0,300 (C) 0,308 (T) 

rs3729810 A/G - - 

rs2239578 A/G 0,442 (G) 0,342 (A) 

rs2239577 C/G 0,075 (G) 0,483 (G) 

rs17092326 G/A 0,075 (A) 0,367 (A) 
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Candidate 

Gene 

Chromosome 

Location 
SNP ID 

Nucleotide 

Change 

MAF* 

CEU YRI 

ACTC1 15q14 

rs1370154 C/T 0,258 (T) 0,133 (T) 

rs3729755 C/G 0,276 (G) 0,127 (G) 

rs2070664 T/C 0,500 (T) 0,267 (C) 

rs7165006 C/G 0,086 (G) 0,172 (G) 

rs7166484 G/A 0,448 (G) 0,271 (A) 

UBC9 16p13.3 

rs2281226 C/A 0,375 (A) 0,317 (C) 

rs11248866 A/G 0,388 (G) 0,254 (A) 

rs9933497 G/A 0,100 (A) 0,033 (A) 

rs8052688 G/C 0,192 (C) 0,450 (C) 

rs761059 G/A 0,398 (A) - 

rs761060 G/A 0,123 (A) - 

rs8063 G/A 0,308 (A) 0,375 (G) 
*Minor allele indicated in brackets 

Abbreviations: A, adenine; ACTC1, cardiac α-actin; C, cytosine; CEU, Central European; G, guanine; MAF,  

minor allele frequency; MYH7, cardiac β-myosin heavy chain; SNP, single nucleotide polymorphism; T, thymine;  

UBC9, SUMO-conjugating enzyme UBC9; YRI, Yoruba 

 

3.8 Genotyping results 

3.8.1 KASP assay allelic discrimination 

Genotyping was performed by KBioscience (LGC Genomics Ltd., Hertz, UK) and genotypes viewed in 

SNPviewer2 v3.2.2.16. All 38 SNPs for the four candidate genes were successfully genotyped.  

 

3.9 Statistical analyses 

3.9.1 Descriptive statistics 

Genotyped frequencies of all 38 SNPs genotyped did not deviate from Hardy-Weinberg equilibrium, 

since their p-values were >0.01. Minor allele frequencies from a set of 39 unrelated individuals used in 

the present study were determined using Haploview v4.2 (Barret et al. 2005) and are included, along 

with MAFs for the CEU and YRI populations in Table 3.12.   
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Table 3.12 Cohort-specific descriptives. Hardy-Weinberg equilibrium test p-values and MAF for the SNPs 

investigated. 

Candidate 
Gene 

Chromosome 
Location 

SNP ID 
HWE          

p-value 

MAF
*
 

Study Cohort CEU YRI 

MyBPH 1q32.1   

rs2642531 1,000 0,220 (C) 0,208 (C) 0,417 (G) 

rs4950926 0,305 0,200 (A) 0,343 (A) 0,000 (A) 

rs7545750 0,187 0,080 (A) 0,044 (A) 0,127 (A) 

rs2250509 0,581 0,180 (A) 0,100 (A) 0,217 (A) 

rs2791718 1,000 0,130 (A) 0,158 (A) 0,458 (A) 

rs3737872 0,231 0,260 (C) 0,415 (C) 0,017 (C) 

rs762625 1,000 0,250 (T) 0,142 (T) 0,358 (T) 

MYH7 14q11.2  

rs12147570 0,192 0,080 (T) 0,109 (T) 0,125 (T) 

rs3729833 0,328 0,100 (T) 0,169 (T) 0,367 (T) 

rs765019 1,000 0,140 (C) 0,108 (C) 0,212 (C) 

rs3729832 1,000 0,140 (A) 0,108 (A) 0,217 (A) 

rs7140721 1,000 0,260 (A) 0,333 (A) 0,192 (G) 

rs3729825 0,336 0,100 (T) 0,167 (C) 0,356 (A) 

rs7159367 1,000 0,260 (C) 0,333 (C) 0,175 (T) 

rs10136106 1,000 0,100 (A) 0,083 (A) 0,342 (A) 

rs2277475 0,395 0,220 (T) 0,333 (T) 0,233 (A) 

rs12147533 0,255 0,090 (G) 0,167 (G) 0,150 (G) 

rs743567 0,395 0,220 (G) 0,325 (C) 0,183 (A) 

rs7157087 1,000 0,070 (T) 0,000 (T) 0,229 (T) 

rs7155989 1,000 0,050 (A) 0,000 (A) 0,102 (A) 

rs1951154 1,000 0,270 (A) 0,308 (A) 0,025 (A) 

rs2754163 0,449 0,260 (C) 0,300 (C) 0,308 (T) 

rs3729810 1,000 0,150 (G) - - 

rs2239578 0,520 0,350 (G) 0,442 (G) 0,342 (A) 

rs2239577 1,000 0,100 (G) 0,075 (G) 0,483 (G) 

rs17092326 1,000 0,080 (A) 0,075 (A) 0,367 (A) 
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Candidate 
Gene 

Chromosome 
Location 

SNP ID 
HWE  

p-value 

      MAF
* 

Study 
Cohort 

CEU YRI 

ACTC1  15q14 

rs1370154 0,282 0,290 (T) 0,258 (T) 0,133 (T) 

rs3729755 0,272 0,300 (G) 0,276 (G) 0,127 (G) 

rs2070664 0,684 0,240 (C) 0,500 (T) 0,267 (C) 

rs7165006 0,095 0,120 (G) 0,086 (G) 0,172 (G) 

rs7166484 0,517 0,380 (A) 0,448 (G) 0,271 (A) 

UBC9  14q11.2  

rs2281226 0,510 0,390 (A) 0,375 (A) 0,317 (C) 

rs11248866 1,000 0,400 (G) 0,388 (G) 0,254 (A) 

rs9933497 1,000 0,060 (A) 0,100 (A) 0,033 (A) 

rs8052688 1,000 0,180 (C) 0,192 (C) 0,450 (C) 

rs761059 0,723 0,290 (A) 0,398 (A) - 

rs761060 1,000 0,170 (A) 0,123 (A) - 

rs8063 1,000 0,270 (A) 0,308 (A) 0,375 (G) 

*Minor allele indicated in brackets 

Abbreviations: A, adenine; ACTC1, cardiac α-actin; C, cytosine; CEU, Central European; G, guanine; HWE,  

Hardy-Weinberg equilibrium; MAF, minor allele frequency; MYH7, cardiac β-myosin heavy chain; p, short  

chromosomal arm; q, long chromosomal arm; SNP, single nucleotide polymorphism; T, thymine; UBC9, SUMO-

conjugating enzyme UBC9; YRI, Yoruba 

 

3.9.2 Linkage disequilibrium assessment 

Pair-wise LD was estimated for all SNPs genotyped in this cohort using Haploview v4.2  

(Barret et al. 2005). The D‟ values were obtained from a total of 100 consecutive Haploview runs, to 

provide the median D‟ values. Two SNPs are considered to be in complete LD if their D‟ score is equal 

to 1, which indicates a complete lack of evidence of recombination between two variants. Refer to 

section 2.22.2 for more details on LD analyses.   

 

The LD results observed in all four candidate genes are graphically represented in Table 3.13 through 

to Table 3.16. Complete LD (D‟=1) was observed for the following SNPs highlighted in red, strong LD, 

indicated by D‟ values between 0,60 and 0,99 are highlighted in dark pink, and incomplete LD are 

indicated by D‟ values lower than 0,60 and are highlighted in light pink. 
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Table 3.13 Pair-wise LD structure for MyBPH. D‟ values = 1 are highlighted in red, D‟ values between 0,60 

and 0,99 are highlighted in dark pink and D‟ values < 0,60 are highlighted in light pink . 

MYBPH rs762625 rs3737872 rs2791718 rs2250509 rs7545750 rs4950926 rs2642531 

rs2642531 1 0,23 1 1 1 1   

rs4950926 1 0,92 1 1 1     

rs7545750 1 1 1 1       

rs2250509 1 1 1         

rs2791718 1 1           

rs3737872 1             

rs762625               
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Table 3.14 Pair-wise LD structure for MyH7. D‟ values = 1 are highlighted in red, D‟ values between 0,60 and 0,99 are highlighted in dark pink and D‟ 

values < 0,60 are highlighted in light pink. 
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rs12147570 0,18 0,79 0,59 1,00 1,00 1,00 1,00 1,00 1,00 0,84 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 
 rs3729833 0,74 1,00 0,66 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 

  rs765019 0,21 0,08 0,14 0,53 0,88 0,27 1,00 0,65 0,54 1,00 0,54 0,88 1,00 1,00 1,00 1,00 
   rs3729832 0,22 0,09 0,16 0,54 0,87 0,04 1,00 0,66 0,54 1,00 0,53 0,88 1,00 1,00 1,00 

    rs7140721 1,00 0,57 0,13 0,73 0,94 0,77 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 
     rs3729825 0,79 1,00 0,65 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 

      rs7159367 1,00 0,56 0,18 0,87 1,00 0,79 1,00 1,00 1,00 1,00 1,00 1,00 
       rs10136106 1,00 1,00 0,33 0,89 1,00 0,30 1,00 1,00 0,23 1,00 0,26 

        rs2277475 1,00 0,66 0,16 0,12 0,85 0,73 1,00 1,00 1,00 1,00 
         rs12147533 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 

          rs743567 1,00 0,67 0,21 0,15 0,92 1,00 1,00 1,00 
           rs7157087 1,00 1,00 1,00 0,86 1,00 0,44 1,00 

            rs7155989 1,00 1,00 1,00 1,00 1,00 0,23 
             rs1951154 1,00 1,00 1,00 1,00 1,00 

              rs2754163 1,00 0,60 0,19 0,88 
               rs3729810 0,56 1,00 0,07 

                rs2239578 1,00 0,54 
                 rs2239577 1,00 

                  rs17092326                                       
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Table 3.15 Pair-wise LD structure for ACTC1. D‟ values = 1 are highlighted in red, D‟ values between 0,60 and 

0,99 are highlighted in dark pink and D‟ values < 0,60 are highlighted in light pink . 

ACTC1 rs7166484 rs7165006 rs2070664 rs3729755 rs1370154 

rs1370154 1,00 0,62 1,00 1,00 
  

rs3729755 1,00 0,53 1,00 
    

rs2070664 0,62 1,00 
      

rs7165006 1,00 
        

rs7166484           

 

Table 3.16 Pair-wise LD structure for UBC9.  D‟ values = 1 are highlighted in red, D‟ values between 0,60 and 

0,99 are highlighted in dark pink and D‟ values <  0,60 are highlighted in light pink. 

UBC9 rs8063 rs761060 rs761059 rs8052688 rs9933497 rs11248866 rs2281226 

rs2281226 1,00 0,74 0,14 1,00 1,00 1,00 
 

rs11248866 1,00 0,78 0,13 1,00 1,00 
  

rs9933497 1,00 0,22 1,00 1,00 
   

rs8052688 0,53 0,09 0,11 
    

rs761059 0,45 0,14 
     

rs761060 0,20 
      

rs8063               

 

3.9.3 Principal component analysis 

Principal component analysis serves as a measure that best represents the variability in left ventricular 

wall thickness measurements as a single score, which reflects the weighted average of 16 

transformed wall thickness measurements. Approximately 75% of overall variability in hypertrophy is 

accounted for by the first principal component score, PC1, and Table 3.17 details its weighted 

composition. 
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Table 3.17 The PC1 score defined in terms of its weighted composition: the weight of each wall 

thickness measurement. 

Wall Thickness Measurement Weight Contribution to PC1 

pIVS at mitral valve 0,253 

aIVS at mitral valve 0,261 

AW at mitral valve 0,256 

LW at mitral valve 0,249 

IW at mitral valve 0,221 

PW at mitral valve 0,221 

pIVS at papillary muscle 0,262 

aIVS at papillary muscle 0,269 

AW at papillary muscle 0,267 

LW at papillary muscle 0,254 

IW at papillary muscle 0,234 

PW at papillary muscle 0,238 

IVS at apex  0,263 

AW at apex 0,259 

LW at apex 0,239 

PW at apex 0,248 

Abbreviations: aIVS, anterior interventricular septal thickness; AW, anterior wall thickness; IVS, interventricular 

septal thickness; IW, inferior wall thickness; LW, lateral wall thickness; PC1, first principal component; pIVS, 

posterior interventricular septal thickness; PW, posterior wall thickness 

 

3.9.4 Heritability  

The estimated contributions of environmental and genetic factors to the variability of the five 

hypertrophy traits, along with the p-values for each of these traits, are detailed in Table 3.18. The five 

hypertrophy traits indicated a considerable genetic component after adjustment for known hypertrophy 

covariates. 
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Table 3.18 The environment and heritability estimates detailed as estimated percentage contribution to 

trait variance as well as the p-values for heritability. 

Hypertrophy Trait Environmental (%) Heritability (%) p-value 

LVM 41 59 < 0,0001 

mIVST 56 44 < 0,0001 

mLVWT 44 55 0,0001 

mPWT 44 56 0,0002 

PC1 48 52 0,0009 

Abbreviations: LVM, left ventricular mass; mIVST, maximal interventricular septum thickness;  mLVWT, 

maximal left ventricular wall thickness; mPWT, maximal posterior wall thickness; PC1, first principal component 

 

3.9.5 Association analyses 

The results obtained for the association analyses are described per gene and ordered according to 

their position on the chromosome. The tables contain exact p-values for additive tests of association, 

whereas the bar graphs represent –log10 transformed p-values. The dashed red line indicates the  

p-value significance threshold equal to 0,05. Bars located above this line, therefore, indicate significant 

p-values (p-values<0,05). Thus, the higher the bar, the lower the p-values. Effect sizes for significant 

associations are presented in the text. The p-values report the association between allelic variation 

and hypertrophy traits, independent of hypertrophy cofounders, HCM-founder mutation carrier status 

and whether a mutation is present.   

 

3.9.5.1 MyBPH 

The p-values for the association between the MyBPH SNPs and hypertrophy traits are graphically 

represented in Figure 3.16. No statistically significant evidence for association was observed between 

the MyBPH SNPs and the respective hypertrophy traits.   

 

Table 3.19 contains the p-values for the association between MyBPH SNPs and hypertrophy traits 

within individual HCM-founder mutation groups. The rs2250509 had a SNP effect within the 

A797TMYH7 HCM founder mutation group alone, compared to the other groups. This SNP had an effect 

on PC1 (p=0,016), mVIST (p=0,036), mLVWT (p=0,017) and mPWT (p=0,012). More specifically the A 

allele was associated with an increase of 4,37mm on the mIVST score, 2,70mm on the mLVWT score, 

0,84mm on the mPWT score and 3,5mm on the PC1 score within the A797TMYH7 mutation group. 
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Additionally, the effect of the C allele of rs3737872 was an increase of 29,4g on the LVM score 

(p=0,003) within the A797TMYH7 mutation group. The C allele of rs762625 was associated with an 

increase of 1,14mm in mPWT (p=0,011) within the A797TMYH7 mutation group. 

 

Figure 3.16 The p-values for tests of association between single SNPs in MyBPH and individual 

hypertrophy traits. The bar graph represents –log10 transformed p-values and the data table below indicates  

the original p-values for additive tests of allelic association. The dashed red line indicates the p-value 

significance threshold equal to 0,05. Bars located above this line, therefore, indicate significant p -values  

(p-values<0,05). Effect sizes for significant associations are indicated in the text. Abbreviations: A, alanine;  

LVM, left  ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, maximum left  

ventricular wall thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine 
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Table 3.19 The p-values obtained for the analysis of the additive allelic models inside the mutation groups in MyBPH, illustrating the allelic 

effect of the particular variants within these groups. Significant p-values are indicated in bold red font and the corresponding effect sizes are 

discussed in the text. 

SNP ID 
LVM mVIST mLVWT mPWT PC1 

A797T R403W R92W A797T R403W R92W A797T R403W R92W A797T R403W R92W A797T R403W R92W 

rs2642531 0,742 0,198 0,111 0,365 0,840 0,473 0,515 0,958 0,802 0,500 0,388 0,290 0,846 0,680 0,808 

rs4950926 0,056 0,540 0,934 0,322 0,275 0,722 0,472 0,242 0,746 0,540 0,278 0,188 0,659 0,186 0,381 

rs7545750 0,117 0,747 0,389 0,362 0,928 0,343 0,240 0,747 0,597 0,166 0,824 0,344 0,074 0,659 0,388 

rs2250509 0,106 0,744 0,159 0,036 0,732 0,125 0,017 0,666 0,066 0,012 0,131 0,197 0,016 0,788 0,094 

rs2791718 0,340 0,451 0,959 0,883 0,712 0,278 0,769 0,614 0,310 0,121 0,841 0,313 0,221 0,787 0,382 

rs3737872 0,003 0,888 0,554 0,631 0,321 0,263 0,934 0,303 0,631 0,622 0,860 0,822 0,502 0,275 0,805 

rs762625 0,876 0,471 0,954 0,116 0,769 0,535 0,110 0,818 0,417 0,011 0,402 0,397 0,153 0,785 0,454 

Abbreviations: A, alanine; LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, maximum left ventricular wall 

thickness; mPWT, maximum posterior wall thickness; MyBPH, myosin binding protein H; PC1, first principal component; R, arginine; SNP, single 

nucleotide polymorphism; T, threonine; W, tryptophan 
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The p-values for the association between the MyBPH haplotypes and hypertrophy traits are 

graphically represented in Figure 3.17 and demonstrated a statistically significant effect for haplotype 

GGTGCTT in the total cohort. This haplotype is present in 4% of the cohort and the estimated effect 

was an increase of 26,55g on LVM (p=0,0326). 

 

Table 3.20 gives the p-values for the association between MyBPH haplotypes and hypertrophy traits 

within HCM-founder mutation groups. Haplotype CGTACTC, present at a frequency of 1%, was 

estimated to increase LVM with 132,07g (p=0,003), mIVST with 15,53mm (p=0,012), the mLVWT with 

15,29mm (p=0,015) and the PC1 with 4mm (p=0,025) within the A797TMYH7 mutation group. Haplotype 

CGTGATC, observed in 12% of the total cohort was associated with a 2.93mm increase in PC1 

(p=0.008) within the R403WMYH7 mutation group. In addition, haplotype GGTACTT, observed in 16% 

of the cohort, was associated with an increase of 2,62mm in mIVST (p=0,029), 2,76mm in mLVWT 

(p=0,029) and 1,38mm in PC1 (p=0,021) within the A797TMYH7 mutation group. Haplotype GGTGCCC, 

observed in 6% of the total cohort, was associated with a 64,88g increase in LVM (p=0,016) and a 

2,14mm increase in mPWT (p=0,030) within mutation group A797TMYH7, whereas this haplotype 

decreased mIVST with 3,28mm (p=0,008), mLVWT with 4,39mm (p=0,010) and PC1 with 3,33mm 

(p=0,001) within the R403WMYH7 mutation group. Interestingly, haplotype GGTGCTC was observed in 

19% of the cohort and demonstrated a statistically significant decrease of 20,98g (p=0,027) in LVM 

within the A797TMYH7 mutation group. Lastly, even though GGTGCTT was present in merely 4% of the 

cohort, a statistically significant increase of 56,01g in the LVM (p=0,031) within the R92W TNNT2 

mutation carrier group was observed.  
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Figure 3.17 The p-values for tests of association between MYBPH haplotypes and individual hypertrophy traits. The bar graph represents –log10 

transformed p-values and the data table below indicates the original p-values for additive tests of allelic association. The dashed red line indicates the  

p-value significance threshold equal to 0,05. Bars located above this line, therefore, indicate significant p -values (p-values<0,05). Effect sizes for 

significant associations are indicated in the text. Abbreviations: LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, 

maximum left ventricular wall thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine 
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Table 3.20 The p-values obtained for the analysis of the association with MyBPH haplotypes within the mutation groups. 

Haplotype   LVM mIVST mLVWT mPWT PC1 
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C G T A C T C 0,01 0,003   0,169 0,012   0,284 0,015   0,399 0,072   0,965 0,025   0,134 

C G T G A T C 0,12 0,610 0,794 0,987 0,925 0,143 0,283 0,740 0,087 0,338 0,250 0,579 0,300 0,251 0,008 0,234 

C G T G C C C 0,05 
  

0,146   
 

0,944 
  

0,849   
 

0,188   
 

0,235 

C G T G C T C 0,03 0,032 
 

0,456 0,310 
 

0,291 0,469 
 

0,403 0,288 
 

0,772 0,062 
 

0,384 

G A T G C C C 0,18 0,295 0,676 0,993 0,196 0,626 0,701 0,564 0,635 0,833 0,427 0,564 0,185 0,622 0,555 0,356 

G G A G C T T 0,08 0,213 0,987 0,988 0,899 0,750 0,811 0,920 0,839 0,492 0,492 0,804 0,612 0,383 0,482 0,682 

G G T A C T C 0,01 0,563 0,166 
 

0,814 0,758   0,956 0,890 
 

0,959 0,340   0,912 0,109 
 

G G T A C T T 0,16 0,373 0,416 0,339 0,029 0,461 0,156 0,029 0,409 0,085 0,101 0,149 0,941 0,021 0,069 0,147 

G G T G C C C 0,06 0,016 0,615 0,797 0,605 0,008 0,780 0,370 0,010 0,656 0,030 0,375 0,629 0,119 0,001 0,989 

G G T G C T C 0,19 0,027 0,253 0,718 0,508 0,154 0,684 0,217 0,177 0,689 0,217 0,934 0,344 0,234 0,314 0,903 

G G T G C T T 0,04 0,466 0,475 0,031 0,585 0,321 0,415 0,710 0,862 0,109 0,317 0,935 0,294 0,824 0,956 0,079 

Abbreviations: A, alanine; LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, maximum left ventricular wall 

thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine; T, threonine; W, tryptophan 

 

* Absence of p-values indicates insufficient statistical power for testing because the unequal distribution of haplotypes in the three HCM mutation groups 

resulted in very small groups. 
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3.9.5.2 MYH7 

Figure 3.18 graphically represents the p-values for the association between the MYH7 SNPs and 

hypertrophy traits in the total cohort. A statistically significant effect was observed for the following 

SNPs: rs2147570, rs3729833, rs7140721, rs3729825, rs7159367, rs2277475, rs2147533, 

rs743567, rs2754163. The T allele of rs2147570 was associated with a decrease in LVM  

(21,9g; p=0,0284), mIVST (2,94mm; p=0,0002), mLVWT (2,93mm; p=0,0004), mPWT (0,88mm; 

p=0,0030) and PC1 (1,39mm; p=0,0032). The effect of the T allele of rs3729833 was an estimated 

decrease of 24g in LVM (p=0,0210), 2,38mm in mIVST (p=0,0032), 2,37mm in mLVWT (p=0,0072), 

0,86mm in mPWT (p=0,0222) and 1,13mm in PC1 (p=0,0112). The A allele of rs7140721 was 

estimated to decrease LVM (13,3g; p=0,0096), mIVST (1,10mm; p=0,0048) and mLVWT (1,09mm; 

p=0,0240). The T allele of rs3729825 was associated with a decrease of 24,7g in LVM (p=0,0186), 

2,56mm in mIVST (p=0,0024), 2,55mm in mLVWT (p=0,0048), 0,87mm in PWT (p=0,0198) and 

1,16mm in PC1 (p=0,0098). The effect of the C allele of rs7159367 was to decrease LVM (12,2g; 

p=0,0108), mIVST (1,00mm; p=0,0042) and mLVWT (0,96mm; p=0,0166). The T allele of rs2277475 

decreased LVM by 15g (p=0,0078), mIVST by 1,19mm (p=0,0066), mLVWT by 1,23mm (p=0,0176) 

and the PC1 score by 1,31mm in (p=0,0414). Furthermore, the effect of the G allele of rs2147533 

resulted in decreased mIVST (2,43mm; p=0,0016), mLVWT (2,32mm; p=0,0092) and PC1 (1,50mm; 

p=0,0076). The G allele of rs743567 was estimated to decrease LVM (15,9g; p=0,0054) and mIVST 

(0,96mm; p=0,0366) and the C allele of rs2754163 estimated to decrease LVM with 10,7g (p=0,0312). 

 

Table 3.21 details the p-values for the association between MYH7 SNPs and hypertrophy traits within 

individual HCM founder mutation groups. The rs12147570 SNP had a statistically significant effect 

within the R92WTNNT2 and A797TMYH7 mutation groups. The T allele was associated with a decrease of 

19,1g in LVM (p=0,050), 2,37mm in mIVST (p=0,019), 2,22mm in mLVWT (p=0,024) and 1,08mm on 

PC1 score (p=0,022) within the R92WTNNT2 mutation group. However, the effect of the T allele within 

the A797TMYH7 mutation group was observed to decrease mIVST by 3,47mm (p=0,010), mLVWT by 

3,49mm (p=0,031) and PC1 score by 1,42mm (p=0,032). The T allele of rs3729833 was associated 

with a decrease in mIVST (2,71mm; p=0,023) and PC1 score (1,13mm; p=0,049) within the A797TMYH7 

mutation group, compared to the decrease observed in LVM (24,3g; p=0,021), mIVST (2,54mm; 

p=0,039), mLVWT (2,44mm; p=0,045), mPWT (1,06mm; p=0,025) and PC1 (1,31mm; p=0,007) within 

the R92WTNNT2 mutation group. The effect of the A allele of rs7140721 was associated with a 

decrease of 1,44mm in mIVST (p=0,007) within the A797TMYH7 mutation group. The T allele of 

rs3729825 was associated with a decrease in all five hypertrophic traits within the R92W TNNT2 

mutation group; 25,9g in LVM (p=0,014), 2,72mm in mIVST (p=0,030), 2,56mm in mLVWT (p=0,039), 
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1,08mm in mPWT (p=0,023) and 1,31mm in PC1 (p=0,007). However, within the A797TMYH7 mutation 

group this allele was only associated with a 2,77mm decrease in mIVST (p=0,03). The effect of the C 

allele of rs7159367 was to decrease LVM (16,6g; p=0,029) within the R92WTNNT2 mutation group and 

mIVST (1,40mm; p=0,009) within the A797TMYH7 mutation group. A decrease of 20,4g in LVM 

(p=0,009), 1,59mm in mIVST (p=0,040), 1,64mm in mLVWT (p=0,037), 0,56mm in mPWT and 

0,76mm in PC1 score (p=0,007) was observed as a statistically significant effect of the T allele of 

rs2277475 within the R92WTNNT2 mutation group. However, within the A797TMYH7 mutation group the T 

allele of this SNP was associated with a decrease of 1,34mm in mIVST (p=0,016). The effect of the G 

allele of rs12147533 was associated with a decrease in mIVST (2,34mm; p=0,024), in mLVWT 

(2,23mm; p=0,030) and in PC1 (1,08mm; p=0,023) within the R92W TNNT2 mutation group, whereas 

within the A797T mutation group, the G allele was associated with a decrease in mIVST (2,99mm; 

p=0,012) and PC1 (1,22mm; p=0,037). Additionally, the G allele of rs743567 was associated with a 

decrease in LVM (19,6g; p=0,014), mIVST (1,50mm; p=0,047), mLVWT (1,58mm; p=0,042), mPWT 

(0,60mm; p=0,025) and PC1 (0,82mm; p=0,008) within the R92WTNNT2 mutation group. The G allele of 

rs2239577 was significantly associated with PC1 (1.78mm; p=0,031) within the R403WMYH7 mutation 

group; however, no GG genotype was observed.  
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Figure 3.18 The p-values for tests of association between single SNPs in MYH7 and individual hypertrophy traits. The bar graph represents 

–log10 transformed p-values and the data table below indicates the original p-values for additive tests of allelic association. The dashed red line indicates 

the p-value significance threshold equal to 0,05. Bars located above this line,  therefore, indicate significant p-values (p-values<0,05). Effect sizes for 

significant associations are indicated in the text. Abbreviations: LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, 

maximum left ventricular wall thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine 
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Table 3.21 The p-values obtained for the analysis of the additive allelic models inside the mutation groups in MYH7, illustrating the differences 

in allelic effect of the particular variants within these groups. Significant p-values are indicated in bold red font and the corresponding effect sizes 

are discussed in the text. 

SNP ID 
LVM mIVST mLVWT mPWT PC1 

A797T R403W R92W A797T R403W R92W A797T R403W R92W A797T R403W R92W A797T R403W R92W 

rs12147570 0,247 0,646 0,050 0,010 0,102 0,019 0,031 0,096 0,024 0,365 0,155 0,083 0,032 0,966 0,022 

rs3729833 0,352 0,530 0,021 0,023 0,562 0,039 0,070 0,493 0,045 0,312 0,542 0,025 0,049 0,331 0,007 

rs765019 0,537 0,975 0,790 0,175 0,812 0,577 0,584 0,832 0,450 0,705 0,654 0,696 0,937 0,480 0,558 

rs3729832 0,565 0,977 0,812 0,191 0,784 0,546 0,600 0,826 0,452 0,677 0,654 0,702 0,937 0,480 0,558 

rs7140721 0,161 0,215 0,056 0,007 0,691 0,137 0,069 0,576 0,165 0,361 0,575 0,145 0,079 0,444 0,118 

rs3729825 0,441 0,450 0,014 0,030 0,469 0,030 0,066 0,382 0,039 0,336 0,456 0,023 0,055 0,405 0,007 

rs7159367 0,163 0,364 0,029 0,009 0,643 0,068 0,082 0,551 0,080 0,362 0,603 0,170 0,084 0,807 0,079 

rs10136106 0,331 0,851 0,532 0,124 0,999 0,645 0,439 0,941 0,540 0,873 0,987 0,707 0,546 0,847 0,649 

rs2277475 0,276 0,431 0,009 0,016 0,887 0,040 0,101 0,919 0,037 0,468 0,965 0,028 0,109 0,163 0,007 

rs12147533 0,229 0,361 0,050 0,012 0,667 0,024 0,062 0,524 0,030 0,227 0,262 0,084 0,037 0,184 0,023 

rs743567 0,184 0,422 0,014 0,130 0,846 0,047 0,372 0,983 0,042 0,416 0,860 0,025 0,291 0,147 0,008 

rs7157087 0,770 0,643 0,710 0,867 0,395 0,770 0,644 0,483 0,783 0,634 0,289 0,375 0,388 0,318 0,451 

rs7155989 0,710 0,873 0,695 0,908 0,751 0,492 0,855 0,683 0,480 0,611 0,324 0,778 0,319 0,590 0,784 

rs1951154 0,909 0,842 0,881 0,793 0,925 0,512 0,852 0,981 0,621 0,776 0,740 0,763 0,567 0,589 0,827 

rs2754163 0,276 0,436 0,062 0,162 0,501 0,212 0,427 0,490 0,242 0,380 0,605 0,178 0,281 0,966 0,162 

rs3729810 0,140 0,986 0,201 0,347 0,555 0,733 0,235 0,369 0,846 0,837 0,449 0,761 0,436 0,905 0,945 

rs2239578 0,614 0,804 0,671 0,470 0,765 0,646 0,446 0,946 0,606 0,979 0,395 0,931 0,331 0,437 0,488 

rs2239577 0,994 0,717 0,770 0,858 0,295 0,851 0,502 0,424 0,915 0,868 0,262 0,218 0,787 0,031 0,479 

rs17092326 0,733 0,660 0,832 0,809 0,566 0,680 0,804 0,632 0,712 0,561 0,352 0,178 0,839 0,095 0,396 

Abbreviations: A, alanine; LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, maximum left ventricular wall 

thickness; mPWT, maximum posterior wall thickness; MYH7, cardiac β-myosin heavy chain; PC1, first principal component; R, arginine; SNP, single 

nucleotide polymorphism; T, threonine; W, tryptophan 
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The p-values for the association between the MYH7 haplotypes and hypertrophy traits are graphically 

represented in Figure 3.19 and demonstrated statistically significant haplotype effects for three 

haplotypes.   

 

The GCCAACCATAGCGGCGGCG haplotype was observed in 3% of the cohort and was associated 

with a decrease of 19,95g in LVM (p=0,0284). Furthermore, the TTTTATCGTAGCGGCGGGA 

haplotype was estimated to effect mPWT with a decrease of 2,52mm (p=0,007). The latter mentioned 

haplotype was only observed in 1% of the total cohort. Additionally, haplotype 

TTTTATCGTGGCGGCAACG, observed in 3% of the cohort, decreased mIVST (2,88mm; p=0,0228), 

mLVWT (2,90mm; p=0,0358) and PC1 (1,69mm; p=0,0286). 

 

Table 3.22 details the p-values for the association between MYH7 haplotypes and hypertrophy traits 

within individual HCM-founder mutation groups. Four haplotypes demonstrated a statistically 

significant association with at least one of the hypertrophy traits. Interestingly, all of these significant 

associations were observed within the R403WMYH7 mutation group and not in any of the other two 

mutation groups. Haplotype GCCAACCGTAGTAGCAGGA, observed in 3% of the cohort, was 

estimated to increase mPWT 1,48mm (p=0,036) and PC1 with 2,71mm (p=0,001). Haplotype 

GCTTGCTGAATCGGTAACG, observed in 13% of the total cohort, demonstrated to decrease PC1 

with 1,62mm (p=0,007). Furthermore, a decrease in mIVST with 2,71mm (p=0,015) was observed as 

the effect of haplotype GCTTGCTGAATCGGTAGCG, observed at a frequency of 21% in the total 

cohort. Lastly, haplotype TTTTATCGTAGCGGCGGGA demonstrated a decrease in LVM (52,40g; 

p=0,022), mIVST (4,11mm; p=0,012), mLVWT (3,39mm; p=0,012), mPWT (3,13mm; p=0,000) and 

PC1 score (2,73mm; p=0,038). This haplotype was however only observed in 1% of the cohort.  
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Figure 3.19 The p-values for tests of association between MYH7 haplotypes and individual hypertrophy traits. The bar graph represents –log10 

transformed p-values and the data table below indicates the original p-values for additive tests of allelic association. The dashed red line indicates the  

p-value significance threshold equal to 0,05. Bars located above this line, therefore, indicate significant p-values (p-values<0,05). Effect sizes for 

significant associations are indicated in the text.  Abbreviations: LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, 

maximum left ventricular wall thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine 
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Table 3.22 The p-values obtained for the analysis of the association with MYH7 haplotypes within the mutation groups.  
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G C C A A C C A A A T C G G C G A C G 0,02 0,894 
 

0,247 0,588   0,869 0,543 
 

0,491 0,654   0,298 0,872 
 

0,132 
G C C A A C C A T A G C G G C G G C G 0,03 0,104 0,685 0,207 0,494 0,852 0,764 0,698 0,824 0,592 0,938 0,566 0,703 0,765 0,874 0,570 
G C C A A C C G T A G T A G C A G G A 0,03 0,780 0,888 0,771 0,630 0,924 0,941 0,984 0,808 0,951 0,950 0,036 0,171 0,409 0,001 0,789 

G C T T A C C G T A G C G G C A G G A 0,03 0,432 
 

0,897 0,829 
 

0,802 0,857 
 

0,839 0,177 
 

0,944 0,276 
 

0,822 
G C T T G C C A A A T C G G C G A C G 0,01 

 
0,805 

 
  0,216   

 
0,195 

 
  0,855   

 
0,834 

 G C T T G C T G A A T C G A T A A C G 0,27 0,496 0,771 0,771 0,111 0,883 0,860 0,291 0,538 0,746 0,975 0,636 0,453 0,948 0,125 0,450 
G C T T G C T G A A T C G G T A A C G 0,13 0,257 0,520 0,531 0,269 0,932 0,720 0,336 0,541 0,531 0,380 0,131 0,861 0,616 0,007 0,855 
G C T T G C T G A A T C G G T A A G G 0,01 0,422 

 

0,913 0,466 

 

0,812 0,079 

 

0,804 0,105 

 

0,931 0,105 

 

0,651 

G C T T G C T G A A T C G G T A G C G 0,21 0,278 0,449 0,987 0,594 0,015 0,371 0,816 0,082 0,411 0,912 0,295 0,235 0,585 0,216 0,391 
G C T T G C T G A A T C G G T G G C G 0,02 0,588 0,222 0,901 0,463 0,764 0,617 0,370 0,706 0,667 0,895 0,236 0,083 0,782 0,167 0,265 
T T T T A T C G T A G C G G C G G G A 0,01 

 
0,022 

 
  0,012   

 
0,012 

 
  0,000   

 
0,038 

 T T T T A T C G T G G C G G C A A C G 0,03 0,419   0,203 0,071   0,880 0,076   0,989 0,469   0,334 0,100   0,886 

Abbreviations: A, alanine; LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, maximum left ventricular wall 

thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine; T, threonine; W, tryptophan 

 

* Absence of p-values indicates insufficient statistical power for testing because the unequal distribution of haplotypes in the three HCM mutation groups 

resulted in very small groups. 
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3.9.5.3 ACTC1 

Figure 3.20 graphically represents the p-values for the association between the ACTC1 SNPs and 

hypertrophy traits in the cohort. A statistically significant effect was observed for SNP rs2070664, for 

which the effect of the C allele was estimated to decrease LVM with 13,1g (p=0,0056).  

 

Table 3.23 details the p-values for the association between ACTC1 SNPs and hypertrophy traits 

within individual HCM founder mutation groups. The C allele of rs2070664 had a statistically 

significant effect within the A797TMYH7 mutation group and was estimated to decrease LVM with 16,6g 

(p=0,026). Additionally, the G allele of rs7165006 was statistically significantly associated with an 

increase of 31,2g in LVM (p=0,032), 3,25mm in mIVST (p=0,050) and 1,17mm in mPWT (p=0,035) 

within the A797TMYH7 mutation group. 

 

Figure 3.20 The p-values for tests of association between single SNPs in ACTC1 and individual 

hypertrophy traits. The bar graph represents –log10 transformed p-values and the data table below indicates 

the original p-values for additive tests of allelic association. The dashed red line indicates the p-value 

significance threshold equal to 0,05. Bars located above this line, therefore, indicate significant p -values  

(p-values<0,05). Effect sizes for significant associations are  indicated in the text. Abbreviations: ACTC1,  

cardiac α -actin; LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, 

maximum left ventricular wall thickness; mPWT, maximum posterior wall thickness; PC1, first principal 

component; R, arginine  
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Table 3.23 The p-values obtained for the analysis of the additive allelic models inside the mutation groups in ACTC1, illustrating the 

differences in allelic effect of the particular variants within these groups. Significant p-values are indicated in bold red font and the corresponding 

effect sizes are discussed in the text. 

SNP ID 
LVM mIVST mLVWT mPWT PC1 

A797T R403W R92W A797T R403W R92W A797T R403W R92W A797T R403W R92W A797T R403W R92W 

rs1370154 0,642 0,686 0,373 0,735 0,516 0,846 0,876 0,452 0,894 0,934 0,149 0,564 0,940 0,439 0,859 

rs3729755 0,707 0,950 0,399 0,767 0,921 0,881 0,830 0,670 0,886 0,930 0,360 0,533 0,918 0,720 0,882 

rs2070664 0,026 0,369 0,129 0,060 0,567 0,349 0,109 0,797 0,211 0,295 0,947 0,713 0,273 0,492 0,335 

rs7165006 0,032 0,541 0,946 0,050 0,393 0,880 0,088 0,354 0,973 0,035 0,631 0,857 0,246 0,997 0,566 

rs7166484 0,708 0,282 0,606 0,937 0,990 0,830 0,901 0,995 0,829 0,206 0,619 0,279 0,935 0,420 0,848 

Abbreviations: A, alanine; ACTC1, cardiac α-actin; LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, maximum 

left ventricular wall thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine; SNP, single nucleotide 

polymorphism; T, threonine; W, tryptophan 
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The p-values for the association between the ACTC1 haplotypes and hypertrophy traits are graphically 

represented in Figure 3.21 and demonstrated statistically significant haplotype effects for two 

haplotypes. Haplotype CCCCA was associated with a decrease of 16,95g in LVM (p=0,0356) and 

1,43mm in mLVWT (p=0,0328). Conversely, haplotype CCTGG caused a significant 35,25g higher 

LVM (p=0,0196). These two haplotypes were observed in the total cohort at a frequency of 18% and 

8%, respectively.   

 

Table 3.24 details the p-values for the association between ACTC1 haplotypes and hypertrophy traits 

within individual HCM-founder mutation groups. Three haplotypes demonstrated a statistically 

significant association with at least one of the hypertrophy traits. Haplotype CCCCG was observed in 

10% of the cohort and estimated to increase mPWT 1,69mm (p=0,039) within the R92W TNNT2 mutation 

group. In addition, haplotype CCTCA, observed in 22% of the cohort, affected the R92WTNNT2 mutation 

group with an estimated increase of 23,39g in LVM (p=0,004). Lastly haplotype CCTGG was 

associated with an estimated increase of 44,61g in LVM (p=0,036) and 1,75mm in mPWT (p=0,041) 

within the A797TMYH7 mutation group.   
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Figure 3.21 The p-values for tests of association between ACTC1 haplotypes and individual hypertrophy traits. The bar graph represents –log10 

transformed p-values and the data table below indicates the original p-values for additive tests of allelic association. The dashed red line indicates  the  

p-value significance threshold equal to 0,05. Bars located above this line, therefore, indicate significant p-values (p-values<0,05). Effect sizes for 

significant associations are indicated in the text. Abbreviations: LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, 

maximum left ventricular wall thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine 
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Table 3.24 The p-values obtained for the analysis of the association with ACTC1 haplotypes within the mutation groups.  

Haplotype   LVM mIVST mLVWT mPWT PC1 
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A797T R403W R92W A797T R403W R92W A797T R403W R92W A797T R403W R92W A797T R403W R92W 

C C C C A 0,18 0,293 
 

0,170 0,601 
 

0,303 0,178 
 

0,097 0,519 
 

0,768 0,341 
 

0,078 

C C C C G 0,10 0,057 
 

0,905 0,072 
 

0,699 0,182 
 

0,775 0,860 
 

0,039 0,385 
 

0,274 

C C T C A 0,22 0,761 
 

0,004 0,492 
 

0,114 0,245 
 

0,075 0,553 
 

0,408 0,554 
 

0,240 

C C T C G 0,09 0,966 
 

0,990 0,638 
 

0,734 0,264 
 

0,731 0,737 
 

0,138 0,479 
 

0,467 

C C T G G 0,08 0,036 

 

0,962 0,052 

 

0,577 0,111 

 

0,811 0,041 

 

0,968 0,241 

 

0,856 

T G C C G 0,01 0,324 
  

0,898 
 

  0,940 
  

0,942 
 

  0,507 
  

T G T C A 0,01 0,743 

  

0,790 

 

  0,959 

  

0,501 

 

  0,440 

  
T G T C G 0,30 0,810 

 
0,816 0,926 

 
0,914 0,789 

 
0,802 0,390 

 
0,423 0,414 

 
0,923 

T G T G G 0,02 0,983     0,994     0,895     0,729     0,720     

Abbreviations: A, alanine; LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, maximum left ventricular wall 

thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine; T, threonine; W, tryptophan 

 

* Absence of p-values indicates insufficient statistical power for testing because the unequal distribution of haplotypes in the three HCM mutation groups 

resulted in very small groups. 
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3.9.5.4 UBC9 

Figure 3.22 graphically represents the p-values for the association between the UBC9 SNPs and 

hypertrophy traits in the cohort. The C allele of rs8052688 was significantly associated with an 

increase of 1,43mm in mIVST (p=0,0462). 

 

Table 3.25 details the p-values for the association between UBC9 SNPs and hypertrophy traits within 

individual HCM founder mutation groups. Interestingly, the A allele of rs761059 was estimated to 

decrease LVM (26,1g; p=0,016), mIVST (3,08mm; p=0,006), mLVWT (3,33mm; p=0,002), mPWT 

(0,96mm; p=0,002) and PC1 (1,81mm; p=0,004) within the A797TMYH7 mutation group. Conversely, 

since no AA genotype of rs761060 was observed, the effect of the AG genotype was estimated to 

cause an increase of 45,2g in LVM (p=0,038), 2,73mm in mIVST and 1,28mm in PC1 (p=0,039) within 

the A797TMYH7 mutation group. Interestingly, the effect of AG within the R403W MYH7 mutation group 

was estimated to decrease mPWT by 0,74mm (p=0,049), whereas, within the R92W TNNT2 mutation 

group, AG was estimated to increase mPWT by 1,00mm (p=0,041). The effect of the A allele of 

rs8063 was associated with an increase of 33,5g in LVM (p=0,017) within the A797TMYH7 mutation 

group.   
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Figure 3.22 The p-values for tests of association between single SNPs in UBC9 and individual 

hypertrophy traits. The bar graph represents –log10 transformed p-values and the data table below indicates  

the original p-values for additive tests of allelic association. The dashed red line indicates the p-value 

significance threshold equal to 0,05. Bars located above this line, therefore, indicate significant p -values  

(p-values<0,05). Effect sizes for significant associations are indicated in the text.  Abbreviations: LVM, left  

ventricular mass; mIVST, maximum interventricular septal thickness;  mLVWT, maximum left ventricular wall 

thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine; UBC9, SUMO-

conjugating enzyme UBC9 
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Table 3.25 The p-values obtained for the analysis of the additive allelic models inside the mutation groups in UBC9, illustrating the differences 

in allelic effect of the particular variants within the se groups. Significant p-values are indicated in bold red font and the corresponding effect sizes 

are discussed in the text. 

SNP ID 
LVM mIVST mLVWT mPWT PC1 

A797T R403W R92W A797T R403W R92W A797T R403W R92W A797T R403W R92W A797T R403W R92W 

rs2281226 0,292 0,621 0,112 0,603 0,626 0,114 0,712 0,770 0,115 0,779 0,306 0,704 0,645 0,868 0,298 

rs11248866 0,264 0,849 0,241 0,633 0,898 0,201 0,711 0,963 0,162 0,775 0,469 0,765 0,636 0,410 0,376 

rs9933497                               

rs8052688 0,238 0,738 0,142 0,262 0,602 0,070 0,540 0,625 0,060 0,520 0,597 0,941 0,188 0,925 0,359 

rs761059 0,016 0,506 0,986 0,006 0,489 0,116 0,002 0,366 0,199 0,002 0,620 0,446 0,004 0,396 0,133 

rs761060 0,003 0,528 0,975 0,038 0,186 0,786 0,093 0,306 0,442 0,064 0,049 0,041 0,039 0,250 0,348 

rs8063 0,017 0,907 0,592 0,276 0,656 0,148 0,625 0,820 0,174 0,308 0,555 0,713 0,161 0,334 0,516 

Abbreviations: A, alanine; LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, maximum left ventricular wall 

thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine; SNP, single nucleotide polymorphism; T, threonine;  

UBC9, SUMO-conjugating enzyme UBC9; W, tryptophan 
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The p-values for the association between the UBC9 haplotypes and hypertrophy traits are graphically 

represented in Figure 3.23 and demonstrated statistically significant effects for four haplotypes. The 

effect of haplotype AAGCAGA, which was observed in 3% of the cohort, was estimated to increase 

mIVST with 2,79mm (p=0,0324). Haplotype AAGCGAA was associated with an increase in all five 

hypertrophy traits measured, although this haplotype was only observed in 3% of the cohort. This 

haplotype was estimated to cause an increase of 75,79g in LVM (p=0,0030), 6,02mm in mIVST 

(p=0,0252), 5,98mm in mLVWT (p=0,0074), 1,91mm in mPWT (p=0,0122) and 2,27mm in PC1 

(p=0,0168). Conversely, haplotypes AAGGAGG and CGGGAGG was estimated to decrease mPWT 

with 1,43mm (p=0,0334) and mLVWT with 1,44mm (p=0,0312), respectively. However, haplotype 

AAGGAGG was only observed in 3% of the cohort, compared to haplotype CGGGAGG, which was 

observed in 14% of the cohort.   

 

Table 3.26 details the p-values for the association between UBC9 haplotypes and hypertrophy traits 

within individual HCM-founder mutation groups. Haplotype AAGCGAA was associated with an 

increase in LVM (132,50g; p=0,001), mIVST (11,25mm; p=0,037), mLVWT (10,82mm; p=0,034), 

mPWT (3,96mm; p=0,004) and PC1 (4,18mm; p=0,002) within the A797TMYH7 mutation group, 

whereas the effect observed within the R92WMYH7 mutation group was an increase of 2,85mm in 

mPWT (p=0,048). This haplotype, however, was only observed in 3% of the cohort. The effect of 

haplotype AAGCGGA, observed in 6% of the cohort, was estimated to increase mPWT (2,00mm; 

p=0,040) within the R92WTNNT2 mutation group and PC1 (4,46mm; p=0,027) within the R043WMYH7 

mutation group. Conversely, haplotype AAGGAGG, observed in 3% of the total cohort, was 

associated with a decrease of 2,85mm in mPWT (p=0,007) within the A797TMYH7 mutation group. 

Interestingly, the estimated effect of haplotype AAGGGAA was an 83,26g increase in LVM (p=0,013) 

within the A797TMYH7 mutation group, in contrast to the estimated decrease of 94,90g in LVM 

(p=0,035) within the R403WMYH7 mutation group. However, this haplotype was only observed in 1% of 

the cohort. Haplotype AAGGGAG, observed in 3% of the cohort, demonstrated an association with an 

estimated decrease in LVM (29,34g; p=0,015), mIVST (2,86mm; p=0,000), mLVWT (3,97mm; 

p=0,000), mPWT (1,68mm; p=0,001) and PC1 (2,86mm; p=0,000) within the R403WMYH7 mutation 

group. Haplotype AAGGGGG was observed in 10% of the cohort and was estimated to increase PC1 

with 1,65mm (p=0,028) within the R403WMYH7 mutation group. The effect of haplotype CAGGGAG 

was associated with a significant increase in LVM with 105,87g (p=0,000), mIVST with 5,09mm 

(p=0,005), mLVWT with 4,26mm (p=0,0164), mPWT with 2,23mm (p=0,006) and PC1 with 5,74mm 

(p=0,005) within the R403WMYH7 mutation group. This haplotype however was only observed in 1% of 

the cohort. In addition, haplotype CGGGAGG, observed in 14% of the cohort, was estimated to 

decrease LVM with 25,56g (p=0,014) and mPWT with 0,83mm (p=0,030) within the A797TMYH7 
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mutation group. Lastly, haplotype CGGGGGG, observed in 36% of the cohort, was associated with a 

11,72mm decrease in PC1 (p=0,030) within the R92WTNNT2 mutation group.   
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Figure 3.23 The p-values for tests of association between UBC9 haplotypes and individual hypertrophy traits. The bar graph represents –log10 

transformed p-values and the data table below indicates the original p-values for additive tests of allelic association. The dashed red line indicates  the  

p-value significance threshold equal to 0,05. Bars located above this line, therefore, indicate significant p-values (p-values<0,05). Effect sizes for 

significant associations are indicated in the text. Abbreviations: LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, 

maximum left ventricular wall thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine; UBC9, SUMO-

conjugating enzyme UBC9 
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Table 3.26 The p-values obtained for the analysis of the association with UBC9 haplotypes within the mutation groups.  

Haplotype   LVM mIVST mLVWT mPWT PC1 
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A A A G A G A 0,02 0,972 

 

  0,874 

  

0,815 

 

  0,979 

 

  0,840 

  
A A G C A A A 0,03 0,382 

 

  0,363 

  

0,238 

 

  0,192 

 

  0,240 

  
A A G C A G A 0,03   

 

0,169 

  

0,078   

 

0,103   

 

0,704 

  

0,429 

A A G C G A A 0,03 0,001 0,857 0,304 0,037 0,437 0,782 0,034 0,493 0,220 0,004 0,102 0,048 0,002 0,249 0,403 

A A G C G G A 0,06 0,743 0,353 0,636 0,306 0,196 0,829 0,606 0,157 0,904 0,620 0,128 0,040 0,464 0,027 0,325 

A A G C G G G 0,03 0,322 0,643 0,948 0,397 0,268 0,506 0,174 0,162 0,601 0,583 0,095 0,205 0,688 0,227 0,933 

A A G G A G A 0,02 0,194 0,604 0,174 0,212 0,341 0,872 0,152 0,258 0,981 0,077 0,549 0,677 0,168 0,666 0,994 

A A G G A G G 0,03 0,064 0,470 0,510 0,527 0,113 0,222 0,809 0,174 0,133 0,007 0,416 0,057 0,313 0,154 0,170 

A A G G G A A 0,01 0,013 0,035   0,734 0,414 

 

0,758 

 

  0,693 

 

  0,382 

  
A A G G G A G 0,03   0,015 0,218 

 

0,000 0,280   0,000 0,246   0,001 0,683 

 

0,000 0,352 

A A G G G G G 0,10 0,500 0,517 0,229 0,905 0,189 0,765 0,614 0,063 0,998 0,202 0,794 0,767 0,992 0,028 0,528 

C A G G G A G 0,01   0,000 0,666 

 

0,005 0,971   0,016 0,848   0,006 0,617 

 

0,005 0,693 

C G G G A A G 0,01   

 

0,827 

  

0,744   

 

0,732   

 

0,204 

  

0,745 

C G G G A G A 0,01   0,633 0,970 

 

0,966 0,194   0,957 0,189   0,138 0,934 

 

0,200 0,371 

C G G G A G G 0,14 0,014 0,899 0,836 0,109 0,217 0,962 0,121 0,112 0,815 0,030 0,129 0,309 0,120 0,445 0,344 

C G G G G A G 0,03 0,399 

 

0,789 0,082 

 

0,501 0,081 

 

0,420 0,960 

 

0,758 0,117 

 

0,820 

C G G G G G G 0,36 0,576 0,480 0,236 0,593 0,404 0,092 0,722 0,441 0,099 0,145 0,956 0,829 0,515 0,075 0,030 

Abbreviations: A, alanine; LVM, left ventricular mass; mIVST, maximum interventricular septal thickness; mLVWT, maximum left ventricular wall 

thickness; mPWT, maximum posterior wall thickness; PC1, first principal component; R, arginine; T, threonine; W, tryptophan 

 

* Absence of p-values indicates insufficient statistical power for testing because the unequal distribution of haplotypes in the three HCM mutation groups 

resulted in very small groups. 
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DISCUSSION: PROTEIN INTERACTION STUDY 

MyBPC3, the gene encoding cMyBPC, is one of the most frequently mutated genes in HCM and 

genes encoding protein interactors of cMyBPC have previously been investigated as potential HCM 

modifier genes. Previous investigations conducted in our laboratory to elucidate the functions of 

cMyBPC have identified several novel cMyBPC interactors through a succession of Y2H analyses. 

These studies have shed much light on cMyBPC function and possible mechanisms by which 

mutations in MYBPC3 cause HCM.   

 

Much of the current research had focused on cMyBPC, while very little is known about the functions 

and molecular mechanisms of MyBPH. Given the sequence homology and similarity in structure 

between cMyBPC and MyBPH, and since both proteins are known to bind myosin  

(Alyonycheva et al., 1997b), we proposed that MyBPH may also play a crucial role in the cardiac 

sarcomere and possibly in HCM pathogenesis.  

 

In the present study, the Y2H approach was used to identify interactors of MyBPH. MyBPH was used 

as bait protein to screen a cardiac cDNA library for putative interactors of MyBPH. These putative 

interactors were prioritised according to their function and location within the cell, before selected 

putative interactors were verified. Furthermore, the role of MyBPH in the context of the sarcomere was 

investigated using a siRNA-mediated approach and a contractility assay.   

 

In the present study one of the main findings was the lack of response in cardiac contractility with 

individual knockdown of MyBPH and cMyBPC upon β-adrenergic stimulation; this could be the result 

of partial functional compensation between cMyBPC and MyBPH. More specifically, concurrent 

knockdowns of MyBPH and cMyBPC resulted in reduced contractility upon β-adrenergic stimulation, 

indicating that the absence of this functional compensation between cMyBPC and MyBPH was 

detrimental to contractility. Our results thus suggested that both cMyBPC and MyBPH are essential for 

cardiac contraction.   

 

4.1 Yeast two-hybrid analyses to identify interactors of MyBPH 

In the present study, a total of 12 clones were able to activate three reporter genes and proved to be 

resistant to the antibiotic, Aureobasidin A (AbA), in Y2H analyses. Based on bioinformatic analyses 

and extensive literature research, putative interactors of MyBPH were prioritised for further verification 

and analyses. Interestingly, three MYH7 clones and three full mitochondrial clones were pulled out 
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using MyBPH in Y2H analyses, and all other identified putative interactors were represented by only a 

single clone.   

 

 4.1.1 Preys excluded from this study 

Proteins were excluded from further study for the following reasons: 

 

a) Non-relevant protein function 

Of particular interest in the present study were proteins that could possibly be involved in pathways 

and processes that underlie the aetiology of HCM. Although a very recent study found an association 

between variants in MTRNR2L2 and HCM (Hagen et al., 2013), at the time of our analyses, this 

protein had not previously been implicated in HCM, or in any processes or functions known to underlie 

the disease pathogenesis. This protein was therefore excluded as a putative interactor from further 

analyses in the present study. However, since this protein has previously been implicated in HCM, it 

would be worth investigating the interaction of this protein with MyBPH in future studies.   

 

FLNC was also excluded from any further analysis based on the fact that it has been identified in 

almost every Y2H screen from past studies in our laboratory, suggesting that this protein acts as a 

“sticky” protein. It is unclear whether this promiscuity of FLNC is biologically relevant or if it is a result 

of an artefact of assays that use highly expressed proteins.  

 

Additionally, the putative MyBPH interactor, FAF1, is the product of PARK10, which has been 

associated with late onset Parkinson‟s disease (PD) (Hicks et al., 2002). A more recent study has 

implicated FAF1 in the pathogenesis of PD (Betarbet et al., 2008). Although this protein has previously 

been implicated in apoptosis (Chu et al., 1995) and is thought to mediate cell death, it has not been 

implicated in the development of hypertrophy or any obvious processes underlying the pathogenesis 

of HCM and was therefore excluded as putative interactor from further analyses. However, previous 

observations of MyBPH in the peri-nucleus and nucleus (Welikson and Fischman, 2002) and the 

nuclear location of FAF1 make an interaction with MyBPH very plausible, thus this putative interaction 

should be investigated in future in order to gain a more comprehensive understaning of MyBPH in the 

cardiomyocytes.  

 

Stellenbosch University  http://scholar.sun.ac.za



 

 

154 Discussion 

b) Incompatible cellular compartments 

It is reasonable to assume that proteins localised in separate sub-cellular compartments in vivo will in 

all probability not interact. Therefore, all proteins that were not localised to the same compartment to 

where MyBPH is localised (cytosolic, peri-nuclear and nuclear) were excluded. In the present study, 

preys that exclusively localised to the mitochondria, or that were secreted into the extracellular matrix, 

such as FBN1, and proteins encoding the complete mitochrial genome were excluded from further 

analyses. We thus hypothesised that since the localisations of these preys do not coincide with the 

sarcomeric C-zone localisation of MyBPH (cytosolic, peri-nuclear or nuclear), they would most likely 

not be able to interact with MyBPH.  

 

4.1.2 MyBPH binds proteins involved in cardiac contractility 

In cardiac muscle cells actin and myosin filaments, together with a larger number of scaffolding and 

regulatory proteins, are arranged into contractile units known as sarcomeres (section 1.2.1). The tight 

regulation of the formation of these sarcomeres, as well as the regulation of muscle contraction, is 

dependent on a complex network of protein-protein interactions (Ababou et al., 2007). In the present 

study, interactions of MyBPH with the contractile proteins myosin and actin were identified and 

verified. 

 

Cardiac actin and myosin have both shown to be involved in contraction of the sarcomere  

(Gautel et al., 1995b; Levine et al., 2001; Skwarek-Maruszewska et al., 2009; Weisberg and 

Winegrad, 1996, 1998) and information regarding proteins that interact with these two proteins could 

contribute to the ever-growing knowledge about their role in cardiac contractility.   

 

a) Myosin 

Identifying MYH7 as a putative interactor of MyBPH in the current study by using the Y2H system 

confirmed a previously validated interaction between these two proteins (Alyonycheva et al., 1997b; 

Okagaki et al., 1993). Furthermore, these results proved the reliability and the efficacy of the Y2H 

system as a tool to identify putative interactors of MyBPH.  

 

Sarcomeric myosin was observed to form clusters of spindle-shaped filament aggregates in the 

cytoplasm of COS cells expressing myosin but not MyBPH or cMyBPC (Moncman et al., 1993;  

Rindt et al., 1993; Seiler et al., 1996; Straceski et al., 1994; Vikstrom et al., 1993). However, myosin 
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formed long peri-nuclear cable-like structures in COS cells expressing GFP-tagged MyBPH and 

cMyBPC (Welikson and Fischman, 2002). Furthermore, domains C10 and H4 in cMyBPC and MyBPH 

respectively proved to be critical to induce myosin cable formation (Welikson and Fischman, 2002).  

 

A study by Welikson and Fischman confirmed that MyBPH and myosin co-localised in a non-muscle 

COS cell system (Welikson and Fischman, 2002). However, co-localisation of these two proteins has 

not, to our knowledge, previously been investigated in cardiomyocytes. In fact, the interactions of 

MyBPH and cMyBPC with myosin investigated in COS cells were investigated in the absence of other 

sarcomeric proteins since COS cells do not contain sarcomeres (Moncman et al., 1993; Vikstrom et 

al., 1993). In the present study we showed that MyBPH and myosin co-localised to the same cellular 

region in differentiated H9c2 rat cardioymocytes (section 3.2).  

 

Not only did MyBPH and myosin co-localise in the present study, but the Co-IP analysis confirmed a 

physical interaction of MyBPH with myosin in differentiated H9c2 cardiomyocytes. The functional 

relevance of MyBPH interacting with myosin could be explained by the well-established interaction of 

the C-terminal of cMyBPC with myosin and titin (Freiburg and Gautel, 1996; Gilbert et al., 1999; 

Miyamoto et al., 1999; Okagaki et al., 1993). The interaction of cMyBPC with myosin is considered to 

be constitutive and it is crucial for the correct incorporation of cMyBPC into the thick filament   

(Koretz, 1979). Additionally, domains C6 to C10 of cMyBPC were demonstrated to be essential for the 

correct incorporation of cMyBPC into the A-band of the sarcomere (Gilbert et al., 1996, 1999). 

Moreover, this interaction is thought to play a role in the stability and stiffness of the thick filament 

(Nyland et al., 2009). We hypothesise that since MyBPH has strong homology to the C-terminal of 

cMyBPC (domains C6-C10), the interaction of MyBPH and myosin may have a similar function to that 

of the interaction of cMyBPC with myosin, i.e. the incorporation of MyBPH into the A-band of the 

sarcomere and the stabilisation and organisation of the thick filament. 

 

Interestingly, despite the co-localisation of MyBPH with myosin in the peri-nuclear cables in COS cells 

(Welikson and Fischman, 2002), we observed co-localisation of these two proteins in the cytoplasm 

and membrane of the differentiated H9c2 cardiomyocytes (section 3.2). The difference in cell types, as 

well as the fact that the H9c2 cells were in a process of differentiating into myotubes, could explain the 

discrepancy in localisation of myosin and MyBPH in the current study. Furthermore, we posulate that 

the localisation of myosin and MyBPH to the membrane of differentiated cardiomyocytes, could be the 
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result of its structural and stabilising role and the organisation of the cardiomyotubes to form the thick 

filament.   

b) Cardiac actin 

In the normal adult myocardium, α-cardiac and α-skeletal actins are co-expressed and represent the 

majority of the actin isoforms in the thin filament of cardiomyocyte contractile units  

(Vandekerckhove et al., 1986). The α-cardiac isoform proved to be the dominant isoform present in a 

20-week-old foetal heart that essentially exhibits all the morphological characteristics of adult hearts. 

Furthermore, this cardiac actin isoform proved to be expressed uniformly in these hearts  

(Suurmeijer et al., 2003).  

 

A study by Skwarek-Maruszewska and colleagues demonstrated that contractility is essential for the 

accurate organisation of actin filaments during sarcomere maturation. For this reason, cardiomyocyte 

maturation is associated with an increase in the regular organisation of sarcomeric actin filaments and 

contractility-induced actin dynamics may thus play an essential role in depolymerisation of  

non-productive actin filaments during this process (Skwarek-Maruszewska et al., 2009). Interestingly, 

MyBPH has recently been implicated in cardiac actin organisation in non-muscle cells, since 

pulmonary adenocarcinomal (NC1-H441) cells treated with MyBPH-specific siRNA proved to contain 

more triton-insoluble filamentous actin (F-actin) (TIF) pools compared to control cells  

(Hosono et al., 2011). Triton-insoluble F-actin forms a three-dimensional cross-linked meshwork of 

actin filaments that include stress fibres (Watts and Howard, 1992) and associates with filamin A,  

α-actinin and tropomyosin. MyBPH was also found to inhibit Rho kinase 1 (ROCK1) through direct 

interaction, which in turn negatively regulates actomyosin organisation. These results suggest that 

MyBPH is involved in the regulation of cell shape, motility, invasion and metastasis in non-muscle cells 

(Hosono et al., 2011). In accordance with these results, we propose that in the present study, the 

interaction of actin with MyBPH could play a similar role in regulating the organisation of the 

sarcomeric actin filaments in differentiated cardiomyocytes. 

 

MyBPH is structurally homologous to the C-terminal half of cMyBPC (domains FnIII-IgI-FnIII-IgI), but 

lacks the upstream regulatory region. The C-terminal domains (C5-C10) of cMyBPC have previously 

been shown to bind actin (Rybakova et al., 2011), resulting in the inhibition of actin-tropomyosin 

activity (Colson et al., 2012a). It is therefore possible that the interaction of MyBPH with actin identified 

(section 3.3) in the present study, could have a similar effect on actin dynamics to the interaction of 

cMyBPC with actin. 
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4.1.3 MyBPH binds a SUMO-conjugating enzyme 

UBC9 is a unique SUMO-conjugating enzyme that is known to play a vital role in the sumoylation 

pathway (section 1.2.4.1). A previous study by Nacerddine and colleagues demonstrated that a 

targetted germ line mutation of mouse SUMO-specific UBC9 abolished the SUMO-conjugating 

pathway and that this affected nuclear functioning, which resulted in early embryonic lethality and 

caused severe defects in cell proliferation (Nacerddine et al., 2005). It is thus evident that UBC9 is a 

particularly critical component in the sumoylation process and could consequently be crucial for the 

maintenance of normal cardiomyocyte activities. In the present study a novel interaction between 

MyBPH and UBC9 was identified by Y2H, and subsequently verified by three-dimensional  

co-localisation and Co-IP analysis. 

 

The co-localisation of UBC9 with MyBPH (section 3.2) in the present study provided convincing 

evidence for peri-nuclear localisation of UBC9. This is in accordance with that which was expected, 

since UBC9 has previously shown to be involved in several activities including DNA-binding  

(Pan et al., 2009; Tateishi et al., 2009), chromatin remodelling (Baek, 2006) and nuclear-cytoplasmic 

trafficking (Zhu et al., 2009). Interestingly, occasional peri-nuclear and nuclear localisation of MyBPH 

was observed in the present study, confirming results from a previous study  

(Welikson and Fischman, 2002).   

 

Interestingly, findings from a recent article by Chase and co-workers proposed that sarcomeric 

proteins, tropomyosin and troponin are localised to the nucleus in striated muscle cells  

(Chase et al., 2013). Furthermore, they proposed the role of sumoylation in modifying the nuclear 

localisation and function of tropomyosin and troponin. Additionally, HCM-causing mutations, 

p.Glu192Lys and p.Glu62Gln, were predicted to alter the localisation of α-tropomyosin to the nucleus 

and the p.Ile172Thr mutation in the α-tropomyosin gene was predicted to alter sumoylation of this 

gene. It is thus possible that the interaction of MyBPH with UBC9 could aid in the trafficking of MyBPH 

to and from the nucleus. We therefore postulate that modifications in the interaction of MyBPH with 

UBC9 could alter normal nuclear structure, function and trafficking, which would influence the 

localisation and functioning of both MyBPH and UBC9 in cardiomyocytes. Studies have shown that 

both actin and myosin, in addition to being localised to the sarcomere, are also found in the nucleus, 

where they are involved in key functions, including transcriptional regulation and chromatin 

remodelling (De Lanerolle and Serebryannyy, 2011; Grummt, 2006; Miralles and Visa, 2006). The 
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interaction of MyBPH with ACTC1, MYH7 and UBC9 could thus further implicate MyBPH in functions 

such as chromatin remodelling. Actin binding proteins have previously been shown to localise to the 

nucleus where they play critical roles in gene regulation (Baarlink et al., 2013; Nacerddine et al., 

2005), it is thus possible that this may also be the case for MyBPH. 

 

Epigenetic activation and silencing of genes is critical for cell survival. Several factors involved in 

chromatin remodelling proved to be modulated by the SUMO pathway and are important in cardiac 

development. For example, although the SUMO modification of histone deacytelases 1 and 2 has not 

yet been determined, it has been suggested that they are involved in regulating cardiac 

morphogenesis, growth and contractility (Montgomery et al., 2007). It is thus likely that altered 

sumoylation of these proteins during either embryonic cardiac development or the maintenance of 

postnatal heart function would promote abnormal gene expression. Altered gene expression could 

subsequently lead to dysfunctional chromatin remodelling and/or impaired cardiac structural formation. 

The dysfunctional regulation of several chromatin regulators has been associated with the 

development, regulation and stimulation of cardiac hypertrophy (Bartha et al., 2009; Gusterson et al., 

2003; Vega et al., 2004; Yanazume et al., 2003; Zhang et al., 2011). It is therefore likely that the novel 

interaction of UBC9 with MyBPH could play a vital role in the normal functioning of sumoylation, and 

subsequently, chromatin remodelling, cardiac structural formation and development of hypertrophy.   

 

UBC9 has also previously been implicated in muscle development. In previous independent 

investigations, UBC9 proved to be critical for the formation of myotubes in C2C12 cells  

(Nacerddine et al., 2005) and in muscle development in Caenorrhabditis elegans  

(Nacerddine et al., 2005; Roy Chowdhuri et al., 2006). Therefore, the interaction of MyBPH with UBC9 

could indicate that these proteins cooperatively play a role in the formation and maintenance of the 

structure of cardiac cells.   

 

4.2 MyBPH and cMyBPC are implicated in the autophagic pathway 

The observation of small circular structures upon staining of differentiated H9c2 rat cardiomyocytes 

with anti-MyBPH antibody in this study compelled further investigation into elucidating the cause for 

this specific expression and whether these structures could be autophagosomes. The co-localisation 

of MyBPH and cMyBPC with the autophagosomal protein LC3b-II to the membrane of the 

autophagosome strongly suggested that both these proteins are involved in autophagy. Although the 

main degradation system for sarcomeric proteins is thought to be the UPS, several studies suggest 
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that the autophagy-lysosome pathway (ALP) and UPS may function in concert to regulate the turnover 

of proteins (Zheng and Wang, 2010; Zheng et al., 2009). Additionally, truncated cMyBPC mutants 

have been associated with an impaired UPS system and the lysosome-inhibitor bafilomycin A1 was 

shown to increase the level of truncated cMyBPC after gene transfer in cardiomyocytes  

(Sarikas et al., 2005), implicating autophagy in the degradation of cMyBPC and suggesting that the 

turnover of cMyBPC indeed relies on the autophagic system. The extent to which this occurs can be 

quantified by using bafilomycin A1 at saturating concentrations and assessing the fold-change of the 

cMyBPC protein. 

 

Interestingly, we did not observe co-localisation of MyBPH and cMyBPC with LC3b-II in all the 

autophagosomal structures. We thus postulate that these proteins may not only be processed in the 

autophagosome, but could be involved in the maturation process of the autophagosomal membranes, 

being recruited or targeted to the membrane only at very specific periods during maturation and 

membrane formation. Occasionally we observed peri-nuclear localisation of both MyBPH and cMyBPC 

proteins, similar to what has been seen in previous studies (Welikson and Fischman, 2002). This 

observation supported the suggestion that both MyBPH and cMyBPC could be targetted to the 

membrane of autophagosomes, as several studies have shown that autophagosomes are, at least in 

part, derived from the ER, although mitochondrial and golgi-based, as well as de novo synthesis, have 

been postulated (Arstila and Trump, 1968; Dunn, 1990; Ericsson, 1969; Fujita et al., 2008b;  

Hayashi-Nishino et al., 2009; Ylä-Anttila et al., 2009). It is thus possible that both MyBPH and 

cMyBPC are involved in the maturation and elongation of the membranes of autophagosomes, 

explaining the reason for observing co-localisation with LC3b-II in only some of the autophagosomes.  

 

Another interesting observation from the present study was that both MyBPH and cMyBPC seemed to 

be involved in autophagy under basal conditions. This observation is in agreement with results from 

previous studies showing that constitutive autophagy under basal conditions serve as a homeostatic 

mechanism for maintaining normal cardiac structure and function (Nakai et al., 2007). In a recent 

study, Schlossarek and colleagues observed that a defective ALP is the underlying mechanism in 

genetically engineered mice with cardiac hypertrophy (Schlossarek et al., 2012). In their study, these 

investigators generated a homozygous cMyBPC KI mouse which expressed a known  

HCM-causing mutant cMyBPC, as well as homozygous cMyBPC KO mouse that expressed no 

cMyBPC (both of which exhibited significant cardiac hypertrophy) and showed that while both these 

mutant mice were able to activate autophagy, their autophagy responses were impaired  

(Schlossarek et al. 2012). The observation of impaired autophagy in the cMyBPC KO mice is 
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particularly interesting as it suggests that cMyBPC may be critical for the function of ALP. In addition 

to the indication that cMyBPC, and potentially MyBPH, relies on autophagy for protein turnover, we 

propose that cMyBPC and MyBPH could play a structural and functional role in autophagy, given that 

both cMyBPC and MyBPH localised to the membrane of the autophagosomes (section 3.4). Protein 

turnover by autophagy is thought to involve fusion of the outer membrane of the autophagosome with 

a vacuole or lysosome and in doing so exposes the inner autophagosome membrane and its luminal 

content to the degradation machinery of the vacuole or lysosome (Mizushima, 2011). However, the 

localisation of these proteins to the membrane of autophagosomes substantiates the implication of 

cMyBPC and MyBPH in the function and structure of the autophagosome membrane. Further findings 

from the study by Schlossarek and co-workers suggested that the impairment in autophagy in both the 

cMyBPC KI and KO mice is a result of a blockade of the fusion between autophagosomes and 

lysosomes. Therefore, it could be hypothesised that cMyBPC may play a role in the fusion of 

autophagosomes and lysosomes. Given the structural similarities between cMyBPC and MyBPH, it is 

thus possible that MyBPH may also be involved in this fusion process. Interestingly, although impaired 

autophagic activity was observed in cMyBPC KO mice, autophagy was not completely abolished 

(Schlossarek et al., 2012). These results suggest that other proteins, such as MyBPH, may partially 

compensate for the loss of cMyBPC in these mice, similar to the compensation we had observed in 

contractility. 

 

4.3 MyBPH and cMyBPC play an essential part in contractility 

The interactions of MyBPH with actin and myosin identified in the present study prompted the 

investigation into whether MyBPH is involved in cardiac contractility. By using targeted siRNA 

knockdown of both MyBPH and cMyBPC, individually and concurrently, the present study confirmed 

the results of previous investigations that cMyBPC acts as a modulator or regulator during cardiac 

contractility (De Lange et al., 2012; Gautel et al., 1995b; Harris et al., 2002; Stöhr et al., 2013; 

Weisberg and Winegrad, 1996). Additionally, our data suggested that both MyBPH and cMyBPC are 

essential for cardiac contractility and that these two proteins may work in concert to regulate cardiac 

contractility, at least under conditions of β-adrenergic stimulation. 

 

It is well known that MyBPH and cMyBPC appear to function in the assembly and registration of thick 

filaments during myofibrillogenesis (Winegrad, 1999). Moreover, several studies have shown that 

phosphorylation of cMyBPC plays an essential role in regulating movement of the myosin head and 
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contraction of the myofilament (Gautel et al., 1995b; Levine et al., 2001; Weisberg and Winegrad, 

1996, 1998).  

 

Cardiac MyBPC is one of several sarcomeric proteins (phospholamban and troponin I) that is 

phosphorylated following β-adrenergic stimulation by cAMP-dependent protein kinase A (PKA) 

(Garvey et al., 1988; Hartzell and Titus, 1982). In the present study, the differentiated H9c2 cells were 

treated with isoproterenol to mimic a state of β-adrenergic phosphorylation. Phosphorylation of 

cMyBPC by PKA in cardiac muscle is thought to abolish the interaction of the myosin sub-fragment S2 

for binding to cMyBPC (Ababou et al., 2008), and consequently myosin cross-bridges are in closer 

proximity to potentially interact with actin (Shaffer et al., 2009). Furthermore, the degree of 

phosphorylation of cMyBPC is thought to regulate the interactions between myosin and actin in the 

thick and thin filaments, respectively (Levine et al., 2001; McClellan et al., 2001). It is therefore 

hypothesised that in response to cMyBPC phosphorylation, the probability of myosin-actin  

cross-bridge formation would increase (Colson et al., 2008, 2010, 2012b; Hofmann et al., 1991; 

Weisberg and Winegrad, 1996). Therefore, the predicted effect is thought to result in an increased 

production of force and accelerate contractile kinetics, which would contribute to the dynamic capacity 

of the heart to respond to an in increased demand for cardiac output.  

 

Cardiac MyBPC KO mice have been used as a model to study the effect of phosphorylation of 

cMyBPC by PKA, as the complete loss of cMyBPC is expected to mimic the function of fully 

phosphorylated cMyBPC, inhibiting its effects upon contractility. Interestingly, many of these studies 

have observed a decrease in cardiac contractility (Brickson et al., 2007; Carrier et al., 2004;  

De Lange et al., 2012; Harris et al., 2002; Tong et al., 2008), although several other studies have 

observed contrasting results, since many predict an acceleration in contractile kinetics  

(Harris et al., 2002; Korte et al., 2003; Stelzer et al., 2006a, 2006b, 2006c, 2007; Tong et al., 2008)  

and others a deceleration (Carrier et al., 2004; Pohlmann et al., 2007). It is thought that the 

discrepancy in the results from these studies could be due to the marked hypertrophic remodelling that 

occurs in KO cMyBPC hearts (De Lange et al., 2012).  

 

Our findings that the planar cell surface area of differentiated H9c2 rat cardiomyocytes with either 

reduced cMyBPC or MyBPH expression was not significantly changed upon β -adrenergic stimulation 

contradicts previous suggestions that cMyBPC KO mice exhibited decreased contractility  

(Brickson et al., 2007; Carrier et al., 2004; De Lange et al., 2012; Harris et al., 2002;  
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Tong et al., 2008). Interestingly, cMyBPC normally functions as a “brake” on cross-bridge kinetics by 

potentially stabilising the power stroke state or by functioning as an internal cross-bridge load  

(Hofmann et al., 1991; Palmer et al., 2004). Beta-adrenergic stimulation by PKA phosphorylation is 

thus thought to reverse the inhibitory effect of cMyBPC and increase cross-bridge kinetics, since PKA 

phosphorylation and the loss of cMyBPC have similar effects to increase cardiac contractility  

(Stelzer et al., 2006a, 2006b, 2006c, 2007).   

 

The lack in contractile response that we observed with reduced expression of cMyBPC upon  

β-adrenergic stimulation could thus be explained by the fact that the functional cMyBPC remaining 

after the individual knockdown of cMyBPC was enough for the cardiomyocytes to function normally, or 

that MyBPH compensated for cMyBPC to some degree in response to β-adrenergic stimulation. 

Interestingly, a previous study suggested that the up-regulation of another myosin-binding protein 

could possibly be the reason that the sarcomere pattern in cMyBPC KO mice appear normal, although 

these hearts developed hypertrophy (Harris et al., 2002). Results of the present study indicated that 

MyBPH may be that protein.   

 

Furthermore, our results show that although individual knockdown of cMyBPC and MyBPH did not 

have a significant effect on planar cell surface area, concurrent knockdowns of both proteins 

significantly increased the planar cell surface area, suggesting decreased contractility in response to 

β-adrenergic stimulation. This is in accordance with our expectation that reduced expression of 

cMyBPC should decrease contractile responses upon phosphorylation, which was based on 

observations from several previous studies (Brickson et al., 2007; Carrier et al., 2004;  

De Lange et al., 2012; Harris et al., 2002; Tong et al., 2008). We hypothesise that the discrepancy in 

results from the individual knockdown of cMyBPC and the concurrent knockdown may be explained by 

the lack of sufficient MyBPH in the concurrent knockdown group to compensate for the loss of 

cMyBPC. Cardiac MyBPC was therefore not available to continue its normal role by suppressing force 

generation and stabilising the power-stroke step of the cross-bridge cycle.   

 

Evidence suggests that cMyBPC and its phosphorylation status are critical to the regulation of cardiac 

function. It has been well established that mutations of cMyBPC are most frequent causes of familial 

hypertrophic cardiomyopathy (Richard et al., 2003; Van Driest et al., 2005b). Furthermore, reduced 

phosphorylation of cMyBPC in humans has been associated with heart failure  

(El-Armouche et al., 2007) and atrial fibrillation (El-Armouche et al., 2006), known clinical features of 

Stellenbosch University  http://scholar.sun.ac.za



 

 

163 Discussion 

hypertrophic cardiomyopathy. A recent study by Tong and colleagues observed marked systolic 

dysfunction as a result of decreased phosphorylation in a mouse model lacking three cMyBPC 

phosphorylation sites in the absence of β-adrenergic stimulation (Tong et al., 2008). In the presence of 

β-adrenergic stimulation, cMyBPC could not be phosphorylated and the mutant mouse model 

exhibited blunted contractile reserve. Similarly, in our study the limited expression of both cMyBPC 

and MyBPH in the concurrent knockdown group may impair the ability of cMyBPC to be 

phosphorylated, thus resulting in impaired contractile function.    

 

Results from our knockdown and contractility analyses suggests that PKA phosphorylation of cMyBPC 

accelerates cross-bridge kinetics, but that the reduced expression of cMyBPC and MyBPH leads to 

reduced contraction of differentiated H9c2 rat cardiomyocytes. From these results we thus postulate 

that both MyBPH and cMyBPC are essential for cardiac contraction.   

 

4.4 Implications for MyBPH in cardiac sarcomere 

In the present study Y2H analyses identified 12 putative protein interactors with various protein 

functions and localisations in the sarcomere. Myosin was the only identified putative interactor that has 

previously been documented and the others were all novel. It is plausible that cardiac dysfunction 

could be the result of altered pathways of which the identified protein interactions form part of. 

Considering that approximately 60% of HCM patients are identified with disease-causing mutations 

(Ramaraj, 2008), leaving the cause of HCM in 40% of HCM patients unresolved, putative interactors of 

proteins such as MyBPH serve as good candidate genes for investigating HCM-causing and HCM 

modifier effects. 

 

The interaction of MyBPH with myosin is well defined (Alyonycheva et al., 1997b; Okagaki et al., 1993) 

and in our study we used Y2H and Co-IP and western blotting to confirm this interaction. The protein 

domain H4 is a known myosin-interacting domain, which supports the hypothesis that MyBPH is 

embedded in the thick filament at its C-terminal side, stabilising the thick filament similar to the 

interaction of myosin with cMyBPC (Nyland et al., 2009).  

 

Despite the identification of the novel interaction of actin with MyBPH, the question remains which 

domain of MyBPH would interact with actin. If we consider the similarities between MyBPH and 

cMyBPC, it is reasonable to speculate that domains H1-H4 of MyBPH could interact with actin, as a 
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recent study by Rybakova and colleagues suggested that cMyBPC domains C6-C10, corresponding to 

MyBPH domains H1-H4, bind actin (Rybakova et al., 2011). If we propose that MyBPH domain H4 is 

embedded in the thick filament, domain H1 would be most likely reach the thin filament for interacting 

with actin. However, we do not exclude the possibility that any of the other MyBPH domains could 

interact with actin.     

 

Results from the present study also implicated MyBPH in autophagy for the first time. Despite the fact 

that autophagy has been shown to be involved in the degradation of cMyBPC (Sarikas et al., 2005), 

neither cMyBPC nor MyBPH have previously been shown to co-localise with LC3b-II to the membrane 

of autophagosomes. To the best of our knowledge, the present study is the first to show an 

association of cMyBPC and MyBPH with autophagosome membrane formation and elongation, since 

co-localisation with LC3b-II to the autophagosome membranes were observed in only some of the 

autophagosomes at very specific periods during maturation and membrane formation. However, 

sequential ATG5 knockdown experiments are suggested to dissect the exact role of these proteins in 

the autophagic pathway, by assessing the potential change in cMyBPC and MyBPH on western blots 

and their localisation. 

 

Interestingly, despite the absence of phosphorylation sites, such as those present in the N-terminal 

region of cMyBPC, MyBPH has been proven to affect the phosphorylation state of proteins involved in 

regulating actin dynamics in the cytoskeleton in non-muscle cells (Maekawa et al., 1999; Yoshioka, 

2003). Additionally, Hosono and colleagues observed that MyBPH affects the phosphorylation state of 

LIM domain kinase 1 (LIMK1), likely to be a component of an intracellular signalling pathway, and 

cofilin 1, an intracellular actin modulating protein (Hosono et al., 2011). It could thus be hypothesised 

that although MyBPH does not contain any phosphorylation sites, it could play a role in regulating 

phosphorylation by interacting with proteins that are themselves involved in regulating 

phosphorylation. 

 

Furthermore, in addition to postulating that both MyBPH and cMyBPC are essential for cardiac 

contractility, we propose that MyBPH can functionally compensate for cMyBPC to some degree, and 

vice versa. Compensation for a reduction or loss of cMyBPC or MyBPH would minimise the effect of 

the alterations or dysfunctions caused by mutations in these proteins. Most mutations found in 

cMyBPC result in either a disrupted reading frame or a stop codon and are therefore expected to 

produce truncated cMyBPC (Carrier et al., 1997). We postulate that the mild and late onset HCM 
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phenotype (Charron et al., 1998), that is associated with cMyBPC mutations could be because 

MyBPH can partially compensate for the loss of cMyBPC, resulting in a less severe phenotype.   

  

4.5 Limitations of interaction studies  

 4.5.1 Yeast two-hybrid  

The Y2H technique is a powerful, cost-effective assay that is methodically simple and has a high 

throughput capacity, making it a very popular tool for identifying protein-protein interactions in yeast 

cells (Fields and Song, 1989). Yeast is used as host to identify or investigate mammalian  

protein-protein interactions and serves as a true cellular environment (Brückner et al., 2009), since this 

in vivo technique is more similar to higher eukaryotic systems than systems that investigate 

interactions within a bacterial host (Van Criekinge and Beyaert, 1999).   

 

However, several limitations are associated with this technique. Firstly, Y2H is associated with a high 

false negative rate and the number of interactions is thus largely underestimated. Secondly, certain 

interactions, such as interactions with membrane proteins, cannot be detected due to the localisation 

of the bait and prey protein in the yeast nucleus. Furthermore, interactions that require  

post-translational modifications, such as glycosylation and phosphorylation cannot be detected, unless 

the enzymes responsible for their modification happen to be present in the yeast cells, which is not 

always the case (Cusick et al., 2005). Transient interactions are also mostly not identified using Y2H 

analyses.   

 

Another limitation of Y2H is the high false positive detection rate, as many identified interactions are 

not plausible physiological interactions. Technical false positives can be eliminated by specificity tests 

and heterologous matings. However, “sticky” proteins or incorrectly folded proteins are often identified 

as putative interactors. For example, in our study we identified FLNC, which is cons idered a “sticky” 

protein and were therefore not selected for further investigation (section 4.1.1).  

 

For the above-mentioned reasons, it is therefore important to validate putative interaction identified by 

the Y2H assay using independent assays. In the present study we used co-localisation assays to 

determine whether the proteins in the identified interaction are located in the same sub-cellular region 

in a mammalian cell-based system to ensure that the interactions can take place in a more 
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physiologically relevant environment. Furthermore, interactions were verified by using both co-

localisation and Co-IP assays in a relevant cell system.  

 

4.5.2 H9c2 cardiomyocyte cell line 

The survival of primary rat neonatal cardiomyocytes are approximately 5-8 days (personal 

communication, Prof B Huisamen) and since we needed to differentiate the cardiomyocytes for five to 

eight days before we could perform co-localisation or siRNA knockdown experiments, we had to 

consider that these cells would not be viable for the duration of the experiment.  

 

We therefore selected the myoblast cell line H9c2, which is derived from embryonic rat heart. This cell 

line has been used as an in vitro model for both skeletal and cardiac muscles as the cells show 

electrophysiological and biochemical properties of both skeletal and cardiac tissues (Kimes and 

Brandt, 1976; Sardao et al., 2007).   

 

Although H9c2 cells lack the ability to beat, they show many similarities to primary cardiomyocytes 

and have therefore previously been used for investigating molecular and cellular processes involved in 

myocardial hypertrophy, apoptosis, differentiation and toxicology (Koekemoer et al., 2009;  

Pereira et al., 2011; Watkins et al., 2011). Furthermore, H9c2 cells have ability to divide, compared 

with terminally differentiated cardiomyocytes, and many studies have used the H9c2 cardiomyocyte 

cell line as an animal-free alternative (Kimes and Brandt, 1976; Koekemoer et al., 2009). The above-

mentioned studies suggest that cardiomyocyte cell lines are a valid in vitro system for examining key 

aspects of cardiomyocyte hypertrophy.   

 

 4.5.3 Co-localisation 

Detecting endogenous proteins require specific, high quality primary antibodies that were raised 

against the protein of interest; often such antibodies are not commercially available or the quality or 

specificity of the available antibodies are very low. Often endogenous proteins cannot be detected if 

the protein components of the identified protein complex are not expressed in the available cell lines. 

However, in the present study, high quality primary antibodies were available and all proteins of 

interest could be detected in differentiated H9c2 rat cardiomyocytes.   

 

It is important to bear in mind that although this technique can determine whether two proteins are 

localised to the same subcellular space, it gives no direct information about whether they physically 
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interact. Results from this technique can only aid in confirming the interaction between two proteins 

and needs to be used in combination with other verification techniques such as Föster resonance 

energy transfer (FRET) analysis or Co-IP assays. For FRET analyses, the resolution of light 

microscopy (approximately 200nm) is brought down to 2-10nm, as only then is FRET able to occur. 

This indicates protein-protein interaction on the nano-scale, as opposed to their mere proximity to one 

another based on co-localisation analysis. However, FRET analyses suffer from various drawbacks, 

including autofluorescence, detector noise, optical noise and photobleaching. Additionally, spectral 

bleedthrough or contributions of donor and acceptor fluorescence emission into the FRET channel is a 

major problem (Sekar, 2003). For this reasons, we selected Co-IP analyses for verifying protein 

interactions in the present study. 

 

To obtain quantitative co-localisation information in the present study, quantitative 3D co-localisation 

was estimated by using Pearons‟s coefficient and an overlap coefficient. The manner in which these 

parameters quantify the level of co-localisation between two proteins has been associated with some 

drawbacks. Although Pearson‟s coefficient is not sensitive to the intensity of the background or the 

overlapping pixels, it is difficult to interpret. Furthermore, it does not provide any information about the 

individual fluorescent channels. The overlap coefficient is easier to interpret and is also not sensitive to 

the intensity of overlapping pixels. However, it is very sensitive to background and also provides no 

information about individual channels. Despite these disadvantages, using a combination of the two 

co-localisation quantification parameters to determine the co-localisation between two proteins of 

interest in the present study, provided more robust quantitative analyses. 
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DISCUSSION: MYBPH AND INTERACTORS AS MODIFIERS OF HYPERTROPHY 

HCM has been viewed as a model in which to study the causal molecular factors underlying isolated 

cardiac hypertrophy. In addition to the variability in phenotype between patients harbouring different 

HCM-causing mutations, there is also a great deal of phenotypic variability among individuals 

harbouring the same causal mutation, suggesting that the phenotype can be modified by other genetic 

factors (Marian, 2002). These modifier genes are known to affect the severity of the phenotype, 

although they are neither necessary nor sufficient to cause the phenotype observed  

(Alcalai et al., 2008). Individual modifier genes that contribute to the variability of hypertrophy seen in 

HCM are largely unknown and the identification of such modifier genes could shed some light on the 

disease etiology and pathology underlying HCM. 

 

In the present study, in addition to MyBPH, the genes encoding binding partners of MyBPH identified 

in the interaction studies (MYH7, ACTC1 and UBC9; sections 3.1 to 3.5) were assessed as candidate 

hypertrophy modifying genes contributing to the variability in disease phenotype in patients suffering 

from HCM. From the results obtained we have identified multiple associations of single variants and 

haplotypes with hypertrophy traits within the total study cohort, as well as within the three different 

HCM founder mutation groups. The results from the present study therefore suggest that some of 

these variants and haplotypes could contribute to cardiac hypertrophy, affecting the severity of HCM.   

 

4.6 Caveats in association analyses 

There are particular factors that concern association studies in general and these basic caveats affect 

the reproducibility of these studies. It is thus important to take these basic concerns into consideration 

to ensure the accuracy of the results in these types of studies. For this reason, we aim to address 

these concerns and caveats, with particular emphasis on identifying hypertrophy modifiers in HCM.     

 

4.6.1 Population stratification 

Undetected population structure could lead to the identification of spurious associations between 

specific genotypes and hypertrophy traits (Cardon and Palmer, 2003; Clayton et al., 2005;  

Cooper et al., 2008; Ioannidis et al., 2001; Koller et al., 2004). Population stratification is therefore 

considered a confounding variable that affects the association between a variant and disease trait 

(Colhoun et al., 2003).  
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A population that consists of two or more sub-populations, for which their allele frequency and disease 

risk is different, contribute to population stratification (Colhoun et al., 2003). It is therefore important to 

consider the structure of the population in designing an association study, especially if the allele 

frequencies and disease risk are very different amongst the sub-populations. In the present study the 

cohort consisted of sub-populations from different ethnic origins, viz., Caucasian and Mixed Ancestry. 

The latter population is known to have originated from an admixture of Khoi San, Dutch and Black 

African individuals (Loubser et al., 1999).  

 

In complex association studies, such as the present study, we expected small to modest effect sizes , 

which could be confounded by population stratification. Additionally, considering the population 

structure of the cohort in the present study, we did correct for the confounding effect underlying 

population stratification to ensure the observation of true effects of specific genotypes on hypertrophy 

traits. There are several methods to correct for the confounding effects of population substructure. The 

genomic control (GC) method entails adjusting for a single factor that summarises the average effect 

of confounding (Devlin and Roeder, 1999). Another approach is to adjust for estimated ancestries 

(Pritchard et al., 2000) or ancestry-related principal components (Price et al., 2006). Both these 

methods are dependent on genotypes of a larger number of markers. To address confounding due to 

family structure, cryptic relatedness and population stratification, we applied a specialised mixed 

effects model that was also able to incorporate fixed and random effects (Price et al., 2010). In the 

present study, fixed effects included self-reported ethnicity to control for population stratification and 

random effects included individual-specific random effects (kinship coefficients measure relatedness) 

and family random effects, allowing for testing associations within and between families, all of which 

would also help to adjust for population structure (Price et al., 2010). These models ensure the 

maximum statistical power of the study.  

  

4.6.2 Phenotypic definition and distribution 

Accurate phenotypic classification and definition of patients is critical for the optimal design of 

association studies, as inaccuracies could affect the statistical power and reproducibility of an 

association study, consequently leading to spurious associations and effects. To minimise the chance 

of spurious associations the study design should consider the most appropriate methods for 

phenotypic classification and relevant statistical analyses. 
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Heritability is dependent on the accuracy of the phenotypic classification and definition. Inaccurate 

phenotypic classification of specific hypertrophy traits, such as described in the present association 

study, could therefore affect the strength of the study. Furthermore it is suggested that for association 

studies, quantitative measures should be easy to measure in a large cohort and should show high 

heritability (Newton-Cheh and Hirschhorn, 2005).  

 

The phenotypic classification for HCM is particularly challenging as the cardiac phenotype of HCM is 

extremely heterogeneous and previous studies have shown that the clinical presentations vary greatly 

between individuals, even in individuals harbouring the same disease-causing mutation  

(Thierfelder et al., 1994). This is especially true since cardiac hypertrophy in HCM is usually 

asymmetrical and patients with HCM rarely exhibit concentric hypertrophy (Elliott et al., 2000; Roberts 

and Sigwart, 2001). Therefore, using one measurement to indicate the extent and distribution of 

hypertrophy in a HCM cohort would not be accurate. In the present study we therefore measured a 

number of quantitative traits to describe hypertrophy (section 2.18.1). One of the major advantages of 

investigating quantitative data (provided by measurements as described above), compared to 

information about the disease state (qualitative data), is that it enables a more accurate and 

comprehensive diagnosis of the disease (Newton-Cheh and Hirschhorn, 2005). This is especially 

important since HCM is a complicated disease that requires interpretation and the discretion of the 

treating cardiologist to make a diagnosis.   

 

Since one single measurement is not sufficient to give a true representation of hypertrophy seen in 

any given individual in our cohort, we addressed this concern by using composite scores. The 

composite score, PC1, best describes the variability in the 16 wall thickness measurements at three 

levels in the heart measured in the present study. However, we do recognise that there are other 

composite scores that have been used in other association studies, such as the Wigle score  

(Wigle et al., 1985) and the Maron-Spirito score (Spirito and Maron, 1990). The Maron-Spirito score is 

a quantitative measure of the sum of the maximum wall thickness obtained from four left ventricular 

segments at mitral and papillary muscle levels of the heart. However, considering the variability in 

extent and distribution of LVH in HCM patients, this score is not suitable for accurately describing 

hypertrophy in HCM patients. Furthermore, this score will not incorporate LVH that is restricted to the 

apex in a less frequent form of HCM. Moreover, the semi-quantitative measure of the Wigle score is 

potentially open for subjective interpretation by the clinician, since it consists of a number of subjective 

scores added together to obtain a general impression of the extent of hypertrophy. In the present 

study, the composite score, PC1, offered a more accurate evaluation of the overall LVH since it 
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provided a weighted sum of wall thickness measurements of the combination of all 16 measurements, 

spread throughout the left ventricle. 

  

The distribution of hypertrophy in mLVWT, mPWT and mIVST was measured using 2D and M-mode 

echocardiography, while echocardiography was used to measure LVM. The most commonly studied 

phenotype in HCM is LVM, as determined by echocardiography and it provides a more comprehensive 

measure of the extent of hypertrophy than that of a single wall thickness measurement. The extent 

and distribution of LVH in HCM is, however, extremely variable and asymmetric, as mentioned earlier, 

while echocardiographically determined LVM is derived from geometric assumptions. Therefore, 

echocardiographically determined LVM may be an inaccurate measure of total LVH in the context of 

HCM. The echocardiography measurements were taken by a single cardiologist. It is important to note  

that echocardiography is not as sensitive and reproducible as measurements ascertained by cardiac 

magnetic resonance imaging (cMRI) (Bauml and Underwood, 2010). However, for the design of the 

present association study echocardiography was not only more cost effective, but it was also readily 

available.   

 

Due to the heterogeneity observed in the phenotype of HCM, the distribution of trait values are not 

normally distributed. Any deviation from the normal distribution of trait values affect the outcome of the 

analysis, since statistical models for association analysis of quantitative traits assume normal 

distribution of trait values (Diao and Lin, 2006; Lange et al., 2002). Therefore, in the present study, 

trait values were transformed to approximate normality (Pilia et al., 2006). 

 

4.6.3 Linkage disequilibrium 

Linkage disequilibrium (LD) is the non-random association of alleles at two or more loci, suggesting 

that the genotypes at these loci are not independent. It is important to bear in mind that even if 

seemingly non-functional variants show a significant association with a disease trait, the possibility 

exists that these variants could be in LD with other functional variants that could contribute to the risk 

of developing hypertrophy.   

 

Genetic association between a variant and a specific disease trait indicates association with a specific 

region on the chromosome. The size of this region is dependent on the measure of LD in the particular 

ethnic population, since LD differs across populations of different ethnic origin (Conrad et al., 2006; 
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Gabriel et al., 2002; Hinds et al., 2005). Interestingly, the observed LD in Caucasian populations is 

known to be higher than the LD in African populations (Henn et al., 2011; Reich et al., 2001; Shifman 

et al., 2003). Variation in LD between populations is mainly affected by factors such as genetic drift, 

ethnic diversity and recent population admixture and inbreeding, which is considered population 

specific (Shifman et al., 2003).  

 

Some other factors that underlie the variability in LD include recombinant patterns, gene conversion 

and natural selection, which are considered specific to particular genomic regions (Ardlie et al., 2002). 

It is thus expected that the variability of LD through the genome and that of markers in the region 

investigated might show variable patterns of LD, reflecting their history and selection. It is therefore 

possible that markers closely located to a functional variant could show more or less LD than markers 

located further away, although it is not currently possible to predict which of these variants will be in 

strongest LD with an adjacent functional variant (Cardon and Bell, 2001). Despite the concerns in 

variability of LD between populations of different ethnicity, we cannot ignore LD in association studies , 

such as the present study, since it can inflate false positive rates (Schaid et al., 2002).  

 

It is, therefore, important to be familiar with the LD structure of the particular population under 

investigation. Ideally, one would use an LD map constructed from LD information from the particular 

population group under investigation. The cohort in our study consisted of mixed populations, 

including individuals from Caucasian and Mixed Ancestry. However, comprehensive LD maps are not 

available for all ethnic populations and at the time of marker selection, no specific LD map was 

available for either of our population groups. In the absence of such a specific map for our population,  

we used LD information from both the HapMap CEU and YRI populations as proxy for our population 

for marker selection purposes (section 4.6.4). 

 

4.6.4 Marker selection 

One of the major challenges researchers face in designing association studies is selecting appropriate 

polymorphic markers for genotyping since it is difficult to select a suitable set of markers that would 

allow for cost-effective genotyping. Fortunately, the development of high throughput genotyping 

technologies provides us with financially feasible methods to genotype more variants simultaneously, 

ensuring time-efficient and high quality results. The pattern of alleles of multiple markers is usually 

better able to predict the alleles at a loci that has not been genotyped, therefore simultaneous analysis 

of multiple markers improve the power of association studies (De Bakker et al., 2005).   
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It is not feasible to genotype all available markers in genes of interest, since not all markers are 

informative and genotyping such a large number of markers would not be cost effective. Additionally, 

the allele frequencies of markers are known to be different between population groups  

(Bamshad, 2005; Frazer et al., 2009; Ioannidis et al., 2004; Jorde and Wooding, 2004). For these 

reasons it is important to prioritise markers for genotyping, which requires selecting markers that 

would provide an association study with the highest possible statistical power at a reasonable cost. 

There are a number of proposed strategies for marker selection, one of which includes the selection of 

markers based on LD. This method is based on selecting SNPs according to their LD and makes use 

of metric LD maps, expressed in LD units (LDU). Linkage disequilibrium units define a metric 

coordinate system where the distances between SNPs are additive and these distances are directly 

proportional to the degree of LD between them (De La Vega et al., 2006). Furthermore, LDU maps 

provide greater power when compared to the centi-Morgan/kb maps. Therefore, these maps serve as 

a powerful tool for disease gene association mapping using LD.   

 

Another proposed method to select markers for association studies is by selecting haplotype-tagging 

SNPs. This method takes into consideration that markers indicating high LD are often inherited 

together on a chromosomal segment. These segments contain a limited number of haplotypes that are 

found in the population, therefore it is possible to select a small subset of markers that distinguish or 

“tag” the common haplotypes previously found in a gene or locus in a given population. This method 

eliminates the necessity for a large number of markers to cover the region, which allows for a more 

cost effective study, with good statistical power (De La Vega et al., 2005a). In addition, previous 

studies have shown that a small number of haplotype tagging SNPs is necessary to capture most of 

the haplotype structure in high LD regions of the human genome (Johnson et al., 2001; Patil et al., 

2001; Stram, 2004).  

 

It is important to note that low MAF have previously been associated with reduced reliability of results 

in association studies (Donahue and Allen, 2005). It is therefore customary to select markers with a 

relatively high MAF (≥ 0.05), especially in association studies in small cohorts. Previous studies have 

associated markers selected based on the LDU maps and high MAF with increased statistical power 

and the ability to detect a true association (Weiss and Clark, 2002; Zhang and Sun, 2005; Zhang et 

al., 2002).  
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In the present study, SNPbrowserTM v4.1 software was used to select markers for association 

analyses (De La Vega et al., 2006). SNPbrowser is a freely available software tool that contains 

detailed information on millions of validated SNPs. The SNP collection includes more than a million 

genome-wide distributed SNPs genotyped by the International HapMap Project  

(International HapMap Consortium, 2003), which include gene and SNP annotations  

(De La Vega, 2007). Furthermore, it contains 160 000 intragenic SNPs that have previously been 

validated in four populations using TaqMan genotyping assays (De La Vega et al., 2002, 2005b) This 

software thus provided us with a comprehensive set of data to ensure the selection of an appropriate 

set of markers for an association study with results of high quality and power.  

 

A combination of the two methods discussed above, together with a MAF frequency cut off of 5% was 

used to select an appropriate set of markers in the present study. As mentioned in section 4.6.3, we 

selected our markers based on information from LD maps, with LDU serving as guide, from HapMap 

CEU and YRI populations. In addition, all the remaining haplotype tagging SNPs that were not 

selected using the LDU approach were also included in the association study. 

 

4.6.5 Genotyping approach 

The PCR-based KASPTM genotyping assays proved to be a more efficient and cost-effective method 

than the PCR-based methods previously used to genotype the current cohort in our laboratory.  

PCR-based KASP
TM

 genotyping assays are homogeneous, fluorescence (FRET)-based assays that 

enable accurate bi-allelic discrimination of known SNPs and insertion/deletions. The main advantage 

of KASP assays are that they require no labelling of target-specific primers or probes, giving it a clear 

cost advantage. Furthermore, genotyping clustering relative to most other PCR-based genotyping 

methods display marked improvement. Several of the samples genotyped in the current HCM cohort 

were collected years ago and the remaining DNA for some patients were very limited; however, the 

minimal DNA required for genotyping using these assays (0.1-10ng, based on genome size) allowed 

genotyping of more variants per individual.   

 

4.6.6 Power 

The statistical power of an association study refers to the probability that the result of a statistical test 

reflects a true association between a genetic variant and a phenotypic trait (Cardon and Bell, 2001; 

Gordon and Finch, 2005). Besides the genetic effect size, the power of a study is dependent on 
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several factors, which include marker allele frequency, the accuracy of phenotypic and genotypic 

classification and the number of confounding variables for which adjustments were made  

(Cardon and Bell, 2001; Colhoun et al., 2003; Gordon and Finch, 2005). The power of a study also 

depends on the number of individuals in the study group and how closely related they are, especially if 

an inherited trait is being investigated. The results from studies with relatively small study groups 

should thus be interpreted with caution. It is therefore important that the power of the study is taken 

into account in designing, and interpreting results from, an association study.  

 

Currently, there are no statistical methods available to calculate the power of a study that includes 

extended families, such as the cohort in the present study. The number of individuals of the HCM 

cohort genotyped in this study is considered modest, however this is to be expected since HCM is 

estimated to affect one in every 500 individuals (as mentioned in section 1.1.1) (Maron et al., 1995). 

Additionally, taking into account that the laboratory where the work for the current study was 

undertaken serves as the reference laboratory for screening patients for HCM founder mutations in 

South Africa (as mentioned in section 1.1.4), the HCM cohort used in this study was the maximum 

study size available, and larger than any HCM-cohort with known genotypes used in a modifier study 

reported to date. We included all available family members of 27 HCM founder families, which is also 

one of the largest cohorts of individuals carrying a limited number of founder mutations. 

 

 4.6.7 Confounders 

A confounder is a factor that is linked to the disease and the particular disease traits under 

investigation. Confounders are often the reason for spurious associations identified between a variant 

and a disease trait (Campbell and Rudan, 2002; Cordell and Clayton, 2005). It is therefore important 

to control for confounding effects to isolate the effect of a particular trait or disease. This could be 

addressed by structuring the cohort with regards to the distribution of known confounding variables. 

This was not an option in our study; therefore, in the current study, statistical models were used to 

adjust for known hypertrophy confounders. Adjusting for confounding variables are directly related to 

the reproducibility of an association study (Cardon and Palmer, 2003). An important factor in designing 

an association study, involves taking into consideration confounding variables. It is thus important to 

consider the underlying etiology of the disease when identifying confounders to adjust for.   

 

The confounding variables for which adjustments were made in this study were age  

(Fleg and Strait, 2012; Lasky-Su et al., 2008), sex (Maass et al., 2004; Okin et al., 2000), BSA/HR 
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(Saba et al., 2001), mean arterial pressure (Roman et al., 2010), presence of hypertension  

(Kraja et al., 2011; Levy et al., 1990b; Puntmann et al., 2010; Sipola et al., 2011) and ethnicity  

(Okin et al., 2000). Additionally, since the HCM cohort genotyped in this study is one of the largest 

cohorts of individuals carrying the same founder mutations, the three HCM founder mutations 

(A797TMYH7, R403WMYH7 and R92WTNNT2) were adjusted for confounding hypertrophy.    

 

 4.6.8 Multiple testing 

Multiple testing is associated with an increased probability of obtaining a significant association by 

chance (type 1 error). This is because when multiple hypothesis tests are performed in a study, there 

is a risk of increasing the chance of falsely claiming an association when there is in fact none. 

Currently, there are several methods to correct for type 1 error (false positives), of which Bonferroni 

adjustment is probably used most often. This approach is a particularly conservative method of 

stringent corrections and it assumes that all performed tests are independent; therefore, it involves 

multiplying each p-value with the number of tests performed. It is thus possible that associations 

between specific genotypes and disease traits could be missed due to stringency of the correction. In 

the present study the measured hypertrophy traits were derived from the same 16 wall thickness 

measurements (section 2.18.1) and since we observed some degree of LD between variants 

associated with the measured hypertrophy traits we could not assume, as Bonferroni method requires, 

that these variants are independent. Furthermore, since we do not have any prior information on the 

probability of the involvement of the variants in disease, the application of Bayesian methods for 

correcting for multiple testing was inappropriate (Campbell and Rudan, 2002; Thomas and Clayton, 

2004). We therefore did not correct for multiple testing in the present study.  

 

Currently there is no appropriate statistical method to adjust for multiple testing in studies with cohorts 

of extended family pedigrees and complex phenotypes such as the one used in the present study. It is 

thus possible that true biological effects could remain undetected if initial explorative studies are 

subjected to excessively stringent corrections for multiple testing. However, the replication of 

association studies remains critical, since false positive and negative results remain a possibility 

(Ioannidis et al., 2001). That said, since we considered our association study explorative and 

“hypothesis generating”, as opposed to “hypothesis driven”, we did not employ correction for multiple 

testing and consider these results a contribution to the understanding of the underlying etiology of 

HCM.   
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4.7 Use of haplotypes in association studies 

The use of haplotypes in association analyses not only adds complexity to the study, but also 

increases the statistical power of the study, since haplotypes consider the compound effects of 

individual variants (Clark, 2004; Liu et al., 2008). This has been shown to be true for both family-based 

and population-based association studies (Akey et al., 2001; Bader, 2001; Botstein and Risch, 2003; 

Clark, 2004; Li and Jiang, 2005; Martin et al., 2000; Morris and Kaplan, 2002; Zaykin et al., 2002; 

Zhang et al., 2002). 

 

For optimal design and interpretation of association studies, it is necessary to understand the structure 

of haplotypes in the human genome. Haplotypes are the particular combination of alleles (at multiple 

loci) observed in a population (Gabriel et al., 2002). Additionally, haplotypes are used to capture the 

inter-dependence of markers and are used to better understand LD patterns across the human 

genome (Ardlie et al., 2002; Liu et al., 2008; Weiss and Clark, 2002).  

 

Haplotypes are considered a popular approach to complex disease mapping for several reasons.  

Firstly, there is a higher chance that haplotypes consisting of two or more markers would indicate LD 

with a disease mutation, than an individual marker (Garner and Slatkin, 2003). Secondly, haplotypes 

can be tested for association with a specific disease trait to serve as an indirect association with  

un-typed causal variants (Newton-Cheh and Hirschhorn, 2005). Furthermore, both haplotypes and 

tagging SNPs are proposed to be able to capture the associations of un-typed marker combinations. 

Interestingly, it is suggested that tagging SNPs could capture more un-typed variants efficiently, 

compared to haplotypes. However, in the present study there were no detailed LD maps available for 

our populations and consequently the selection of tagging SNPs was made using the HapMap YRI 

and CEU population LD maps. It is thus important to bear in mind that some information might have 

been lost in following this approach, as LD structures are known to be different between populations. 

Thirdly, haplotypes consisting of marker alleles that were associated with weak individual effects could 

be associated with stronger combined effects (Newton-Cheh and Hirschhorn, 2005). It is thus possible 

that although no significant effect is observed for individual markers, the compound effect of these 

markers could significantly affect the disease phenotype.   

 

Haplotypes in coding regions have the ability to affect protein folding and function. For instance if 

several nucleotide changes occur in the coding regions of a gene without independently affecting the 

protein function, the combined effect of these variants could have a significant effect on the functioning 
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of the protein (Clark, 2004; Schaid, 2004). This is especially interesting since the present association 

study was preceded by a protein interaction study in which the proteins encoding the candidate genes 

investigated in the present association study were proven to interact with MyBPH. Despite genotyping 

very few coding variants and the incorporation of only a few of these coding variants into haplotypes, 

haplotypes with sufficiently high frequency in the cohort have previously been associated with altered 

protein function in humans (Clark et al., 1998; Fung and Gottesman, 2009; Hollox et al., 2001; 

Tavtigian et al., 2001). As described by Fung and Gottesman, a common haplotype, consisting of 

three mutations Gly412Gly, Ala893Ser and Ile1145Ile in the multidrug resistance (MDR1) gene, is 

suggested to play a role in drug response and disease susceptibility (Fung and Gottesman, 2009). 

Additionally, they propose a possible molecular mechanism of action by ribosome stalling that can 

change protein structure and function by altering protein folding.  

 

In the present study the most likely pair of haplotypes for each individual was inferred using Simwalk 

(Sobel and Lange, 1996). This software programme has proven to be efficient in handling large 

datasets consisting of extended pedigrees and incorporating data that includes a certain proportion of 

missing information (Sobel and Lange, 1996). This software programme was therefore suitable for 

inferring haplotypes from our genotyping data, since our cohort consisted of extended pedigrees of 

which some information was missing. 

 

4.8 Heritability  

Heritability (h2) refers to the estimated percentage contribution of genetic factors to the variability of a 

specific measured trait or disease. For association analyses it is critical to know which proportion of 

the variability observed in the quantitative measures investigated is attributable to genetic , and which 

to environmental factors. If the observed variability in quantitative measurements cannot be explained 

by a significant contribution of genetic factors, there would be no reason to continue with a genetic 

association study. Subsequently, the variability observed in disease phenotype, would then be 

ascribed to environmental factors, since there would be no significant genetic component underlying 

the observed variability.   

 

The proportion of heritability of a specific trait is dependent on the effect of a number of modifier loci, 

especially in complex diseases (Manolio et al., 2009). However, these modifier loci explain only a 

modest proportion of the heritability underlying a specific trait. In the present study, the percentage 

contribution of genetic components to the variability of each measured trait was significant (p<0.001) 
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(section 3.9.4). The heritability value of 59% estimated for LVM (p<0.0001) was in agreement with 

findings from a previous study by Swan and colleagues, since they observed that 53% of the variation 

in LVM could be explained by genetic components (p=0.006), after correcting for age, sex, blood 

pressure and weight (Swan et al., 2003).  

 

4.9 Association analyses results 

 4.9.1 Myosin binding protein H (MyBPH) 

The MyBPH SNPs rs2250509, rs3737872 and rs762625 each revealed a significant association with 

hypertrophy traits in only the A797TMYH7 mutation group. However, no significant association between 

these variants and any of the measured hypertrophy traits were observed in the total cohort. The 

results suggest that the SNP effects could be diluted in the larger total cohort and that these variants 

could, however, act as modifiers of HCM when present with the A797TMYH7 founder mutation. The  

C allele of rs2250509 was associated with increases in all but one of the hypertrophy traits (4.37mm in 

mIVST, 2.70mm in mLVWT, 0.84mm in mPWT and 3.5mm in the PC1 score), the T allele of rs762625 

was associated with a 1.14mm increase in mPWT and, interestingly, the T allele of rs3737872 

exhibited a significant increase of 29.4g in LVM.   

 

Despite the absence of single SNP effects in the total cohort, we identified a significant association 

between haplotype GGTGCTT and an increase of 25.55g in LVM in the total cohort. This could be due 

to the fact that the variants act together to markedly affect hypertrophy development, while the 

individual effects were too weak to detect. Furthermore haplotype effects were observed in all three 

mutation groups, although the single variant associations were found only in the presence of the 

A797TMYH7 mutation, further suggesting that the observed haplotype effects are owing to allelic 

interactions. Four of these haplotypes were observed at low frequency (Table 3.20) in the different 

mutation groups, while haplotypes GGTACTT and GGTGCTC were observed in the presence of the 

A797TMYH7 HCM founder mutation at a frequency of 16% and 19%, respectively. Interestingly, these 

two haplotypes were associated with converse effects. Haplotype GGTACTT resulted in a marked 

increase of 2.62mm in mIVST, 2.76mm in mLVWT and 1.38mm in PC1 and haplotype GGTGCTC in a 

marked decrease of 20.98g in LVM. Additionally, a significant association between haplotype 

CGTGATC and a marked increase of 2.93mm in PC1 was found in the presence of the R403WMYH7 

mutation. This haplotype was observed at a frequency of 12% in the total cohort. These results 

suggest that the haplotype effects are dependent on the presence of the HCM founder mutation. The 

functional effect of this haplotype could be ascribed to the effect of functional variant with which it is in 
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LD that could be the affected by the functional effect of the HCM-causing gene (or the effect of the 

HCM-causing mutation) or the functional effect of the modifying protein.  

 

LD evaluation revealed that the three significantly associated variants (rs2250509, rs3737872 and 

rs762625) were in LD (D‟=1) (Table 3.13). However, each of these variants affected different 

hypertrophy traits, all within the same A797TMYH7 mutation group. It is important to note that LD as 

indicated by D‟ is an estimate value as defined in section 2.22.2 and it is therefore possible that these 

variants are not necessarily in complete LD.  

 

The rs762625 variant is positioned in the 5‟UTR of MyBPH. In silico analysis was performed to 

determine the potential effect of this variant on transcriptional activity of MyBPH. The SNPinspector, 

within the Genomatix software suite v2.5 (http://www.genomatix.de/), evaluations revealed that the C 

allele abolished a transcription factor binding site for the transcription factor HAND2  

(Cartharius et al., 2005). Interestingly, a recent study identified this transcription factor as one of four 

transcriptions factors, (GATA binding protein 4 (GATA4), HAND2, T-box5 (Tbx5) and myocardin) and 

two microRNAs (miRNA) (MiR-1 and MiR-133) that activated cardiac marker expression in neonatal 

and adult human fibroblasts (Nam et al., 2013). In the study by Nam and colleagues, human foreskin 

fibroblasts were cultured for four to 11 weeks in the presence of these transcription factors and 

miRNAs, and they managed to reprogramme the fibroblasts to form cells with sarcomere-like 

structures with calcium transients. Interestingly, a small subset of these cells were able to contract 

(Nam et al., 2013). Additionally, the activation of tropomyosin was found to be inhibited in the absence 

of HAND2 whereas, upon the removal of each of the remaining transcription factors, none of them 

affected the activity of tropomyosin. The authors speculated that the remaining reprogramming factors 

(GATA4, Tbx5, myocardin, MiR-1 and MiR-133) were functioning redundantly to complement the 

reprogramming activity of HAND2 in the activation of tropomyosin expression in human foreskin 

fibroblasts. The abolishment of the putative transcription factor binding site for HAND2 caused by the 

C allele of rs762625 could therefore result in altered binding of HAND2. This could subsequently affect 

tropomyosin activity and expression, which is essential for normal cardiac functioning. Interestingly, 

altered tropomyosin expression caused by mutations in the gene encoding tropomyosin has previously 

been associated with the pathogenesis of HCM (Prabhakar et al., 2001, 2003). 

  

The SNPs rs2250509 and rs3737872, significantly associated with hypertrophy traits in the A797TMYH7 

mutation group, are positioned intronically. In silico analyses were performed using software 
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programmes NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/) and ASSP 

(http://wangcomputing.com/assp/index.html)  to determine their potential effect on mRNA splicing. 

However, these variants did not indicate any differences in recognition of splice site motifs  

(Brunak et al., 1991; Hebsgaard et al., 1996). Despite no variation in predicted splice site recognition, 

the significant effects of these particular variants could be ascribed to that of unknown functional 

variants in LD with rs2250509 and rs3737872.  

 

4.9.2 Myosin (MYH7) 

The SNPs rs2147570, rs3729833, 7140721, rs3729825, rs7159367, rs2277475, rs2147533 and 

rs743567 were found to have a protective effect since their significant effects were shown to decrease 

various hypertrophy traits in the total cohort and in the presence of the R92W MYH7 and A797TMYH7 

mutations. It is thus possible that the protective effect of these variants is dependent on the presence 

of the R92WMYH7 and A797TMYH7 mutations and that the effects are strong enough to observe in the 

total cohort. One other variant, rs2754163, was found to have a protective effect within the total 

cohort. The C allele of rs2754163 was found to decrease LVM by 10.7g, however this effect was not 

observed in any of the three mutation groups. It is possible that although the p-values for LVM in the 

A797TMYH7 (p=0.276), R403WMYH7 (p=0.436) and R92WTNNT2 (p=0.06) mutation groups were not 

significant, the larger size of the total cohort increased the power sufficiently to enable us to detect a 

significant association with LVM. 

 

The GCCAACCATAGCGGCGGCG haplotype was shown to decrease LVM by 19.95g. This effect 

reflected the single SNP effects observed in the total cohort; i.e. the alleles of the single SNPs 

associated with a decrease in LVM were also present in the haplotype. This result is thus a reflection 

of the combined effects of the single SNP effects. However, the effects of haplotypes 

TTTTATCGTAGCGGCGGGA to decrease mPWT with 2.52mm and TTTTATCGTGGCGGCAACG to 

decrease PC1 with 1.69mm, mIVST with 2.88mm and mLVWT with 2.90mm in the total cohort, did not 

reflect the single SNP effect observed in the total cohort. Both these haplotypes had relatively large 

effects (Table 3.22). This result is consistent with the general trend observed in the contribution of 

genetic variation to complex phenotypes, where rarer variants are associated with larger effects 

compared to more common variants (Frazer et al., 2009). Furthermore, the significant effects of these 

haplotypes could thus be ascribed to allelic interactions of variants in the haplotype with each other or 

with other variants with which they are in LD.  
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Despite the observation of significant single SNP effects in all three mutation groups, significant 

haplotype effects were observed in the presence of the R403WMYH7 mutation, but not in the presence 

of the A797TMYH7 and R92WMYH7 mutations, suggesting that the observed haplotype effects are owing 

to allelic interactions. Interestingly, although the effect of the single variants and haplotypes observed 

in the three mutation groups were considered protective, the effect of haplotype 

GCCAACCGTAGTAGCAGGA was to increase mPWT with 1.48mm and PC1 with 2.71mm in the 

presence of the R403WMYH7 mutation. Not only could the effect of this haplotype be ascribed to allelic 

interactions, but it further suggests that this haplotype could act as a modifier in the presence of the 

R403WMYH7 mutation.  

 

Significant associations were also identified between two common haplotypes and hypertrophy traits 

in the presence of the R403WMYH7 HCM founder mutation. Haplotype GCTTGCTGAATCGGTAACG 

was observed at a frequency of 13% and resulted in a significant decrease of 1.62mm in PC1 and 

haplotype GCTTGCTGAATCGGTAGCG, observed at a frequency of 21%, resulted in a significant 

decrease of 2.71mm in mIVST. Furthermore, these two haplotypes differ with respect to allele A and G 

of rs2239578 (underlined), neither of which were found to be significantly associated with any 

hypertrophy trait. Despite the fact that this variant is a tagging SNP, it was in low LD (D‟) with other 

variants significantly associated with hypertrophy traits. This result could be a reflection of the high LD 

observed in this large gene, or the fact that this particular variant is in LD with other functional variants 

not typed in the present study. All the variants associated with a significant effect, excluding 

rs2239577, in either the total cohort or within the mutation groups, were in LD with each other (D‟=1). 

LD evaluations for SNP rs2239577 revealed LD (D‟>0.8) with only rs2147570, rs3729833, rs3729825 

and rs2147533 (Table 3.14).  

 

The SNPs rs3729833, rs7140721, rs3729825, rs7159367, rs2277475, rs2147533, rs743567, 

rs2754163 and rs2239577 are positioned in the intronic region of MYH7. In silico analysis was 

performed to determine the potential effect of the associated alleles of each of these intronic variants 

on mRNA splicing of MYH7. NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/) and ASSP 

(http://wangcomputing.com/assp/index.html) evaluations revealed that the C allele of rs7159367 

resulted in an additional splice acceptor site (Brunak et al., 1991; Hebsgaard et al., 1996). The 

presence of an additional acceptor site could result in additional intronic sequences being incorporated 

in the mRNA. This could subsequently disrupt the splicing of the succeeding exon or it could shift the 

coding frame of the remaining exons. Additionally, NetGene2 predicted that the G allele of SNPs 

rs743567 abolished a donor splice site and the C allele of rs2754163 abolished an acceptor splice 
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site. The abolishment of an acceptor or donor site could result in aberrant splicing by skipping the 

splicing of an exon. The loss of the coding sequence could affect protein structure, function and 

expression. Interestingly, ASSP evaluations did not confirm the NetGene2 predictions which highlight 

the fact that these programmes merely provide predictions and it is therefore important that these 

results should be validated experimentally.  

 

Micro RNAs (miRNAs) are single-stranded RNA species approximately 22 nucleotides long that form 

part of a large class of small, noncoding RNAs. miRNAs target mRNAs based on sequence 

complementarity mostly in the 3′ UTRs (Zhang et al., 2007). We therefore used the SNP function 

Predictor software tool within the SNPinfo Web Server 

(http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm) to perform in silico evaluations to determine if the 

SNP rs12147570, positioned in the 3‟UTR region of the MYH7 gene, could affect the binding of 

miRNAs to the mRNA of MYH7. In silico evaluations revealed no differences in miRNA binding sites 

between the T allele and the G allele that could affect the binding of miRNA sequences to the MYH7 

gene. In the case of perfect complementarity between the miRNA and target mRNA, the target RNA is 

degraded. In the absence of perfect complementarity, the target is not cleaved but is deadenylated, 

which leads to decapping and subsequent exonucleolytic digestion or translational repression (through 

a different mechanism at each translational step, namely initiation, elongation and termination)  

(Kuss and Chen, 2008). 

 

To our knowledge, no association with hypertrophy or any functional role has been ascribed to any of 

the variants or haplotypes in the MYH7 gene that were significantly associated with hypertrophy traits 

in our cohort. A few recent studies have, however, identified rs3729833 and rs12147570, rs3729825, 

rs7159367 and rs2277475 in an Egyptian patient with restrictive cardiomyopathy (Pinto et al., 2011) 

and rs3729833 in a Portuguese cohort with HCM (Santos et al., 2012) while screening for  

HCM-causing mutations. However, these studies did not find any significant association of any of 

these variants with HCM.     

 

4.9.3 Cardiac actin (ACTC1) 

In the present study, the C allele of SNP rs2070664 was found to have a protective effect, since it 

resulted in a significant decrease of 13.1g and 16.6g in LVM in the total cohort and in the A797TMYH7 

mutation group, respectively. Conversely, the G allele of SNP rs7165006 was significantly associated 

with an increase of 31.2g in LVM, 3.25mm in mIVST and 1.17mm in mPWT within the A797TMYH7 
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mutation group. LD evaluation revealed that these two SNPs were in perfect LD (D‟=1) with each other 

(Table 3.15). These results suggest that the effects of rs7165006 are diluted or masked within the total 

cohort and that both these variants could act as modifiers of HCM in the presence of the A797TMYH7 

mutation. Furthermore, it is possible that the effect of the G allele of SNP rs7165006 is dependent on 

the A797TMYH7 mutation. It may be that this SNP is in LD with a functional variant which could be 

affected by the functional effect of the HCM-causing gene (or the effect of the HCM-causing mutation) 

or the functional effect of the modifying protein.  

 

The protective effect of haplotype CCCCA to decrease LVM with 16.95g and mLVWT with 1.43mm in 

the total cohort only partly reflects the effect of the C allele of SNP rs2070664 observed in the total 

cohort. Despite identifying a significant association between haplotype CCTGG and an increase of 

35.25g in LVM in the total cohort, none of the alleles of the variants comprising this haplotype were 

associated with a similar effect in the total cohort. It is thus possible that the observed haplotype 

effects are the result of allelic interactions. 

 

A significant association of haplotype CCTGG with increased LVM (44.61g) and mPWT (1.75mm) in 

the presence of the A797TMYH7 mutation correlated with significant effects of the G allele of SNP 

rs7165006, which is associated with a 31.2g increase in LVM and a 1.17mm increase in mPWT.  

These results suggest that the effect of this particular haplotype is a reflection of the effect of the  

G allele of SNP rs7165006.  

 

Haplotypes CCCCG and CCTCA were associated with a significant increase of 1.69mm in mPWT and 

23.39g in LVM within the R92WMYH7 group, respectively. These haplotype effects do not reflect single 

SNP effects within the mutation groups, since no single SNP in any of these two haplotypes were 

associated with any hypertrophy traits in the presence of the R92WMYH7 mutation. There are two 

possible reasons for this observation. Firstly, it may be that the effects of the single SNPs are too 

weak to detect, but that the interaction between these variants result in a significant combined effect 

and, secondly, it is possible that the effects of both these haplotypes are dependent on the presence 

of the R92WMYH7 mutation.  

 

The rs2070664 and rs7165006 variants are positioned in the intronic region of ACTC1 and were 

therefore subjected to in silico evaluation, however NetGene2 
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(http://www.cbs.dtu.dk/services/NetGene2/) and ASSP (http://wangcomputing.com/assp/index.html) 

evaluations did not predict any differences in recognition of splice sites (Brunak et al., 1991; 

Hebsgaard et al., 1996). The significant effects of these two variants could be due to unknown 

functional effects, since neither of these two variants have previously been characterised functionally 

or implicated in disease pathogenesis. Alternatively the effect could be ascribed to that of unknown 

functional variants in LD with rs2070664 and rs7165006.    

 

4.9.4 SUMO-conjugating enzyme UBC9 (UBC9) 

A significant association between the C allele of the UBC9 SNP rs8052688 and an increase of 

1.43mm in mIVST in the total cohort; however, this allele had no significant effect within the mutation 

groups. The AG genotype of SNP rs761060 demonstrated different effects in the three different 

mutation groups as it resulted in a 45.2g increase in LVM, a 2.73mm increase in mIVST and an 

1.28mm increase in PC1 in the A797TMYH7 mutation group, a 0.74mm decrease in mPWT in the 

R403WMYH7 mutation group and a 1.00mm increase in mPWT in the R92WTNNT2 mutation group. The 

effect of the AG genotype could thus be dependent on the causal mutation with which it occurs, 

suggesting that the modifying effect of the AG genotype of this SNP is dependent on the HCM founder 

mutation with which it occurs. Interestingly, the rs761059 and rs8063 variants each revealed a 

significant effect only in the presence of the A797TMYH7 mutation. It is possible that the effects of these 

variants are diluted in the larger total cohort or that these variants could only modify the HCM 

phenotype in the presence of the A797TMYH7 mutation. Additionally, none of the variants found to have 

a significant effect in the total cohort or the mutation groups were in LD with each other (D‟<0.6) 

(Table 3.16).   

 

Four haplotypes were found to be significantly associated with hypertrophy traits within the total 

cohort, of which the effects of haplotypes AAGCAGA and AAGCGAA reflected the effects of the C 

allele of SNP rs8052688 observed in the total cohort. However, haplotype AAGCAGA resulted in an 

increase of 2.79mm in mIVST and haplotype AAGCGAA resulted in an increase of 75.79g in LVM, 

6.02mm in mIVST, 1.91mm in mPWT, 5.98mm in mLVWT and 2.27mm in PC1 while the C allele of 

rs8052688 only had an effect on mIVST, by increasing it with 1.43mm. The frequency of both these 

haplotypes was 3%, which is consistent with the general trend seen in the effect of genetic variation 

on complex phenotypes, where rare variants are associated with larger effects. 
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Intriguingly, the significant association of haplotype AAGGAGG with a decrease of 1.43mm in mPWT, 

and CGGGAGG with a decrease of 1.44mm in mLVWT in the total cohort did not reflect the single 

SNP effects observed within the total cohort. It is thus possible that the effects of the single variants 

were too weak to be detected, but that their combined effects have a significant effect on the disease 

phenotype. In the presence of the A797TMYH7 mutation, the AAGGAGG haplotype was significantly 

associated with a decrease of 2.85mm in mPWT and haplotype CGGGAGG with a decrease of 

0.83mm in mPWT and 25.56g in LVM. Of particular interest is the fact that these two haplotypes 

shared the A allele of SNP rs761059 (underlined in the above haplotype), which was significantly 

associated with a decrease of 26.1g in LVM, 3.08mm in mIVST, 3.33mm in mLVWT, 0.96mm in 

mPWT and 1.81 in PC1 in the presence of the A797TMYH7 mutation. Collectively, these results suggest 

that these two haplotypes could have a protective effect in the presence of the A797TMYH7 mutation. 

 

Haplotype analyses revealed one common haplotype, CGGGGGG, and a large range of low 

frequency haplotypes, as evident from Table 3.26. The effects of these haplotypes were markedly 

different in the presence of the three HCM founder mutations and only partly reflected the effects of 

the single SNPs observed within the mutation groups, suggesting that the effects of these haplotypes 

could be due to allelic interactions. For instance, haplotype AAGCGAA was significantly associated 

with an increase of 132.50g in LVM, 11.25mm in mIVST, 10.82mm in mLVWT, 3.96mm in mPWT and 

4.18mm in PC1 in the presence of the A797TMYH7 mutation and was associated with an increase of 

2.85mm in mPWT in the presence of the R92WTNNT2 mutation. However, this haplotype was only 

present at a frequency of 3%. On the other hand, haplotype AAGGGAA was found in the presence of 

different HCM founder mutations, since this haplotype resulted in an increase of 83.26g in LVM in the 

presence of the A797TMYH7 mutation and a decrease of 94.90g in the presence of the R403W MYH7 

mutation. However, this haplotype was observed at a frequency of only 1% in the total cohort. Taken 

together, the large effects of these low frequency haplotypes are consistent with the current theory 

that rarer variants exert greater effects in complex phenotypes. 

 

Interestingly, none of the alleles in haplotype CGGGGGG were individually, significantly associated 

with any hypertrophy traits in the total cohort or any of the three mutation groups. This particular 

haplotype was found to have a protective effect by decreasing PC1 by 11.72mm in the presence of the 

R92WTNNT2 HCM founder mutation. Furthermore, this haplotype was observed at a relatively high 

frequency of 36% in the total cohort. These results suggest that the significant haplotype effect 

observed may be ascribed to allelic interactions among variants present in the haplotype or variants 

with which they are in LD.  
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The SNPs rs8052688, rs761059 and rs761060 are positioned in the intronic region of UBC9 and SNP 

rs8063 is positioned in the 3‟UTR region. In silico evaluations using NetGene2 

(http://www.cbs.dtu.dk/services/NetGene2/) and ASSP (http://wangcomputing.com/assp/index.html) 

revealed some rather interesting results (Brunak et al., 1991; Hebsgaard et al., 1996). ASSP 

evaluation of rs8052688 found that the C allele resulted in an additional acceptor splice site. 

Furthermore, NetGene2 found that the A allele of rs761059 resulted in an additional acceptor splice 

site. Additionally, both ASSP and NetGene2 evaluations found that the A allele of rs761060 resulted in 

an additional splice acceptor site. These results indicate that the additional acceptor sites, predicted 

as a possible result of these variants, could be retained in the mRNA sequence and may consequently 

disrupt splicing.   

 

In silico evaluation of rs8063, using the SNP function Predictor software tool within the SNPinfo Web 

Server (http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm), revealed several miRNA binding sites that 

could affect the binding of miRNA sequences to the UBC9 gene. The A allele is predicted to create an 

additional binding site for the miRNA hsa-miR-1236, while abolishing hsa-miR-500 and hsa-miR-1237 

binding sites. The binding of a miRNA to the 3‟UTR of the UBC9 mRNA could cause translational 

repression and/or mRNA degradation, while the loss of miRNA binding sites could result in the  

up-regulated gene expression. These miRNAs have, to date, not been associated with any cardiac 

disease. However, changes in miRNA expression levels have been associated with cardiac stress and 

development of cardiac hypertrophy (Sayed et al., 2007). It is thus possible that these specific 

miRNAs could thus serve as a biomarker for HCM, since the specific expression patterns and 

biostability of miRNAs allow for their detection in human plasma and serum and miRNAs have been 

suggested as relevant markers for heart failure (Gilad et al., 2008; Van Empel et al., 2012).  

 

None of the SNPs demonstrating a significant effect have functionally been characterised and 

although SNPs rs8052688 and rs8063 have previously been associated with an increased risk of 

developing mild cognitive impairment of the amnesic type in young women (Cacabelos et al., 2012) 

and SNP rs761059 have been associated with Alzheimer‟s disease (Ahn et al., 2009), none of these 

SNPs have been associated with HCM. 
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4.10 Closing thoughts and future direction 

While several novel MyBPH-interacting proteins have been identified in the present study, it is 

important that future investigations are conducted in order to verify the putative interactions of MyBPH 

with FLNC, MTRNL2L2, FAF1 and fibrillin 1 (FBN1). The results from the current study provide a good 

platform for further investigations into the role of MyBPH and each of the identified putative MyBPH-

interactors in the structure and function of the sarcomere, including the mechanisms underlying 

hypertrophy in HCM. 

 

Interestingly, previous findings observed impaired autophagic activity in cMyBPC KO mice, although 

autophagy was not completely abolished (Schlossarek et al., 2012). These results suggest that other 

proteins may partially compensate for the loss of cMyBPC in these mice. We therefore postulate that 

since MyPBH could compensate for the partial loss of cMyBPC, as was found in the contractility assay 

(section 3.5.2), it may also be able to compensate for the loss of cMyBPC with respect to autophagy. 

Therefore, future studies should investigate the change in autophagic activity after individual and 

concurrent knockdowns of MyBPH and cMyBPC to confirm whether these two proteins compensate 

for each other to some extent, and what the effect of the loss of cMyBPC and MyBPH would have on 

autophagy under basal conditions. If autophagosome accumulation is shown to increase during these 

conditions, these proteins are indeed required for autophagy.    

 

It has been well established that mutations of cMyBPC are the most frequent causes of familial 

hypertrophic cardiomyopathy (Richard et al., 2003; Van Driest et al., 2005b). Given the similarity in 

terms of its location, structure and function within the sarcomere to the MyBPH protein, mutation 

screening of the MyBPH gene for HCM-disease causing mutations in South African probands should 

be included in future studies. 

 

From previous studies it is known that the H4 domain in the C-terminal of MyBPH interacts with light 

meromyosin (LMM)-binding sites within myosin (section 1.4.2.1). The present study confirms previous 

findings that MyBPH interact with MYH7 (Alyonycheva et al., 1997b; Okagaki et al., 1993). However 

we did not confirm which MyBPH domains interacted with myosin. Although the A797TMYH7 and 

R403WMYH7 HCM founder mutations are located within the head domain of myosin, which have not 

shown to interact with MyBPH before, it would be interesting to investigate whether these two 

mutations would affect the interaction of myosin with MyBPH.   
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It is important to note that since the association study served as a basis for continuing studies, the 

current association study would need to be replicated to confirm the results. Additionally, the results 

from the association analyses warrant further investigation to establish the functional role of the 

identified modifying single variants and haplotypes in the sarcomere. For instance, since the rs8063 

variant in the UBC9 gene was predicted to create a binding site for the hsa-miR-1236 miRNA and to 

abolish the binding sites for the hsa-miR-500 and has-miR-1237 miRNAs; it would be interesting to 

investigate whether these alterations in miRNA-binding would affect translational repression and/or 

gene expression. Co-transfecting H9c2 cells with a luciferase expression vector containing the rs8063 

variant, and each of the three different miRNAs, would allow for detecting differences in luciferase 

signal, which would be an indication of activation of gene expression. The binding of a miRNA to 

UBC9 would, in theory, reduce the expression of UBC9, resulting in decreased luciferase signal.  

 

4.11 Conclusion 

In the present study we identified 12 putative interactors of MyBPH, of which interactions with MYH7, 

ACTC1 and UBC9 were confirmed using co-localisation and Co-IP analyses. These interactions 

expand our knowledge about the interactome of MyBPH and its possible function within the cardiac 

sarcomere. Furthermore, the results of the present study ascribe novel functions to MyBPH. We show 

that MyBPH and cMyBPC are involved autophagy and that in combination with cMyBPC, MyBPH 

plays a critical role in sarcomere contraction. Additionally, these results confirmed that MyBPH could 

compensate for cMyBPC and vice versa, further confirming that both these proteins are required for 

efficient sarcomere contraction. Results from association analyses suggest that single variants and 

haplotypes of MyBPH, and the genes encoding the binding partners of MyBPH, could play a role as 

modifiers of LVH in the context of HCM, contributing to the severity of the disease phenotype. The 

results from the interaction and association studies therefore provide a platform for future studies 

which could improve our knowledge of the role these proteins play in the sarcomere, which could 

possibly contribute to improved risk profiles and management of HCM patients.  
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APPENDIX I 

SOLUTIONS AND BUFFERS 

 

1. DNA EXTRACTION SOLUTIONS 

Cell lysis buffer  

Sucrose 0.32M 

Triton X-100 1% 

MgCl2 5mM 

Tris-HCl 10mM 

Add ddH2O to a final volume of 1L  

  

3M Sodium acetate  

Sodium acetate  40.81g 

ddH2O 50ml 

Adjust pH to 5.2 with glacial acetic acid and adjust volume to 100ml with ddH2O 

  

Na-EDTA solution  

NaCl  18.75ml of 4mM stock solution 

EDTA  250ml of 100mM stock solution 

Mix well  

  

TE-buffer (10x stock solution)  

TrisOH  0.1M (pH 8.00) 

EDTA  0.01M (pH 8.00) 

H2O 150ml 

Mix well  
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Phenol/chloroform  

Phenol (saturated with 1x TE)  50ml 

Chloroform  48ml 

8-hydroxyquinone  2ml 

Mix well, store at 4˚C  

 

Chloroform/octanol (24:1)  

Chloroform  96ml 

Octanol  4ml 

Mix well, store at 4˚C  

  

2. ELECTROPHORESIS STOCK SOLUTIONS 

SB buffer (20X stock)  

Di-sodium tetraborate decahydrate  38.137g/mol 

Add ddH2O to a final volume of 1L  

  

10X SDS-PAGE running buffer  

Tris base 30g 

Glycine 144g 

10% SDS 100ml 

Add ddH2O to a final volume of 1L  

  

1X SDS-PAGE running buffer  

1X SDS-PAGE running buffer 100ml 

Add ddH2O to a final volume of 1L  
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3. LOADING DYES 

Cressol  

Cressol red solution  10mg in 1ml ddH2O 

Sucrose solution 3.4g sucrose in 9.8ml ddH2O 

Add 200μl Cressol red solution to 10ml of sucrose solution 

  

Ethidium bromide  

Ethidium bromide 500mg 

ddH2O 50ml 

 

4. GELS  

1% agarose gel  

Agarose 1g 

SB buffer (1X) 100ml 

Microwave for 1 minute on maximum power and add 5μl ethidium bromide (10mg/m l) 

when temperature of approximately 55ºC is reached 

  

5. Co-IP REAGENTS  

TBST (pH 7.6)  

NaCl 8g 

1M Tris-HCl (pH 7.6) 20ml 

Tween 20 1ml 

Add ddH2O to a final volume of 1L. Adjust pH to 7.6 and store solution at room 

temperature 
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6. WESTERN BLOT REAGENTS  

Phosphate buffer saline (PBS)  

PBS tablet  1 tablet 

Add ddH2O to final volume of 200ml.  

Dissolve tablet and store solution at 4ºC  

  

Passive cell lysis buffer  

EDTA 0.5M 

NaVO4 1M 

Nappi 1M 

HEPES 1M 

NaCl 5M 

Triton X-100 1% 

Add ddH2O to a final volume of 200ml and store at 4ºC. Prior to use, add 1mM PMSF 

and dissolve protein inhibitor tablet (1 tablet/20ml working solution) 

  

7. YEAST TRANSFORMATION REAGENTS  

1M LiAc  

LiAc 5.1g 

Add ddH2O to final volume of 50ml  

  

100mM LiAc  

1M LiAc 5ml 

Add ddH2O to final volume of 50ml  
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50% PEG 4000  

PEG 4000 25g 

Add ddH2O to final volume of 50ml  

  

8. YEAST PLASMID PURIFICATION SOLUTIONS  

Yeast lysis buffer  

SDS 1% 

Triton X-100 2% 

NaCl 100mM 

Tris, pH 8 10mM 

EDTA, pH 8 1mM 

  

9. YEAST MEDIA  

YPDA media  

Difco peptone 10g 

Yeast extract 10g 

Glucose 10g 

L-adenine hemisulphate (0.2% stock solution)  7.5ml 

Add ddH2O to a final volume of 500ml. Autoclave at 121ºC for 15 minutes 

  

2X YPDA media  

Difco peptone 12g 

Yeast extract 6g 

Glucose 12g 

L-adenine hemisulphate(0.2% stock solution)  9ml 

Add ddH2O to a final volume of 500ml. Autoclave at 121ºC for 15 minutes 
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0.5X YPDA media  

Difco peptone 2g 

Yeast extract 1g 

Glucose 2g 

L-adenine hemisulphate(0.2% stock solution)  1.5ml 

Add ddH2O to a final volume of 200ml. Autoclave at 121ºC for 15 minutes 

  

YPDA agar plates  

Difco peptone 10g 

Yeast extract 10g 

Bacto agar 10g 

Glucose 10g 

L-adenine hemisulphate (2.0% stock solution)  7.5ml 

 Add ddH2O to a final volume of 500ml and autoclave at 121ºC for 15 minutes. Allow to cool to a  

 temperature of approximately 55ºC, prior to pouring approximately 20, 90mm plates. These plates 

 were then allowed to set for 2 to 5 hours and stored at room temperature for up to 3 weeks 

 

SD-Trp media  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

SD-Trp amino acid supplement 0.4g 

Add ddH2O to a final volume of 600ml and adjust pH to 5.8 and autoclave at 121ºC for 15 

minutes 
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SD-Trp agar plates  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

Bacto agar 12g 

SD-Trp amino acid supplement 0.4g 

Add ddH2O to a final volume of 600ml. Adjust pH to 5.8 and autoclave at 121ºC for 15 minutes. 

Allow to cool to a temperature of approximately 55ºC, prior to pouring approximately 20, 90mm 

plates. These plates were then allowed to set for 2 to 5 hours and stored at room temperature for 

up to 3 weeks 

 

SD-Leu media  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

SD-Leu amino acid supplement 0.4g 

Add ddH2O to a final volume of 600ml and adjust pH to 5.8 and autoclave at 121ºC for 15 

minutes 

  

SD-Leu agar plates  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

Bacto agar 12g 

SD-Leu amino acid supplement 0.4g 

Add ddH2O to a final volume of 600ml. Adjust pH to 5.8 and autoclave at 121ºC for 15 minutes. 

Allow to cool to a temperature of approximately 55ºC, prior to pouring approximately 20, 90mm 

plates. These plates were then allowed to set for 2 to 5 hours and stored at room temperature for 

up to 3 weeks 

 

  

Stellenbosch University  http://scholar.sun.ac.za



 

 

197 Appendices 

SD-Trp-Leu media  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

SD-Trp-Leu amino acid supplement 0.4g 

Add ddH2O to a final volume of 600ml and adjust pH to 5.8 and autoclave at 121ºC for 15 

minutes 

  

SD-Trp-Leu agar plates  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

Bacto agar 12g 

SD-Trp-Leu amino acid supplement 0.4g 

Add ddH2O to a final volume of 600ml. Adjust pH to 5.8 and autoclave at 121ºC for 15 minutes. 

Allow to cool to a temperature of approximately 55ºC, prior to pouring approximately 20, 90mm 

plates. These plates were then allowed to set for 2 to 5 hours and stored at room temperature for 

up to 3 weeks 

 

TDO media  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

SD-Trp-Leu-His amino acid supplement 0.4g 

Add ddH2O to a final volume of 600ml and adjust pH to 5.8 and autoclave at 121ºC for 15 

minutes 
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TDO agar plates  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

Bacto agar 12g 

SD-Trp-Leu-His amino acid supplement 0.4g 

Add ddH2O to a final volume of 600ml. Adjust pH to 5.8 and autoclave at 121ºC for 15 minutes. 

Allow to cool to a temperature of approximately 55ºC, prior to pouring approximately 20, 90mm 

plates. These plates were then allowed to set for 2 to 5 hours and stored at room temperature for 

up to 3 weeks 

 

QDO media  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

SD-Trp-Leu-His-Ade amino acid supplement 0.4g 

Add ddH2O to a final volume of 600ml and adjust pH to 5.8 and autoclave at 121ºC for 15 

minutes 

  

QDO agar plates  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

Bacto agar 12g 

SD-Trp-Leu-His-Ade amino acid supplement 0.4g 

Add ddH2O to a final volume of 600ml. Adjust pH to 5.8 and autoclave at 121ºC for 15 minutes. 

Allow to cool to a temperature of approximately 55ºC, prior to pouring approximately 20, 90mm 

plates. These plates were then allowed to set for 2 to 5 hours and stored at room temperature for 

up to 3 weeks 
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SD-Ura agar plates 

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

Bacto agar 12g 

SD-Ura 0.4g 

Add ddH2O to a final volume of 600ml. Adjust pH to 5.8 and autoclave at 121ºC for 15 minutes. 

Allow to cool to a temperature of approximately 55ºC, prior to pouring approximately 20, 90mm 

plates. These plates were then allowed to set for 2 to 5 hours and stored at room temperature for 

up to 3 weeks 

  

SD-His agar plates  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

Bacto agar 12g 

SD-His 0.4g 

Add ddH2O to a final volume of 600ml. Adjust pH to 5.8 and autoclave at 121ºC for 15 minutes. 

Allow to cool to a temperature of approximately 55ºC, prior to pouring approximately 20, 90mm 

plates. These plates were then allowed to set for 2-5 hours and stored at room temperature for 

up to three weeks 

  

SD-Ade agar plates  

Glucose 12g 

Yeast nitrogen base without amino acids 4g 

Bacto agar 12g 

SD-Ade 0.4g 

Add ddH2O to a final volume of 600ml. Adjust pH to 5.8 and autoclave at 121ºC for 15 minutes. 

Allow to cool to a temperature of approximately 55ºC, prior to pouring approximately 20, 90mm 

plates. These plates were then allowed to set for 2 to 5 hours and stored at room temperature for 

up to 3 weeks 
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Aureobasidin A stock solution (500μg/ml)  

Aureobasidin A 1mg 

Dissolve in 2ml absolute ethanol. Store at 4ºC  

  

Aureobasidin A working solution (125ng/ml)  

Aureobasidin A stock solution 150μl 

Add to 600ml dropout agar media after cooled to temperature of approximately 55 ºC, priot to 

pouring approximately 20, 90mm plates. These plates were then allowed to set for 2 to 5 hours 

and stored at room temperature for up to 3 weeks 

 

X-α-galactosidase stock solution (20mg/ml)  

X-α-galactosidase  20mg 

Dimethylformamide 1ml 

Prepare a 20mg/ml stock. Store at-20ºC in the dark   

 

X-α-galactosidase Working Solution (5mg/ml) 

Add 1.2ml of X-α-galactosidase stock solution to 600ml dropout agar media after cooled to 

temperature of approximately 55 ºC, prior to pouring approximately 20, 90mm plates. These 

plates were then allowed to set for 2 to 5 hours and stored at room temperature for up to 3 

weeks 

 

10. SOLUTIONS FOR THE ESTABLISHMENT OF BACTERIAL COMPETENT CELLS 

CAP buffer  

CaCl2 2.21g 

Glycerol 37.5ml 

PIPES 0.76g 

Add ddH2O to final volume of 250ml. Adjust pH to 7.0 and store at 4ºC 
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Serum-free media  

DMEM (4.5g/L glucose, with L-glutamine) 196ml 

Pre-warm to 37ºC before use  

  

Differentiating growth media  

DMEM (4.5g/L glucose, with L-glutamine) 196ml 

Horse serum 2ml 

Penicillin/Streptomycin 2ml 

Pre-warm to 37ºC before use  

  

11. BACTERIAL MEDIA  

LB media  

Bacto tryptone  5g 

Yeast extract 2.5g 

NaCl 5g 

Bacto agar 8g 

Add ddH2O to final volume of 500ml. Autoclave and add appropriate antibiotic (Ampicillin 25mg/l, 

Kanamycin 5mg/l or ZeocinTM 10mg/l) to the media when cooled to temperature of 

approximately 55ºC is reached, prior to pouring approximately 20, 90mm plates. These plates 

were then allowed to set for 2 to 5 hours and stored at room temperature for up to 3 weeks 

  

12. EUKARIOTIC CELL CULTURE MEDIA  

Complete growth media  

DMEM (4.5g/L glucose, with L-glutamine) 178ml 

Foetal calf serum (heat inactivated) 20ml 

Penicillin/Streptomycin 2ml 
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13. CO-LOCALISATION REAGENTS  

Mowiol  

Glycerol 30g 

Mowiol 4-88  12.0g 

Add ddH2O to final volume of 30.0ml. Heat for 1 hour at 55ºC, Centrifuge at 5000g for 15 

minutes to remove undissolved particles. Aliquot supernatant in 2ml tubes, store at  

-20ºC. Prior to use, freshly add <0.01g n-propylgallate as anti-fade, heat for 1 hour at 

55ºC. Centrifuge at 5000rpm for 5 minutes to remove undissolved particles, remove 

supernatant as mounting media. Store in dark at 4ºC for 3 to 4 weeks 
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APPENDIX II 

 

CALCULATING YEAST MATING EFFICIENCIES (Calculations based on Clontech Manual) 

Count number of colonies on all plates with 30-300 colonies after 4 days. 

 

#colony forming units (cfu/ml) =              cfu x 1000μl/ml 

     Volume plated (μl) x dilution factor 

 

1. Number of cfu/ml on SD-Trp plates = viability of bait partner 

2. Number of cfu/ml on SD-Leu plates = viability of prey library 

3. Number of cfu/ml on SD-Trp-Leu plates = viability of diploids 

4. Lowest number of cfu/ml of SD-Trp or SD-Leu plates indicate limiting partner 

 

5. Mating efficiency (% diploids) =  #cfu/ml of diploids x100  

#cfu/ml of limiting partner 

 

LIBRARY TITRE 

Count number of colonies on all plates with 30-300 colonies after 4 days. 

 

#cfu/ml =               #colonies 

  plating volume (ml) x dilution factor 

# colonies clones screened = # cfu/ml x final resuspension volume 
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HAEMOCYTOMETRIC CELL COUNT 

A cell count using, a Neubauer haemocytometer (Superior, Berlin, Germany), was required to 

determine the titre of bait cultures used in the library mating experiments, as well as to determine the 

concentration of the H9c2 cells used in the co-localisation and contractility assays. Prior to counting, 

both the surface of the chamber and the glass cover-slip was cleaned with alcohol. The glass cover 

slip was then placed over the counting surface; a dilution of (1:100) of the sample prepared an aliquot 

of 10μl was placed into the V-shaped wells. Once the area under the coverslip filled with the sample 

through capillary action, the counting chamber was subsequently placed on a microscope  

(Nikon Corporation, Tokyo, Japan) stage and the counting area was brought into focus under low 

magnification. The number of cells in the large central quadrant of the haemocytometer were counted 

and this value was used to calculate the number of cells per millilitre using the following formula:  

Number of cells/ml – number of cells x dilution factor x 104 (a constant used because of the depth of 

the haemocytometer is 0.1mm) 
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APPENDIX III 

VECTORS 

 

Restriction map and Multiple Cloning Site (MCS) of pGBKT7 Y2H vector. (A) The positions of the 

Kanamycin resistance gene (Kan
r
), the trypsin (TRP1) nutritional marker for selection in yeast, GAL4 

DNA binding domain coding sequences, f1 bacteriophage and pUC origins of replication, the truncated 

S.cerevisiae ADH1 promoter sequence (PADH1) and the MCS. (B) The nucleotide sequence of the 

pGBKT7 MCS. The sequence indicated the positions of all the unique restriction enzyme recognition 

sequences, stop codons in the T7 termination sequence, GAL4 DNA binding domain coding 

sequence, T7 promoter sequence, c-Myc epitope tag, position of screening and sequencing primers. 

B 

A 
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(Adapted from pGBKT7 vector information datasheet, Clontech Laboratories, Inc., Palo Alto, 

California, USA). 

 

 

Restriction map and Multiple Cloning Site (MCS) of pGADT7-Rec Y2H prey vector. (A) Shows 

the positions of unique restriction enzyme sites indicated in bold font as well as the positions of the 

Ampicillin resistance gene (Ampr), the leucine (LEU2) nutritional marker, GAL4 DNA activating domain 

A 

B 
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coding sequence, 2µ and pUC plasmid origin of replication, the S.cerevisiae ADH1 promoter, 

S.cerevisiae ADH1 termination sequence, the hemagglutinin (HA) epitope tag and the MCS. (B) The 

nucleotide sequence of the pGADT7-Rec SMARTTM terminus and CDS III terminus. The position of 

restriction enzyme sites, stop codons, GAL4 DNA activating domain coding sequence, HA epitope tag 

and the positions of the T7 sequencing and 3‟AD sequencing primer sequences, position of 

Matchmaker 5‟AD and 3‟AD LD-insert screening amplimer sequences. (Adapted from pACT2 vector 

information datasheet, Clontech Laboratories, Inc., Palo Alto, California, USA). 
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