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ABSTRACT:  

Sarcomeres are the basic contractile units that make up the striated muscle of the 

heart and skeletal muscle. The specification and differentiation of muscle cells and the 

contractile function of the sarcomere are generally well understood, but how the 

sarcomere assembles remains largely unknown. To identify those factors required for 

sarcomere formation, we studied zebrafish embryos that were defective in sarcomere 

assembly. We selected zebrafish muscle mutants that showed similarities to the myosin 

chaperone mutant, unc45bsb60, which does not complete sarcomere assembly and 

exhibits paralysis of the skeletal muscle and a nonfunctional heart. We isolated the 

zebrafish muscle mutant herzschlag, which shows a rapid degeneration of striated 

muscle, and still heart, which displays paralysis in both striated tissues. We 

hypothesized that the herzschlag and still heart candidates were novel factors required 

for sarcomere assembly. Through recombinant mapping, complementation crossing and 

sequencing, we identified herzschlag and still heart as having mutations in titin2 and 

smyd1b, respectively. I examined early stages of muscle development in still heart 

mutants and identified SMYD1b as an assembly protein required for skeletal sarcomere 

assembly with respect to myosin folding and incorporation. Although fast myosin 

expression was normal in still heart mutants, fast myosin was never organized into the 

developing premyofibrils. Previous studies proposed SMYD1b as a myosin chaperone 

during sarcomere formation, which supported its role as an assembly factor. 

Smyd1bsth and unc45bsb60 mutants both exhibit nonfunctional hearts that do not 

complete heart morphogenesis. Our initial hypothesis was that since SMYD1b and 

UNC45b are required for skeletal sarcomere assembly, then SMYD1b and UNC45b are 

also required for sarcomere formation in heart muscle. Expression analysis of the cardiac 
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transcriptional network in smyd1bsth and unc45bsb60 mutants demonstrated unique 

changes in each network. I showed that cardiac myosin thick filaments are present in the 

hearts of smyd1bsth and unc45bsb60 mutants, indicating that SMYD1b and UNC45b, 

although both being myosin chaperones in skeletal muscle, each have unique functions 

in heart development. Recent work has shown that SMYD1b is capable of binding 

myosin. However, the structure of SMYD1b is similar to that of a histone 

methyltransferase, suggesting SMYD1b could be transcriptionally regulating heart 

development. I explored the requirement of the SET domain by substituting critical 

amino acids necessary for the methyltransferase function and found that the SET domain 

is required for proper heart development, although target genes remain unknown. 

I initiated studies of an M-line protein, MYOMESIN1a, and the role that this 

protein has in sarcomere maintenance and integrity. We showed that myom1a is 

upregulated significantly at stages much earlier than when myosin chaperone or myosin 

heavy chain expression begins to increase in our smyd1bsth, unc45bsb60 and titin2hel 

mutants. Using myosin chaperone mutants, smyd1bsth, unc45bsb60, that do not form 

myosin thick filaments, I showed that myosin is required for myomesin incorporation at 

the M-line. Preliminary work with myom1a P0-CRISPR-injected mosaic animals 

suggested that myomesin is not required for myosin incorporation but muscle tissues 

lacking myomesin became weaker and disorganized over time. Further characterization 

of myomesin mutants will reveal the precise function of myomesin during sarcomere 

maintenance and damage. 

 The research presented within this thesis gives support to existing models for the 

role of SMYD1b as a sarcomere assembly factor in skeletal muscle and as a regulatory 
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factor during heart development. I showed that the methyltransferase function of 

SMYD1b is required for normal heart development, making smyd1(b) an important 

candidate in human heart disease and treatment. Myomesin has been suggested to be a 

sensitive indicator to muscle damage due to disease. We showed that in addition to 

myomesin acting as a biomarker for muscle disease, myomesin can be used for the early 

detection of myopathies that may allow time to provide treatment to patients before 

significant muscle deterioration occurs.  
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1 INTRODUCTION 

 The sarcomere, the basic contractile unit comprising striated muscle, is one of 

the most complex cellular structures due to the sheer number of proteins that must be 

folded and incorporated within a dynamic sliding filament arrangement (Figure 

1&2)(Rhee et al., 1994; J. M. Sanger et al., 2008; J.W Sanger, 2005; Sparrow et al., 

2009). Additionally, the continuous activity of sarcomere contraction deteriorates the 

proteins within and there must be pathways maintaining homeostasis. Much of 

myogenesis is well understood; specifically myocyte specification, fusion, 

differentiation and sarcomere function (Figure 3), but what is poorly explored are the 

stages of sarcomere assembly and maintenance. Despite what is known about the 

sarcomere and muscle development, there are diseases displaying defects in the 

formation of the contractile apparatus that have not been associated with any known 

factors (such as distal myopathy with early respiratory failure (OMIM# 607569), Barnes 

type muscular dystrophy (OMIM# 158800), progressive pectorodorsal muscular 

dystrophy (OMIM# 310095)(https://www.omim.org)). By studying genetic mutants with 

defective sarcomere assembly we may identify novel factors in this process, leading to 

potential advances in treatments for muscle diseases (myopathies), where it could be 

possible to generate healthy muscle tissue. Originally, it was thought that each of the 

two types of vertebrate striated muscle (cardiac and skeletal muscle) had unique isotypes 

of structural and regulatory proteins, but recent research supports a model where there is 

significant overlap of factors between both tissues (Etard et al., 2007; Prill et al., 2015). 

This means that mutations in genes encoding one factor can lead to defects in both heart 

and skeletal muscle. It is often difficult to identify a common factor for both heart and 

skeletal muscle because mutations in genes critical for heart development are usually 

embryonic lethal.  

 Myopathies can be broadly characterized as muscle diseases showing defects in 

myofiber function due to effects on sarcomere assembly or maintenance, sarcomere 
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attachments to the cytoskeleton or ECM, myocyte metabolism, conduction and 

proteolysis pathways. This thesis work focuses on those myopathies that arise from 

defects in sarcomere assembly and maintenance (Figure 4). Defects in sarcomere 

maintenance lead to muscle atrophy or wasting and eventually death later in life (e.g. 

Duchenne muscular dystrophy). Muscle wasting diseases can be caused by mutations 

affecting sarcomere structural proteins that affect the integrity and function of the 

protein within the sarcomere, such as stretch capacity or weakening/loss of binding 

domains required to connect with other proteins (Bashir et al., 1998; Berger et al., 2010; 

Fukuzawa et al., 2008; Kirschner et al., 2004; Maruyama, 1994; J. Myhre et al., 2014; 

Rooney et al., 2006; Steffen et al., 2007). Other causes for muscle wasting include 

mutations in factors responsible for the removal/replacement of damaged structural 

components, but only a few of these factors (UNC45b, MURF1, MURF2, CALPAIN 1, 

MMP-2, OZZ) have been identified in muscle wasting syndromes (Bernick et al., 2010; 

Campos et al., 2010; Landsverk et al., 2007; Willis et al., 2009). Defects in sarcomere 

formation may result in a rapid collapse of the sarcomere and muscle tissue, a 

breakdown that is often embryonic lethal (e.g. hypertrophic and dilated 

cardiomyopathies) (Berdougo et al., 2003; Clarke et al., 2013; Morimoto, 2008; 

Rottbauer et al., 2006; Siegert et al., 2011; Stainier et al., 1996; X. Xu et al., 2002b). The 

absence of a structural component weakens or prevents sarcomere contraction leading to 

a lack of functional cardiac muscle or impaired movement. Assembly defects can arise 

from mutations in sarcomere structural proteins or from those in the factors responsible 

for building the sarcomere, and similar to maintenance defects, only a few assembly 

factors have been identified (Bernick et al., 2010; Codina et al., 2010; Crawford et al., 

2011; S. J. Du et al., 2008; Etard et al., 2007; Just et al., 2011; Li et al., 2011; Li et al., 

2013; Prill et al., 2015).  

 Molecular chaperones are a class of proteins involved in protein folding and 

prevention of protein aggregation. In the development of striated muscle, subclasses of 
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molecular chaperones are required for the assembly and maintenance of the sarcomere, 

each with a specific set of target proteins (Abu-Farha et al., 2011; Barral et al., 2004; 

Barral et al., 2002; Bernick et al., 2010; Codina et al., 2010; Crawford et al., 2011; 

Donlin et al., 2012; S. J. Du et al., 2008; Etard et al., 2007; Geach et al., 2010; 

Hutagalung et al., 2002; Li et al., 2013; L. Liu et al., 2008; Picard, 2002; Prill et al., 

2015; Srikakulam et al., 2004; Wegele et al., 2004; Young et al., 2003). For instance, 

myosin chaperones HSP90a1 and UNC45b are required to fold and incorporate muscle 

myosin into the developing sarcomere and mutations in either gene result in paralysis or 

a nonfunctional heart (observed only in unc45b mutants)(Etard et al., 2007; Geach et al., 

2010; Hawkins et al., 2008; Wohlgemuth et al., 2007). Mutants of αβ-crystallin, a Z-disc 

co-chaperone, demonstrate reduced motility and heart function with severely 

disorganized sarcomeres (Buhrdel et al., 2015). By identifying the chaperones necessary 

for different steps of sarcomere assembly it will be possible to gain a better 

understanding of early myogenesis and potentially create novel treatments for myopathy 

patients targeted at repairing the affected sarcomere compartment.  

 The lethality of striated muscle assembly mutants makes it difficult to study early 

myogenesis in mammalian systems (Gottlieb et al., 2002; Li et al., 2013; Prill et al., 

2015; Tan et al., 2006). Mutations in genes common between heart and skeletal muscle 

development are especially difficult to study because all mammals require a functioning 

heart even in utero to circulate nutrients throughout the body. Defects in the formation 

of the sarcomere affect heart development, usually terminating cardiac morphogenesis 

early such that the embryo dies before or shortly after birth (Gottlieb et al., 2002).  Mice 

with striated muscle defects die around embryonic day 8.5-10 or are resorbed, making it 

difficult to observe the subsequent effects of a mutation (Gottlieb et al., 2002). 

 The zebrafish model provides major advantages for the study of muscle assembly 

and function over other vertebrates because zebrafish can survive for a much longer 

period of time (one week) without heart function, compared to other vertebrates such as 
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mice and chickens, which die during heart morphogenesis or shortly after (1.5-3 

days)(Bakkers, 2011; Benson et al., 1999; Biben et al., 1997; Black, 2007; Cai et al., 

2003; Christoffels et al., 2000; Clark et al., 2013; Gibbs et al., 2013; Gottlieb et al., 

2002; Phan et al., 2005; Sims et al., 2002; Srivastava et al., 2002; Stickney et al., 2000). 

Additionally, zebrafish are transparent and develop outside of the mother, allowing for 

easy observation of cardiac and skeletal muscle development.  

 In this thesis I have identified and characterized factors required for sarcomere 

assembly and maintenance and investigated the role of molecular chaperones during 

heart morphogenesis. SMYD1b has the protein structure of a histone methyltransferase 

and was hypothesized to regulate transcription of sarcomere genes, specifically myosin 

heavy chain (Gottlieb et al., 2002; Sims et al., 2002; Tan et al., 2006). Without properly 

folded myosin heavy chains, the myosin thick filaments of the sarcomere cannot be built 

and therefore muscle contraction is not possible. More recent research has suggested that 

SMYD1b physically interacts with myosin, proposing an alternative hypothesis that 

SMYD1b acts a myosin chaperone during sarcomere formation and not as a histone 

methyltransferase (Just et al., 2011; Li et al., 2011; Li et al., 2013; Prill et al., 2015). I 

will address the hypotheses for SMYD1b as a histone methyltransferase and as a 

chaperone as I demonstrate the specific role of SMYD1b during sarcomere assembly.  

 In addition to SMYD1b, I will also explore the role of another myosin 

chaperone, UNC45b, in sarcomere maintenance and heart morphogenesis. Both smyd1b 

and unc45b mutants fail to complete heart looping. The hypothesis for why smyd1b and 

unc45b mutants display cardiac defects is based on their roles as myosin chaperones 

during skeletal muscle development and suggests that cardiac myosin is lacking from the 

heart sarcomeres. The alternative hypothesis for the heart defects in smyd1b and unc45b 

mutants suggests that both chaperones have different client proteins, other than myosin, 

during heart morphogenesis.  
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 Lastly, I investigate the possibility of a novel role for a known sarcomere 

structural protein, myomesin, and how it acts as the integrity monitor for the developing 

sarcomere.  
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Figure 1: Simplified Schematic of the Mature Sarcomere.  

Major components of the sarcomere are shown. The Z-discs (major component is α-

actinin) mark the boundaries of individual sarcomeres, add stability to the contractile 

structure and act as attachment sites for signaling proteins, neighboring myofibrils and 

the sarcolemma (myocyte cell membrane). Thin filaments made of actin, nebulin and 

tropomodulin extend out from the Z-disc to interact with the myosin thick filaments that 

extend toward the Z-disc from the middle of the sarcomere. It is the binding of myosin 

to actin that allows the thick filaments to pull the thin filaments and Z-disc toward the 

center of the sarcomere – muscle contraction. This contraction of the sarcomere is 

buffered by the protein giant titin and the elastic M-line protein myomesin. Titin and 

myomesin work to stabilize the sarcomere during contraction, ensuring the thick and 

thin filaments do not collide with any other sarcomeric structure and distribute the 

contractile forces to minimize wear and tear.  
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Figure 2: Contraction of the Sarcomere.  

Thick filaments of myosin pull thin filaments of actin and the Z-discs, composed mainly 

of α-actinin, toward the M-line resulting in sarcomere contraction. The elastic protein 

giant, titin, keeps Z-discs from colliding with myosin thick filaments and the Z-disc 

from drifting away, maintaining the sarcomere structure. Myomesin at the M-band 

creates an elastic network to distribute contractile forces across myosin filaments to 

prevent damaging the sarcomere during contraction. Sarcomere contraction is achieved 

by shrinkage of the I-bands as actin filaments and Z-discs are pulled toward the M-line 

by myosin thick filaments.  
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Figure 3: Stages of Myogenesis.   

Myogenesis begins with muscle precursor cells that express early myogenic factors myf5 

and myoD. Expression of one or both specifies cells to a muscle fate. These 

mononucleated myocytes proliferate throughout somitogenesis until the activation of 

differentiation factors. Myocytes differentiate into slow and fast muscle cells, stop 

dividing and undergo fusion to generate lateral myofibers within each somite. These 

myofibers grow and, in the case of slow myofibers, migrate to the periphery of the 

somite. Differentiated myofibers begin building myofibrils out of tandem repeats of the 

contractile unit, the sarcomere. The sarcomere structure is identical between different 

myofibers with the exception of fiber-specific isoforms of sarcomere components, such 

as slow and fast myosin.  
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Figure 4: Regions of Sarcomere Mutations and the Resulting Diseases.  

Muscle diseases are typically classified based on the affected region of the sarcomere 

and the onset of the symptoms. Affected regions are highlighted in red and the genes 

with identified mutations for each disease are listed.  
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1.1 Clinical Significance  

 Striated muscle is one of the largest tissues in the body; the heart starts beating 

before birth and does not stop during the life of the organism (S. J. Du et al., 2008; 

Nakagawa et al., 1999). Muscle wasting disease resulting from incomplete costamere or 

sarcomere assembly (e.g. muscular dystrophy, dilated and hypertrophic 

cardiomyopathy), misregulated autophagic or proteolytic pathways (e.g muscular 

dystrophy) or muscle targeted breakdown (e.g. multiple sclerosis or polymyositis) affect 

a large percentage of the population (~20% including muscular dystrophies, nemaline 

and inclusion myopathies, hypertrophic and dilated cardiomyopathies) (Laing et al., 

2005). Compromised structural proteins rapidly break down or cannot function within 

the contractile unit, leading to their loss from the sarcomere that precedes the collapse of 

the sarcomere.   

 Molecular chaperones are important to consider for myopathy research because 

of the roles they play during myogenesis (S. J. Du et al., 2008; Etard et al., 2008; Geach 

et al., 2010; Hawkins et al., 2008; Landsverk et al., 2007; Lee et al., 2011; Li et al., 

2013; Wohlgemuth et al., 2007). Molecular chaperones are responsible for folding, 

incorporating and/or maintaining the structural proteins within the sarcomere. 

Maintenance chaperones are responsible for replacing damaged structural proteins with 

newly folded proteins (Etard et al., 2008; Landsverk et al., 2007). Mutations in assembly 

chaperones lead to incomplete sarcomere formation and the severity of the resultant 

muscle defect depends on the function of the client protein. Mutants of chaperones 

responsible for maintaining structural proteins result in a progressive break down of the 

muscle tissue as damaged proteins accumulate within the tissue and are not replaced.  
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1.1.1 Striated Muscle Myopathies 

Striated muscle myopathy refers to a group of diseases or defects affecting cardiac or 

skeletal muscle (function). These diseases can be diagnosed based on the characterized 

onset/progression of myopathies, but it is difficult to identify the disease-causing 

mutation due to the large number of factors involved in muscle development. Not only 

do myopathies arise from defects in sarcomere structural proteins but also from 

mutations in assembly and/or maintenance proteins, as well as those that regulate the 

transcription of muscle genes.  

The genetic diagnosis of muscle disease has been progressing over the last few 

decades with major advances due to the identification of proteins and factors involved in 

sarcomere formation and skeletal/heart morphogenesis. In 1995, only 3 muscle diseases 

were linked to defects in sarcomere proteins (myosin heavy chain 7, cardiomyopathy; 

calpain 3, limb-girdle muscular dystrophy; slow alpha tropomyosin, nemaline 

myopathy) and increasing to 20 myopathies for 20 different structural protein mutations 

(e.g. nebulin, nemaline myopathy; fast myosin IIA, inclusion body myopathy; titin, tibial 

muscular dystrophy, limb-girdle muscular dystrophy) in 2005 (Laing et al., 2005). We 

now know that phenotypically distinct diseases can be caused by different mutations in 

the same gene, adding to the complexity of myopathy diagnosis (Berger et al., 2010; 

Bonnemann et al., 2004; Hayashi et al., 1998; Laing et al., 2005; Parsons et al., 2002; 

Rooney et al., 2006; Stedman et al., 1988; Steffen et al., 2007). This phenotypic 

heterogeneity can be attributed to the size or number of domains of some sarcomere 

structural proteins; a mutation that eliminates a domain or changes the length of the 

protein can have variable affects on the overall structure and function of the sarcomere 

(Bonnemann et al., 2004; Golson et al., 2004; Laing et al., 2005; J. Myhre et al., 2014; 

Steffen et al., 2007; X. Xu et al., 2002b). For example, titin is not only required as a 

brace for sarcomere contraction, but also contains several domains that are necessary for 
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other proteins involved in sarcomere assembly and maintenance to function (e.g. MURF 

binding sites on titin allow for control of damaged protein turnover)(Benian et al., 2015). 

Myopathies can affect multiple structures (e.g. sarcomere, cytoskeleton) and 

pathways (e.g. metabolism, conduction) of the muscle fiber. This can make diagnosis of 

the source and likely cause of a myopathy difficult in patients since muscle fiber 

structures and pathways overlap (e.g. sarcomere attachment to the cytoskeleton).  

Muscle diseases in mammals, such as mice and humans, add additional complexity to 

myopathy diagnosis since their muscle tissue is a mixture of slow (slow contraction) and 

fast (fast contraction) fibers as opposed to zebrafish that have a distinct separation of 

slow and fast fibers.  

Myopathies originating from defects in the sarcomere can be grouped based on the 

histology and symptoms that arise from defects in particular sections of the sarcomere 

(Figure 4). Nemaline myopathies arise from mutations in actin and are characterized by 

skeletal muscle weakness of the face, neck and limbs. Nemaline patients also often have 

eating and breathing issues. The severity of this disease can range from mortality in 

early childhood to progressive muscle weakness with onsets in childhood, adolescence 

and adult years (Ferrante et al., 2011; Goebel et al., 2004; Golson et al., 2004; Lammens 

et al., 1997). Distal myopathies are characterized by an onset of weakness in the hands 

and feet, with variability of movement in the arms and legs (e.g. muscular dystrophies, 

Welander distal myopathy, tibial distal myopathy). Distal myopathy patients exhibit 

progressive muscle weakness, in some cases muscle atrophy, that continues to spread to 

other skeletal muscles and some also develop cardiac dysfunction. Depending on the 

gene and affected protein, distal myopathies can occur at various stages throughout life 

and the severity varies based on the mutation (e.g. Laing early-onset distal myopathy vs. 

Welander distal myopathy). Human hypertrophic cardiomyopathies originate from 

mutations in genes of the heart sarcomeres and can be diagnosed by the thickening of the 

ventricle walls that impairs ventricle contraction (Harada et al., 2004; Nakamura et al., 
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2005; Nelson et al., 2005; Shah, 2017; Siegert et al., 2011). There are often no external 

symptoms of hypertrophic cardiomyopathy and patients suffer arrhythmias or sudden 

cardiac arrest. Human dilated cardiomyopathies arise from mutations in sarcomere genes 

or environmental influences that cause the thinning or enlargement of the ventricles. The 

most well known genetic cause of human dilated cardiomyopathies are mutations in the 

cardiac-specific gene troponin t2, which leads to muscle weakening and reduced 

calcium sensitivity (Harada et al., 2004; Q. W. Lu et al., 2003; Z. H. Lu et al., 2003; K. 

McArdle et al., 1998; Mirza et al., 2005; Morimoto et al., 2002; Sehnert et al., 2002).  
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1.2 Summary of Sarcomere Assembly 

1.2.1 Sarcomere Assembly – the Premyofibril Model 

Three models have been proposed for the formation of the sarcomeres: the template 

model, independent subunit assembly model and the premyofibril model of assembly 

(Rhee et al., 1994; J.W Sanger, 2005; Sparrow et al., 2009). The template model 

suggests sarcomeres are built from a preexisting template (see section 1.2.2)(Dlugosz et 

al., 1984; Rhee et al., 1994; J.W Sanger, 2005). The independent subunit assembly 

model describes sarcomere formation as the coming together of preformed sarcomere 

regions (i.e. I-band, A-band and M-band) that combine at the sarcolemma (see section 

1.2.2)(Lu et al., 1992; J.W Sanger, 2005). The Premyofibril Model suggests sarcomeres 

are first built in the form of a premature fiber that has protein components such as non-

muscle myosins replaced by muscle myosins for contraction in the growing embryo.   

Of the three, the premyofibril model has the most supporting evidence. This begins with 

the formation of Z-bodies consisting of α-actinin and titin, by integrin dependent 

recruitment, at the cell periphery (Figure 5A-C) (J. W. Sanger et al., 2010; Sparrow et 

al., 2009). Thin filaments grow out from the Z-bodies by forming complexes of F-actin, 

tropomyosin-troponin along a nebulin scaffold (Figure 5D&E)(Sparrow et al., 2009). 

Non-muscle myosin is incorporated between Z-bodies as foundation for mature thick 

filament assembly and M-line formation (Figure 5F)(J. W. Sanger et al., 2010). The C-

terminus of titin extends out from the Z-body to bind to the M-line (Figure 5D-G). Non-

muscle myosin is replaced by myosin thick filaments, which are folded before being 

added into the sarcomere (Figure 5F&G). Paired myosin filaments are arranged in 

hexamers around the C-terminus of titin with their globular heads reaching out toward 

the actin filaments (J. W. Sanger et al., 2010). The Z-bodies undergo a transition during 

sarcomere formation to become the rigid mature Z-discs that mark the boundaries of 

individual sarcomeres. This transition occurs when the exchange rate of proteins in the 
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Z-body decreases due to the addition of late-stage sarcomere proteins (e.g. telethonin 

and obscurin) that increase the connections between Z-body proteins and reduce 

mobility, forming a rigid boundary (J. Wang et al., 2005).    

Sarcomeres are formed in tandem with adjacent sarcomeres sharing a Z-disc 

(Sparrow et al., 2009). Developing sarcomeres grow in length and width while using 

their Z-discs to make contact with other myofibrils and the sarcolemma (Sparrow et al., 

2009). This connection between myofibril Z-discs allows for alignment and coordinated 

contraction along a myofiber (a bundle of myofibrils) (Sparrow et al., 2009). 

The function of the M-line, and its individual protein components, are not well 

characterized. The order of M-line assembly is unknown, possibly due to the size of 

protein components and their attachments to other M-band and A-band proteins, which 

inhibit the effectiveness of molecular techniques (such as antibody staining (limited 

exposure of epitope within sarcomere), Western blot or fusion proteins (genes and 

proteins are massive in size)). There are no mutant alleles that cause defects that are 

limited to the M-line, making it difficult to tease apart the function of the M-line 

proteins (Laing et al., 2005). The complete M-band consists of four major proteins: 

myomesin 1a, M-protein (myomesin2), obscurin, and obscurin-like 1. The tails of the 

myosin heavy chains and the C-terminus of titin connect with the M-band via myomesin 

and obscurin but the purpose of this interaction is poorly characterized (Agarkova et al., 

2005; Gautel et al., 2016). 

The stages of M-line assembly and the chaperones involved have not been 

identified. Myosin thick filaments are built by the coordinated function of HSP90a1 and 

UNC45b (Codina et al., 2010; Etard et al., 2007; L. Liu et al., 2008; Srikakulam et al., 

2008; Wegele et al., 2004). αβ-crystalin helps fold titin and desmin in the nascent 

premyofibril (Bennardini et al., 1992; Bullard et al., 2004; Golenhofen et al., 2002; 

Vicart et al., 1998). N-RAP is an α-actinin chaperone that is required to fold and 

incorporate α-actinin in the developing Z-body while stabilizing interactions with the 
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developing actin filaments (Boateng et al., 2008; Crawford et al., 2011). Each sarcomere 

chaperone might have more than one client protein and the absence of these target 

proteins may have an affect on neighboring sarcomere proteins. Identifying the 

chaperones for all sarcomere proteins will increase our understanding of 

sarcomerogenesis and possible treatments for muscle disease.  
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Figure 5: The Premyofibril Model of Sarcomere Assembly.  

According to the Premyofibril model, sarcomere assembly begins with the dimerization 

of integrins within the sarcolemma, followed by the recruitment of talin and viniculin 

(A). Localization of ZASP to the protocostameres (B) is required to recruit α-actinin to 

the membrane, which is folded and organized by the chaperone N-RAP (C). It is the 

organization of α-actinin that likely recruits protein giants nebulin and titin to the 

developing Z-discs (D). Titin and nebulin stretch out from the Z-discs to the sarcomere 

center as the Z-discs and costameres drift apart (D). Actin polymerizes along nebulin 

developing the sarcomere thin filaments (E). Non-muscle myosins are incorporated by 

an uncharacterized method along titin and likely use the thin filaments as a scaffold for 

their organization (F). As the sarcomere completes assembly, non-muscle myosins are 

replaced by muscle myosins that are connected to the M-line, composed of the elastic 

protein myomesin, with titin (G). Muscle myosins are folded and assembled into thick 

filaments by molecular chaperones HSP90α1 and UNC45b.  
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1.2.2 Sarcomere Assembly – The Template and Independent Subunit Models 

The template and independent subunit assembly models were developed during the 

same period as the premyofibril model (J.W Sanger, 2005), but are not supported by the 

same level of evidence. The template model of sarcomere assembly suggests that stress 

fibers act as templates upon which sarcomeres are built (Figure 6)(Dlugosz et al., 1984; 

Rhee et al., 1994). The issue with this model is that the stress fibers, which also must 

exhibit sarcomere structures to be able to act as a template, must have a template 

themselves or spontaneously form (J. M. Sanger et al., 1980; J. W. Sanger et al., 1984a, 

1984b), thus suggesting a model where a template must be built in the same manner as a 

sarcomere. Stress fiber contractile units are smaller than the length of mature 

sarcomeres, suggesting that stress-fibers cannot provide a template for proper sarcomere 

length (J. M. Sanger et al., 1986).  

The independent subunit assembly model suggests that Z-bodies and thick filaments 

assemble on their own throughout the myocyte (Figure 7)(Lu et al., 1992). Titin would 

then link these Z-bodies and thick filaments together and arrange them into a premature 

muscle fiber. However, studies of the independent subunit assembly model in vitro did 

not detect non-muscle myosin protein at any stage of sarcomere assembly, which 

contradicts both the template and premyofibril models (Dlugosz et al., 1984; Fallon et 

al., 1980; Lu et al., 1992; Rhee et al., 1994). Inhibition of non-muscle myosin kinases, 

which are required for non-muscle myosins to form polymers, prevents 

myofibrillogenesis (A. Du et al., 2003; Ferrari et al., 1998). Myofibrillogenesis 

continues once the kinase inhibitor is removed and non-muscle myosins reorganize into 

nascent myofibrils.  
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Figure 6: The Template Model of Sarcomere Assembly.  

The template model of sarcomere assembly proposes that premyofibrils require a 

template in order to form. The proposed sarcomere templates are the cell’s stress fibers, 

which display a simple contractile structure (A). Components of the mature sarcomere 

build along the stress fiber in the same order as described for the premyofibril model (B-

D). 
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Figure 7: The Independent Subunit Model of Sarcomere Assembly.  

The independent subunit assembly model describes sarcomere assembly as the joining of 

pre-assembled subunits, or regions of the sarcomere. The Z-discs and attached thin 

filaments are recruited to the sarcolemma and subsequently joined by the M-line and 

attached thick filaments (A). These subunits migrate toward one another and protein 

connections at the Z-disc are made to complete sarcomere assembly (B&C).  
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1.2.3 Skeletal Muscle Development  

In zebrafish, the first somite (precursor to muscle tissue) forms at 10.3 hours post 

fertilization (hpf) and the next few somites have already begun to organize before 

compartmentalizing (Devoto et al., 1996) (Figure 8). At the beginning of myogenesis, 

slow muscle premyofibers are the first to develop in the adaxial cells at 14 hpf, which 

are the cells immediately adjacent to the notochord. Slow muscle fibers elongate to the 

width of the somite and begin migrating laterally to the surface of the somite during their 

differentiation (Devoto et al., 1996; Liew et al., 2008). Terminal differentiation of slow 

twitch fibers occurs when they express slow myosin heavy chain, prox1 and slow-

muscle-specific troponin C (von Hofsten et al., 2008). While slow fibers migrate, 

populations of slow muscle cells are deposited laterally at the midline and transition into 

muscle pioneer cells (Liew et al., 2008). Muscle pioneer cells can be distinguished from 

other slow muscle cells by the expression of engrailed (Liew et al., 2008; Pownall et al., 

2002). The purpose of these cells is not clear but it is possible that they act as a pool of 

slow muscle progenitors that can replace damaged slow muscle fibers.  

At 19 hpf, fast muscle begins to differentiate in the remainder of the trunk muscle 

(fast muscle makes up the majority of muscle tissue in zebrafish) (Figure 8) (Blagden et 

al., 1997; von Hofsten et al., 2008). Fast-twitch myocytes fuse to create multinucleated 

fibers that span the somite and express fast myosin heavy chain, troponin 3a and 

troponin 12 during terminal differentiation. 

The ratio of slow- to fast-twitch fibers varies between species and changes depending on 

tissue type and function. For instance, fish skeletal muscle is mainly composed of fast-

twitch fibers that allows for rapid movements to evade predators yet still contains slow 

twitch fibers for long-term relaxed swimming. This ratio is different in other muscle 

tissue such as heart muscle where there is a higher demand for slow continuous 

contractions. In some species, such as mice and humans, the composition of slow- and 
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fast-fibers can be changed due to an individual’s activity, where the demand for one 

fiber type increases over the other (Y. X. Wang et al., 2004). 
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Figure 8: Slow and Fast Muscle Development during Somitogenesis.  

Somites begin developing at 10.3 hpf in zebrafish embryogenesis. Somites are added 

posteriorly once every 30 minutes until 24 hpf (or 30 somites), at an environmental 

temperature of 28.5°C. Before somites are fully formed, sonic hedgehog (Shh)(blue) 

from the neural tube causes the differentiation of myocytes proximal to the neural tube 

into slow muscle cells (red). This happens in a wave-like manner through the neural tube 

such that slow muscle cells are determined for several somites yet to be segmented. At 

14 hpf, slow muscle myofibers begin migrating to the periphery of the somite and the 

remaining myocytes of the somite differentiate into fast muscle cells (green). This 

migration and differentiation occurs in all somites as the embryo ages. Terminal 

differentiation of slow and fast myofibers is determined when they begin expressing 

muscle myosin (slow myosin – 14 hpf; fast myosin – 19 hpf).  

  



	 31	

	



	 32	

1.2.4 Heart Morphogenesis 

 Myocardial cells are specified in the anterior lateral plate mesoderm by signals 

from the endoderm (Bakkers, 2011; Nakagawa et al., 1999). These cardiac cells migrate 

to form the cardiac crescent in the anterior half of the embryo. Ventricle cells begin 

differentiation, adjacent to the midline, between 12-15 somites (14-19 hpf); atrial cell 

differentiation does not begin until 26 somites (20-24 hpf) when the cardiac crescent has 

folded to become the primitive heart tube (Figure 9)(Bakkers, 2011). At 24 hpf, the 

chambers in the primitive heart tube are not fully differentiated as indicated by the 

expression of ventricle myosin heavy chain throughout the tube, which precedes the 

expression of atrial myosin heavy chain throughout the heart (Bakkers, 2011). Slow 

intermittent contractions can be observed at 21 hpf in the zebrafish heart tube, 

suggesting the sarcomeres have reached a mature state that allows for contraction of the 

myofibril. However, the sarcomeres are not finished because the cardiomyocytes do not 

complete terminal differentiation (chamber formation) until after heart looping 

(Berdougo et al., 2003; Christoffels et al., 2004; Christoffels et al., 2000; Yelon et al., 

1999).  

 Heart looping begins with the secretion of an extracellular matrix component, 

hyaluronic acid produced by hyaluronan synthase 2 (has2) that allows for the directed 

migration of myocardial cells. This is followed by the leftward jog of the heart tube such 

that the atrium is displaced further from the midline than the ventricle (Figure 9) 

(Bakkers, 2011; Nakagawa et al., 1999). The heart tube elongates, twists and loops to 

further define chambers and properly orient the heart within the organism (Figure 9). In 

fish, this looping gives rise to the characteristic S-shaped heart and in amniotes this 

results in the more complex chambered heart (3 chambers in amphibians and reptiles; 4 

chambers in birds and mammals) (Figure 10). During looping, the chambers continue to 

grow, expanding to create well-defined chambers capable of pumping blood throughout 

the body. The proliferation of cells initially present in the heart is not enough for the 
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elongation of the heart tube to proceed through looping and ballooning of chambers (de 

la Cruz et al., 1977). The increase in cell population is achieved by the contribution of 

cells from a separate population of cells in the anterior half of the organism (Mjaatvedt 

et al., 2001; Waldo et al., 2001). This distinct population, separate from the heart, is 

called the second heart field (SHF) while all of the cells originating within the heart are 

part of the First Heart Field (FHF) (Kelly, 2012). This addition to the FHF from the SHF 

is necessary for the heart to complete morphogenesis and chamber formation. In 

mammals, the SHF contributes half of the atria, the entire right ventricle and the outflow 

tract that will become the aorta and pulmonary artery, demonstrating that the SHF is 

critical for normal heart development and function (Cai et al., 2003; Rana et al., 2007; 

Tirosh-Finkel et al., 2006; Verzi et al., 2005; Zaffran et al., 2004). 

 The AV canal begins to form during the middle of heart looping (36 hpf in 

zebrafish, E8.5-9 in mice). Endocardial cells receive signals from the AV myocardium 

to migrate to the AV canal, invade the cardiac jelly (ECM that allows for 

communication between myocardial and endocardial layers) and begin to proliferate 

(Armstrong et al., 2004; Chang et al., 2004; Combs et al., 2009; Kim et al., 2014; 

Lagendijk et al., 2013). These endocardial cells also begin to express Dm-grasp, a cell 

adhesion protein, before forming a “leaflet” layer of cells with protrusions into the 

cardiac jelly (Shin et al., 2014). AV valve formation is nearly complete by the end of 

heart looping and requires the leaflets to enlarge during the remainder of cardiac 

development.   

 Heart morphogenesis is controlled by a well-conserved transcriptional network, 

with subsets of factors regulating each stage of heart looping (Figure 11). Each chamber 

also requires the coordination of these transcription factors to specify chamber identity 

and complete development. Zebrafish have a simplified chamber development with two 

chambers (an atrium and a ventricle), while other vertebrate systems have three (one 

common ventricle and two atria) or four (two atria, two ventricles) chambered hearts 
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(Figure 10).  The specification and differentiation pathways of cardiac cells are 

conserved across species while cardiac morphogenesis is specific to vertebrates with a 

well-conserved pathway (Cripps et al., 2002). 

 Sarcomere formation also has an effect on heart looping. Defects in cardiac 

sarcomeres interfere with the looping process and ultimately prevents the heart from 

properly looping (Berdougo et al., 2003; Granados-Riveron et al., 2012; Hove et al., 

2003; Stainier et al., 1996).  Heart morphogenesis is, in part, dependent on intracardial 

pressure and blood flow generated by the contractions of the heart muscle (Berdougo et 

al., 2003; Hove et al., 2003; Stainier et al., 1996). The lack of chamber pressure has an 

effect on cardiomyocyte cell shape, gene expression and contraction dynamics, but how 

this occurs remains unknown.  
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Figure 9: Heart Morphogenesis in Zebrafish.  

At 15 hpf, the lateral populations of determined cardiomyocytes have migrated toward 

the midline of the developing embryo (A&B). The subpopulations of pre-ventricle 

(green), pre-atrial (red) and endothelial cells (thin blue line) reorganize during the fusion 

of these lateral populations to generate a heart tube that has a predetermined atrium and 

ventricle chamber (B). Between 19 and 24 hpf, the heart tube elongates, begins rhythmic 

contractions and migrates forward and to the left, with the atrium displaced further to the 

left than the ventricle (C). At 28 hpf, the heart tube continues to elongate while the heart 

“jogs” to the left (D). At 34 to 36hpf, the heart tube begins to twist such that the atrium 

rotates around the ventricle-atrium boundary (E&F). By 42 and 48 hpf, the ventricle 

(green) and atrium (red) chambers are defined but are continuing to grow and mature to 

pump blood around the embryo (G&H). At 48 hpf, heart looping is complete and the 

heart will not move significantly within the chest cavity of the zebrafish embryo (H). 

From 36 to 48 hpf, the atrioventricular (AV) canal is developing by the specification of 

endothelial cells that migrate to the AV canal and form leaflets that become the heart 

valve in the mature heart (F-H). Panels A-C are dorsal views of the zebrafish embryo 

while Panels D-H is anterior views of the embryo. 
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Figure 10: Comparison of Vertebrate Heart Anatomy.  

Vertebrate hearts have an overall conserved structure. Fish have one atrium and one 

ventricle compared to amphibians and reptiles, which have a 3-chambered heart with 

two atriums and one common ventricle, while the avian and mammalian 4-chambered 

heart has two atrium and two ventricles. The presence of two ventricles in the avian and 

mammalian lineage is due to the completion of the septum found in amphibian and 

reptile hearts. All vertebrates have similar vasculature entering and leaving their hearts. 

Fish have a sinus venosus and bulbus arteriosus that is analogous to the pulmonary vein 

and aorta, respectively, in higher vertebrates. Fish hearts pump deoxygenated blood 

(blue arrows) while amphibian, reptile, avian and mammalian hearts pump both 

deoxygenated blood to the lungs and oxygenated blood (red arrows) around the body. 

The main difference with respect to blood flow is that in amphibian and reptile hearts, 

deoxygenated and oxygenated blood can mix (purple arrows) in the common ventricle 

while in avian and mammalian hearts, these two types of blood are completely separate. 

The type of blood is not dependent on the heart but the organization of the vasculature 

and respiratory system.  
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Figure 11: The Cardiac Transcriptional Network.  

The transcriptional network of heart morphogenesis showing documented transcriptional 

activation (green arrows) and repression (red line) of known factors in the network. 

Genes written in black are for all vertebrates while genes written in blue represent the 

name of the mouse orthologue for a given gene.   
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1.2.5 The Role of Chaperones During Muscle Development 

One of the functions of a chaperone is to assist in the folding and assembly of 

macromolecular structures and prevent accumulation of unfolded proteins. Other 

functions include the unfolding of client proteins (in the case of structural damage or 

aggregation) and disassembly of protein complexes – usually removing their client 

protein from the macromolecule for repair or degradation. In this thesis I will focus on 

how molecular chaperones, specifically a set of myosin chaperones, function in muscle 

development and how these proteins contribute to sarcomerogenesis and heart 

morphogenesis. 

Myosins have rod-like tails and a globular head with a motor domain that has 

actin binding sites and ATPase activity (Figure 12). The tails form coiled dimers and 

bind to other proteins. Myosin light chains bind the heavy chain motor domain and 

contribute different properties to the myosin complex depending on the light chain 

subunit bound (B. Liu et al., 2008). Myosin heavy chain tails will fold and dimerize 

freely but globular domains require aid in their folding to a functional conformation 

(Etard et al., 2008). 

Heat shock protein 90 (HSP90) binds newly synthesized myosin and helps fold the 

myosin globular domain (L. Liu et al., 2008). The C-terminus of HSP90 binds other 

chaperones or co-chaperones, which aid in target specificity. UNC45 is a co-chaperone 

that is well known to interact with HSP90, binding it via its tetratricopeptide repeat 

(TPR – protein-protein interaction) domain (Chadli et al., 2008; Etard et al., 2007; 

Hawkins et al., 2008; Mishra et al., 2005; Ni et al., 2011; Picard, 2002). UNC45 has a 

central domain, with no known function, and a UCS (UNC-45/CRO1/She4p) domain 

that binds myosin (Lee et al., 2014; Srikakulam et al., 2008). HSP90 and UNC45 are 

both known to bind HSP70 during myosin folding but the role of HSP70 is not well 

understood (Gazda et al., 2013; Wegele et al., 2004). Hsp90 and unc45b mutants both 

have defects in myosin folding and lack normal thick filaments in their sarcomeres, 
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resulting in paralysis (Etard et al., 2007; Hawkins et al., 2008). This suggests that both 

chaperones are required to properly fold and incorporate myosin into the developing 

sarcomere.  

Overexpression of unc45 in C.elegans (Landsverk et al., 2007) and unc45b in 

zebrafish (Bernick et al., 2010) results in defective thick filament assembly and 

degradation, while overexpression of hsp90a1 does not (Bernick et al., 2010). This is 

due to increased levels of UNC45 that pull myosin out of the thick filaments which are 

then degraded via the ubiquitin/proteasome pathway (Bernick et al., 2010). In unc45b 

and hsp90a1 zebrafish mutants, myosin protein levels are low or absent, suggesting that 

without proper folding of the myosins, the accumulation of these misfolded proteins 

leads to activation of the ubiquitin pathway. 
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Figure 12: Type II Myosin and its Incorporation Into the Sarcomere.  

Muscle myosins have globular head domains that contain an actin-binding domain and 

an ATPase for ATP hydrolysis, which allows for the myosin heads to bind actin-thin 

filaments and pull them toward the M-line. The neck of myosin connects the globular 

head domain to the coiled tails and is the binding site for myosin light chains. Myosin 

heavy chains are incorporated as hexamers that make up the thick filaments of the 

sarcomere. During sarcomere assembly myosin folding and incorporation is performed 

by a specific set of chaperones while the maintenance of myosin, including the removal 

of damaged myosin and refolding or folding of newly synthesized myosin, requires 

HSP70 and UNC45b.   
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1.2.6 Maintenance of the Sarcomere 

The sarcomere is a dynamic structure with hundreds of proteins that need to 

coordinate contraction and maintain interactions for the stability of the sarcomere. The 

force and continuous contraction of the sarcomere stresses the integrity of the structural 

proteins within, especially those proteins of the A-band (actin, myosin, troponin, etc.) 

that are responsible for sarcomere contraction, relaxation and force bracing. This 

suggests that proteins within the A-band may break down faster than those proteins in 

the Z-disc that are not under as much strain from activity (Martin, 1981; 

Papageorgopoulos et al., 2002; Perkins et al., 2014). Therefore, the demands for 

sarcomere maintenance are expected to be greatest for those proteins within the A-band 

and thus we would expect chaperones with client proteins in the A-band to be required 

for protein maintenance over the life of the sarcomere.  

Chaperones that are involved in maintenance of the sarcomere may be difficult to 

identify because they may also be involved in sarcomere assembly. However, 

identifying proteins that respond to physical stress on the sarcomere can distinguish 

chaperones and other factors involved in maintenance. HSP90 and UNC45b have been 

found to localize to the A-band during periods of cellular stress on the muscle (Etard et 

al., 2008). Expression of hsp70 is increased during physical stress followed by an 

inflammatory response to protect and repair muscle from damage (Senf et al., 2013). 

Knockouts of hsp70 delay the inflammatory response and in the most severe cases lead 

to incorrect muscle repair or death (Senf et al., 2013). αβ-crystallin also localizes to its 

target protein, α-actinin, in the Z-disc during sarcomere stress (Perng et al., 1999).  

Maintenance of the sarcomere also requires removal of damaged proteins that 

cannot be simply refolded. This happens via the ubiquitin-proteasome system and 

autophagic degradation (Campos et al., 2010; Sandri et al., 2013). Both pathways 

involve chaperones recruiting these systems to the sarcomere to proteolyze the damaged 

proteins that have been removed from the sarcomere by their respective chaperone 
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(Gamerdinger et al., 2011; Hoppe et al., 2004; Janiesch et al., 2007; Landsverk et al., 

2007). If damaged proteins cannot be repaired or degraded upon removal, due to defects 

in the chaperone or proteasome pathways or because of their size, these damaged 

sarcomere proteins can form aggregates resulting in impaired sarcomere contraction and 

myopathy (Gillis et al., 2013; Harms et al., 2012; Janiesch et al., 2007; Sarparanta et al., 

2012).   
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1.3 SMYD1b during myogenesis 

 Members of the SMYD family of proteins are highly conserved across 

vertebrates and they are involved in various stages of muscle development (Figure 13 & 

Figure 14). There are normally five SMYD proteins in the vertebrate lineage (zebrafish 

have more due to a genome duplication) and each has a SET and MYND domain as well 

as a conserved C-terminus (Figure 14 & Figure 15). The SET domain is critical for 

histone methylation, which can activate or repress transcription. The MYND domain 

contains zinc-fingers that make contact with DNA or histone deacetylases (HDACs) and 

the SMYDs are thought to repress transcription by the recruitment of HDACs using their 

MYND domain (M. A. Brown et al., 2006; Tan et al., 2006). 

 Of the five SMYDs, only SMYD1, SMYD2 and SMYD3 have been shown to 

have roles during striated muscle development. Knockdown of smyd3 leads to defects in 

cardiac morphogenesis with decreases in the methylation of histone 4, suggesting a 

transcriptional regulation of morphogenic factors (Fujii et al., 2011; Kim et al., 2015). 

SMYD2 is unusual for a histone methyltransferase (HMT) as it is found in the 

cytoplasm, where it is thought to activate proteins by methylation (Abu-Farha et al., 

2011). HSP90 association with TITIN, and stabilization of this giant protein, is 

dependent on SMYD2 lysine methylation (Abu-Farha et al., 2011; Donlin et al., 2012). 

In mice, SMYD2 is only critical for skeletal muscle development, whereas in zebrafish a 

knockdown of SMYD2a/b results in defective cardiac and skeletal muscle development 

(Diehl et al., 2010; Donlin et al., 2012; Voelkel et al., 2013).  

 SMYD1, like its homologues, has the structure of a HMT and is the most studied 

protein of the SMYD family (Figure 15)(S. J. Du et al., 2006; Gottlieb et al., 2002; Just 

et al., 2011; D. Li et al., 2009; Li et al., 2011; Li et al., 2013; Prill et al., 2015; Sims et 

al., 2002; Tan et al., 2006). Previous research in mice and zebrafish indicated a role for 

SMYD1/m-Bop (smyd1b in zebrafish) as a transcriptional regulator (Gottlieb et al., 

2002; Sims et al., 2002; Tan et al., 2006).  m-Bop is necessary for heart morphogenesis 
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to regulate transcription of critical heart factors such as hand2, important for keeping 

cardiomyocytes alive and for completing heart looping (Garavito-Aguilar et al., 2010; 

Schindler et al., 2014; Yamagishi et al., 2001), as well as tbx5 and irx4 that are required 

for left ventricle development (Gottlieb et al., 2002; Phan et al., 2005; Sims et al., 2002). 

SMYD1 is necessary for completing heart morphogenesis, smyd1-/- mutant mice do not 

survive past embryonic day 10.5, making it difficult to determine the resulting 

sarcomere phenotype due to a lack of SMYD1 function (Gottlieb et al., 2002). 

 Smyd1b zebrafish mutants also develop a cardiac phenotype that results from 

incomplete heart looping (Just et al., 2011; Li et al., 2013), although no conclusions have 

been made as to how SMYD1b affects heart morphogenesis in fish. The zebrafish 

SMYD1b mutants, however, can survive until the end of embryogenesis without 

functional hearts and demonstrate disorganized myofibrils in their skeletal muscle (Just 

et al., 2011; Li et al., 2011; Li et al., 2013; Prill et al., 2016; Tan et al., 2006).  Previous 

work suggested that the skeletal muscle disorganization was due to a lack of SMYD1 

histone methyltransferase activity that regulates myofiber maturation (Tan et al., 2006) 

similar to the way that BLIMP1, another SET protein, regulates slow muscle 

development by transcriptional repression (Liew et al., 2008). Using zebrafish, Li et al 

(2011) have shown that SMYD1b localizes to the cytoplasm after muscle differentiation 

at 72 hpf, specifically to the M-line of the sarcomere during myofibril formation. 

Additionally, it has been shown that SMYD1b is fast muscle-specific and that fast 

myosin heavy chains are absent from the sarcomeres in the mutant (Just et al., 2011; 

Prill et al., 2016). The cytoplasmic localization of this HMT to the sarcomere M-line, the 

anchor site of the myosin thick filaments, suggested that this pool of SMYD1b could act 

as a rapid transcriptional response to defective sarcomere development (Li et al., 2011). 

However, more recent work has shown that the C-terminal domain of SMYD1b contains 

a myosin-binding site (Just et al., 2011) and that this HMT is capable of forming a 

complex with myosin chaperones, UNC45b and HSP90 (Just et al., 2011; Li et al., 
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2013). In SMYD1b mutants, unc45b and hsp90a1 expression is significantly elevated in 

later stages of muscle development (24 hpf and older)(Just et al., 2011; Li et al., 2013; 

Prill et al., 2015), similar to the elevation observed in myosin chaperone mutants steif 

(unc45b) and sloth (hsp90a1) (Codina et al., 2010; Etard et al., 2007; Hawkins et al., 

2008; Wohlgemuth et al., 2007). This research suggested that SMYD1b is acting as a 

myosin chaperone during sarcomere development but the specific role of this protein 

remained undetermined at earlier stages of myogenesis. 
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Figure 13: The SMYD family in Vertebrates.  

A phylogenetic tree of the SMYD protein family with 5 clusters of SMYD homologues, 

highlighted in different colors, in 5 vertebrate taxa. Note that SMYD proteins with 

documented function in muscle development cluster together and are highlighted in red; 

the exception to this is Xenopus SMYD2 which is involved in muscle development but 

is most closely related to SMYD4.  
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Figure 14: The conservation of SMYD1 across vertebrates.  

A Clustal omega protein alignment of SMYD1 orthologues from 5 vertebrate species 

(Danio rerio, Xenopus tropicalis, Gallus gallus, Mus Musculus and Homo sapiens). All 

SMYD1 orthologues show a high conservation within the MYND (blue), SET (purple) 

and C-terminal domains (green highlights the myosin binding region), which are the 

functional domains required for transcriptional regulation and myosin binding, 

respectively. Asterisks indicate fully conserved amino acid residues, colons indicate 

conserved residues with highly similar properties and periods highlight conservation of 

amino acid residues with weakly similar properties; alignment was generated using 

Clustal omega http://www.ebi.ac.uk/Tools/msa/clustalo/. 
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Figure 15: The structural domains of the SMYD family in Zebrafish.  

The protein structure of the SMYD family of proteins in zebrafish. The genome 

duplication in the teleost lineage resulted in two paralogues for smyd1 and smyd2 each 

while there remain only one identified smyd3, smyd4 and smyd5 genes in zebrafish. Each 

SMYD protein contains a SET domain interrupted by a conserved MYND domain. The 

C-terminal domain (CTD) varies in length and does not have a highly conserved 

sequence. SMYD4 is the largest of the SMYD family with an identified TPR domain 

that helps facilitate protein-protein interactions. The number listed after each SMYD 

protein is its length in amino acids.  
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1.4 Identification of Novel Muscle Mutants in Zebrafish 

 The hypothesis that striated muscle development included two parallel pathways 

for both cardiac and skeletal muscle development proposed that there should exist 

unique sets of genes for each pathway. However, a small group of mutants shows 

defects in both striated tissues, suggesting that these two parallel pathways must have at 

least some common factors (Granato et al., 1996). These common factors can range 

from a sarcomere structural protein to an assembly/maintenance factor such as a 

chaperone (Berger et al., 2010; Bernick et al., 2010; Bonnemann et al., 2004; Bryson-

Richardson et al., 2005; Codina et al., 2010; Donlin et al., 2012; Etard et al., 2007; Etard 

et al., 2010; Ferrante et al., 2011; Geach et al., 2010; Just et al., 2011; H. Li et al., 2009; 

Li et al., 2013; Morimoto, 2008; Prill et al., 2015; Siegert et al., 2011; Sparks et al., 

2011; Steffen et al., 2007; van der Meer et al., 2006). We are interested in factors that 

are required for processes during early muscle development such as sarcomere assembly 

where little is known about how this contractile unit forms.  

 Our lab has studied the phenotype of an UNC45b mutant (steif) in zebrafish, 

which results in pericardial edema, from a nonfunctional heart, and paralysis (Etard et 

al., 2007; Wohlgemuth et al., 2007). This paralysis is due to the disorganization of slow 

and fast muscle fibers in the trunk of the mutant embryos (Etard et al., 2007; 

Wohlgemuth et al., 2007). UNC45b is one of the chaperones required to fold myosin 

heavy chains and incorporate them into the thick filaments of the developing sarcomere 

(Gazda et al., 2013; Landsverk et al., 2007; L. Liu et al., 2008; Srikakulam et al., 2008; 

Wohlgemuth et al., 2007).  To identify other factors necessary for sarcomere assembly, 

we will study other muscle mutants with early-muscle development phenotypes similar 

to steif. 
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1.4.1 Selection of Muscle Mutants  

 In the early 1990s, ENU mutagenesis was used to generate point mutations in 

haploid wild-type zebrafish gametes. The resulting embryos were scored for a wide 

variety of phenotypes including defects in left-right patterning, central nervous system, 

jaws and gills, swim bladder, locomotion, cardiac specification and morphogenesis, eye 

development, early embryonic and adult defects. Several mutants with defects in heart or 

skeletal muscle development have been isolated (J. N. Chen et al., 1996; Granato et al., 

1996). To find other factors involved in early myogenesis, we searched this collection 

for other mutants with similar phenotypes to the UNC45b/steif zebrafish mutant. The 

ENU zebrafish mutagenesis screen generated a total of 136 unique striated muscle 

mutants with phenotypes varying from complete paralysis to reduced motility and a 

nonfunctional heart to weak contractility. Loss-of-muscle striations (indicative of fully 

formed sarcomeres) are easily visible in the transparent skeletal muscle and impaired 

heart function results in pericardial edema by 36 hpf. Of the zebrafish mutant lines still 

available1, we chose three mutants that are likely involved in sarcomere assembly 

previously uncharacterized from this screen, based on similarity to the steif (stf) 

phenotype; still heart, herzschlag and jam.  

 Still heart (sth), herzschlag (hel) and jam mutants have both pericardial edema 

and disrupted skeletal muscle organization based on reduced birefringence in their tails 

(Figure 16)(Granato et al., 1996). When touched, still heart mutants cannot swim away 

but respond by vibrating (Prill et al., 2015). Jam mutants have a slow movement 

response when touched (Granato et al., 1996). Herzschlag mutants do not move when 

touched, showing complete paralysis as observed in the steif mutants (Etard et al., 2007; 

Granato et al., 1996; Wohlgemuth et al., 2007). However, herzschlag mutants have some 

heart function when compared to the unc45b mutant. Jam mutant hearts have smaller 

																																																								
1 Some zebrafish mutant lines have been lost or were otherwise unobtainable. 
2	From	that	list,	some	zebrafish	mutant	lines	had	been	lost	or	were	otherwise	
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ventricles and they beat slower than wild-type hearts (J. N. Chen et al., 1996; Granato et 

al., 1996). Still heart exhibits the same nonfunctional heart phenotype as steif (Etard et 

al., 2007; Wohlgemuth et al., 2007). Due to the variety of muscle phenotypes observed 

in these mutants and the number of possible candidates for each, isolation of each lesion 

to a chromosomal region would greatly improve our ability to identify the affected gene.   
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Figure 16: Phenotypic comparison of motility mutants steif, still heart, herzschlag 

and jam.  

Morphological analysis of wild-type (A&F), still heart (B&G), steif (C&H), herzschlag 

(D&I) and jam (E&J) homozygous embryos at 2 and 5 dpf. At 2 dpf, mutants still heart, 

steif and herzschlag (B-D) display pericardial edema (red arrowheads), small eyes and 

reduced skeletal muscle birefringence when compared to wild-type fish at the same age 

(A). Homozygous jam embryos (E) look identical to wild-type siblings (A) at 2 dpf. By 

5 dpf, the edema has spread significantly throughout the body and pericardial and yolk 

sac in still heart, steif and herzschlag (G-I) mutants when compared to wild-type 

siblings at 5 dpf (F). Still heart, steif and herzschlag mutants continue to display small 

eyes and reduced birefringence in their skeletal muscle (F-I). At 5 dpf, jam mutants can 

be easily identified by the lack of swim bladder inflation (blue arrowhead), but 

otherwise resemble wild-type siblings (F&J).  
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1.4.2 Characterization and mapping of still heart, herzschlag and jam 

 For the past two decades, large-scale genetic mapping has been applied to 

mutants from the ENU mutagenesis screen. Using bulked-segregant analysis, followed 

by recombinant mapping, still heart has been narrowed down to a ~1.6 Mbp region on 

chromosome 8, herzschlag to a ~8.44 Mbp region on chromosome 9, while jam has not 

been mapped (Geisler, 2002; Geisler et al., 2007). The previously mapped still heart 

genomic region is small enough for the selection of potential candidate genes while the 

genetic region close to the herzschlag locus region is significantly larger and the number 

of potential candidates too high without mapping the mutation to a smaller region on the 

chromosome (Figure 17). Jam has not been linked to any chromosome and will need to 

be mapped to identify potential candidates. Further mapping in our lab using Simple 

Sequence Length Polymorphisms (SSLPs) and recombinant mapping allowed us to 

narrow down the list of potential candidates for the herzschlag lesion to the titin genes 

(J. Myhre et al., 2014). Candidate genes were selected based on their association with 

myogenesis and similarities to existing identified mutants. 

 Previous work in our lab has demonstrated that muscle tissue in still heart, 

herzschlag (at 48 hpf) and jam mutants (at 5 dpf) was interrupted with fluid-filled 

vesicles and myofibers lack lateral and myosepta attachments leading to gaps between 

myosepta in the trunk muscle (Wohlgemuth, Ph.D. thesis). Still heart mutants had 

almost complete paralysis their entire life while herzschlag mutants were able to move 

normally for a short period of time (~30 hpf) before becoming immobile. Jam mutants 

showed normal movement, indistinguishable from wild type, until their swim bladders 

failed to inflate and movement is reduced at 5 dpf (Wohlgemuth, unpublished). When 

compared to steif, herzschlag mutant hearts do have some function although the heart 

contractions are weak and slow over time. Still heart mutants share the same heart 

phenotype as steif mutants with a nonfunctional cardiac tube that remains unlooped and 

chambers undefined. No obvious cardiac defects have been observed in the hearts of jam 
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mutants, contrary to the initial description of the mutant (Wohlgemuth, unpublished)(J. 

N. Chen et al., 1996; Granato et al., 1996). This suggests that the heart defect of the jam 

phenotype may have resulted from a second unlinked mutation that was separated during 

maintenance of this strain in heterozygous form.  
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Figure 17: The previously mapped regions of the still heart and herzschlag lesions.  

Physical map of a 1.6 Mbp region on chromosome 8 containing the still heart lesion, 

showing all identified genes in the region (A). Physical map of a ~8.44 Mbp region on 

chromosome 9 containing the herzschlag lesion, showing all identified genes in the 

region (B). Data collected for these regions were from the ensembl genome browser 

(http://www.ensembl.org/index.html) using the 10th version of the zebrafish genome 

assembly. The estimated mutant loci were mapped using low-resolution mapping data. 
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1.5 Hypotheses to be tested in this thesis. 

 In recent years we have gained a better understanding of the formation of the 

sarcomere with respect to the order and organization of its structural proteins. What 

remains relatively unknown are the factors that are involved in ordering, folding, 

integrating and turning-over damaged proteins. The premyofibril model provides a 

blueprint for when and where we would expect to find assembly and maintenance 

factors with respect to the developing sarcomere. Factors involved in sarcomere 

assembly should be present early in the muscle during development when their client 

proteins are being synthesized and require folding and incorporation into the developing 

premyofibril. These factors can be identified by early mutant muscle phenotypes where 

the sarcomere is incomplete. Maintenance proteins will be present in the cytoplasm 

during and after sarcomere formation is complete and can be identified by inducing 

muscle stress or damage. Mutant maintenance phenotypes will progress over time as the 

sarcomere falls apart. 

 Our first hypothesis is that still heart, herzschlag and jam candidates represent 

novel sarcomere assembly factors based on the disease onset, affected fiber type (fast 

and/or slow) and heart and skeletal muscle phenotype of each mutant.  

  Secondly, I investigate the hypothesis that if SMYD1b is a myosin chaperone 

and the muscle defect is present early, then SMYD1b is a myosin chaperone required 

during sarcomere assembly in skeletal muscle. The presence of SMYD1b protein in the 

cytoplasm during early skeletal sarcomere formation and its ability to bind myosin and 

myosin chaperones suggests that SMYD1b is likely a third myosin chaperone required 

for thick filament assembly. 

 The third hypothesis explored in this thesis tests the role of SMYD1b and 

UNC45b in heart development. If SMYD1b and UNC45b are myosin chaperones during 

sarcomere assembly in skeletal muscle, then they are likely myosin chaperones in the 

assembly of cardiac sarcomeres. The similarity of the heart phenotype in both 
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steif/unc45b and smyd1b mutants suggests that both are acting as cardiac myosin 

chaperones. It is not clear which cardiac myosin(s) are the target protein of UNC45b 

and/or SMYD1b but lack of contraction in one or both chambers will lead to defects in 

heart looping. However, UNC45b in mice has been shown to be responsible for folding 

GATA4, one of the core transcription factors in the heart morphogenesis pathway. 

Taking into consideration the evidence that UNC45b may have a different client protein 

in heart tissue, this suggests that SMYD1 could also have a client protein other than 

myosin in cardiac development. The alternative hypothesis for SMYD1b’s role during 

heart development comes from evidence in mice and suggests that SMYD1b still 

maintains a transcriptional role in cardiac tissue. Changes in the expression of genes 

encoding heart transcription factors (thought to be direct targets of SMYD1) in smyd1 

mutants, when compared to wild-type, support its transcriptional regulation function.  

 Lastly, an overlooked but seemingly critical protein in the assembly and 

maintenance of the sarcomere is myomesin in the M-line. Examination of the sarcomere 

proteins in our muscle mutants revealed a unique response of myomesin to defects in 

sarcomere assembly. Currently, no mutants exist (or have been identified) with a 

complete absence of myomesin in sarcomeres, making it difficult to identify the role of 

myomesin in myogenesis. However, based on the time at which myomesin is 

incorporated into the sarcomere and the changes we have noted in our mutants, I propose 

that myomesin is acting as an ‘integrity monitor’ for the sarcomere that is capable of 

stalling the onset of sarcomere contractions and evoking a chaperone/repair response for 

the damaged sarcomere.  
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1.5.1 First hypothesis – If muscle mutants still heart, herzschlag and jam are 

sarcomere assembly mutants, then they represent novel myogenesis 

mutations 

 The still heart and herzschlag mutant phenotypes are similar to the phenotypes 

of sarcomere chaperone mutants (steif/unc45b and sloth/hsp90a1). Their paralysis in 

addition to the loss of striations indicate that still heart and herzschlag represent 

sarcomere genes likely involved in the formation of the myofibril. Still heart and 

herzschlag also have impaired heart function which means the candidate genes have a 

role in both cardiac and skeletal muscle development making them part of a unique set 

of common striated factors. Jam exhibits a degenerate phenotype, as mutants appear 

normal until 5 dpf at which time they begin to exhibit reduced movement and fail to 

inflate their swim bladder. The delayed skeletal defect suggests that the jam mutation 

may be in a gene involved in sarcomere maintenance, and the failure to inflate the swim 

bladder suggests the mutation is isolated to the slow muscle development portion of the 

hedgehog pathway. 

 To test this hypothesis, I will identify these mutants by SSLP mapping, that will 

allow us to narrow down the possible candidate genes for the herzschlag and jam 

mutations, and complementation crosses can identify both still heart and herzschlag if 

existing mutants of the candidate genes are available.  If there are no candidate mutant 

strains available for complementation then we can try morpholino antisense knockdown 

or mRNA rescue of the candidates in the homozygous still heart and herzschlag mutants 

to confirm the identity of the mutant loci. High-resolution mapping can also be used to 

narrow down the location of the lesion to fewer genes that can be sequenced for the 

mutation. 

 The effects of still heart, herzschlag and jam on myogenesis can be assessed in 

detail by immunostaining of particular sarcomere components such as fast and slow 

myosins (A-band), myomesin (M-line), titin (I-band, A-band) and α-actinin (Z-disc) on a 
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variety of time points during development. The absence or gradual disappearance of any 

of these sarcomere components, as determined by immunostaining, will allow us to 

determine if each mutant is defective in sarcomere assembly (protein never stains) or 

sarcomere maintenance (protein is present only at early stages). Still heart and 

herzschlag likely represent assembly mutants, which means we would also expect 

changes in the expression of other factors, both chaperone and structural sarcomere 

genes. To test this I will examine the expression of myosin chaperones, unc45b and 

hsp90α1, and sarcomere structural components such as fast myosin, slow myosin, 

myomesin and titin using qPCR and ISH. We expect to see increased expression of other 

chaperones of the affected client protein in response to its absence or degeneration. Jam 

likely represents a maintenance factor and/or a member of the sonic hedgehog pathway, 

which means we would expect changes in the expression of maintenance factors and the 

swim bladder developmental pathway. These changes will be assessed both spatially and 

temporally using ISH and quantitatively using qPCR. 
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1.5.2 Second hypothesis – SMYD1b is involved in skeletal sarcomere assembly  

 Previous research into SMYD1b’s role during myogenesis has suggested two 

different roles based on protein structure and interactions. SMYD1b’s SET and MYND 

domains are characteristic of proteins that modify histones and recruit other transcription 

factors that alter chromatin structure. The expression of smyd1b at the onset of 

myogenesis and the change in expression of other genes involved in early striated 

muscle development, in smyd1 mutants, suggests SMYD1b has a role in the myogenesis 

transcriptional network (Gottlieb et al., 2002; Kawamura et al., 2008; Sims et al., 2002; 

Tan et al., 2006). The other role proposed for SMYD1b is that of a myosin chaperone, 

based on recent work that demonstrates a myosin-binding domain in the C-terminal 

domain of this SET protein. SMYD1b interacted with myosin heavy chain and UNC45b 

during a pull-down experiment (Just et al., 2011). SMYD1b knockdowns and mutants 

show disorganized myofibrils in their fast skeletal muscle and increased expression of 

other myosin chaperones at later stages (48 hpf and older).  

 I hypothesize that based on interactions with myosin and UNC45b and the 

phenotypic similarity of still heart to steif, SMYD1b is acting as an assembly protein 

during sarcomere formation. I predict that the disorganization of the skeletal myofibrils 

in fast muscle will be present at earlier time points (24 hpf) and myosin will be 

improperly folded or absent from the sarcomeres. To test this I will immunostain fast 

myosin throughout various stages of myogenesis in the still heart mutants. Because of 

SMYD1b’s interaction with myosin and UNC45b, I also predict that SMYD1b is likely 

part of a complex with UNC45b and HSP90a1 to fold and incorporate myosin into the 

developing myofibril. All three are required for myosin to be correctly added to the 

sarcomere and the absence of one results in a significant increase in the expression of the 

other chaperones. I predict that the up-regulation of the myosin chaperones when one is 

absent is not due to an incomplete chaperone complex (Just et al., 2011) but rather an 

increasing concentration of misfolded myosins. I will test this by ISH and qPCR analysis 
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of myosin chaperones at the onset of fast muscle development and a later time point 

when myofibrils are nearly complete.  SMYD1b has been shown to localize to the M-

line (Just et al., 2011; Li et al., 2011) suggesting that SMYD1b may be responsible for 

the localization of the chaperone-myosin complex to the A-band where SMYD1b can 

act as an anchor during myosin incorporation.  

 If we see an absence of fast myosin incorporation at the onset of fast muscle 

development and an up-regulation of myosin chaperones hsp90α1 and unc45b in our 

smyd1b mutant, this would support the conclusion that SMYD1b is involved in myosin 

assembly during sarcomere formation. A delayed transcriptional response (more than 2 

hours) to the absence of SMYD1b, and the lack of fast myosin sarcomere incorporation, 

would support a model for a threshold level of misfolded myosins to trigger a chaperone 

response.  
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1.5.3 Third hypothesis – SMYD1b and UNC45b are required to complete heart 

morphogenesis 

Both smyd1b and unc45b are expressed in the heart throughout cardiac 

development. Smyd1b and unc45b mutants display nonfunctional hearts that fail to beat 

or complete heart morphogenesis. In mice, mutations in either smyd1 or unc45b are 

embryonic lethal and the mice die with underdeveloped hearts before the heart loops (D. 

Chen et al., 2012; Gottlieb et al., 2002). At 48 hpf in smyd1bfla or unc45bsb60 mutants, 

the heart does not beat and is unlooped but these mutants can survive for up to a week. 

Previous work in mice has shown that SMYD1 is required for hand2 expression in the 

developing heart (Gottlieb et al., 2002), but whether this regulation is direct 

transcriptional activation or indirect by regulating an upstream factor of hand2 is 

unknown. Evidence in mice has shown that myosin chaperone UNC45b is necessary for 

folding transcription factor GATA4, a core transcription factor necessary for heart 

morphogenesis (Figure 11)(D. Chen et al., 2012).  

Recent work in zebrafish demonstrated that SMYD1b acts as a myosin 

chaperone (Just et al., 2011; Li et al., 2011) and the myosin co-chaperone UNC45b is 

required to fold GATA4 (D. Chen et al., 2012). I hypothesize that SMYD1b is required 

for folding an unidentified transcription factor and is therefore necessary for heart 

morphogenesis. In addition to SMYD1b, because heart development is a well-conserved 

process, I also hypothesize that UNC45b is necessary for heart morphogenesis by 

folding GATA4 in zebrafish. I predict that we will be able to identify candidates for 

SMYD1b activity and the UNC45b-dependent folding of GATA4 by comparing qPCR 

and in situ hybridization expression between wild-type and smyd1b and unc45b mutants. 

Because SMYD1b and UNC45b are both myosin chaperones in skeletal muscle and 

their mutant hearts never beat, I also suspect that they are required to fold and 

incorporate cardiac myosins in addition to regulating the cardiac transcriptional network. 
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We can test this hypothesis by immunostaining all cardiac myosins in the still heart and 

steif mutant hearts at 36 and 48 hpf (during heart looping). 

If SMYD1b and UNC45b are required for folding a cardiac transcription factor, 

we expect to find transcription factor candidates with unaltered expression but their 

downstream targets have abnormal expression. Since the UNC45b client protein in mice 

has been identified as GATA4, we expect the expression of downstream targets of 

GATA4, such as hand2, to be reduced in our unc45b zebrafish mutants. This would 

support the conclusion that these chaperones are folding cardiac transcription factors 

during heart development. Additionally, if the immunostaining of cardiac myosins in our 

mutants’ hearts reveal the absence of myosin, this would support our conclusion that 

SMYD1b and UNC45b are cardiac myosin chaperones as well.  
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1.5.4 Fourth hypothesis – myomesin acts as the sarcomere integrity monitor that 

signals chaperone and maintenance protein response in the event of a 

structural defect 

The M-band is one of the last structures to be completed during sarcomere formation 

and is important for balancing the force generated by the thick filaments during 

contraction and maintaining their hexagonal arrangement (Agarkova et al., 2005; 

Bernick et al., 2010; Bertoncini et al., 2005; Schoenauer et al., 2005). The M-band is 

composed of several proteins including myomesin, titin, obscurin and obscurin-like 1. 

Myomesin, titin and obscurin form a complex network of proteins that creates an elastic 

foundation for sarcomere contraction and connect Z-disc to Z-disc (Agarkova et al., 

2005; Bertoncini et al., 2005; Lange et al., 2005a; Pernigo et al., 2017; Pernigo et al., 

2015; Schoenauer et al., 2005). Myomesin binds the myosin tails of the thick filaments 

and is stabilized by interactions with titin and obscurin (Fukuzawa et al., 2008; 

Schoenauer et al., 2005). There are three myomesin homologues: myomesin1 

(myomesin1a and 1b in zebrafish), 2 (myomesin2a and 2b in zebrafish) and 3. 

Myomesin1 is present in all embryonic muscle and is then replaced by myomesin2 (or 

M-protein) and myomesin3, which are fast and slow muscle specific respectively.  

 Little is known about obscurin and its role in the sarcomere, but obscurin has 

been shown to bind myomesin and titin in the M-band (Pernigo et al., 2017; Pernigo et 

al., 2015). Knockdown of myom3 abolished obscurin localization to the M-band, 

suggesting myomesin is required for obscurin’s incorporation into the sarcomere 

(Fukuzawa et al., 2008). C-terminal titin mutants do not have myomesin in their M-

bands, suggesting that titin is required for myomesin incorporation into the sarcomere 

(Fukuzawa et al., 2008; J. Myhre et al., 2014). However, these analyses do not take into 

account the condition of the early sarcomere. Therefore, it is possible that myomesin is 

initially added to the M-band and due to incomplete M-line protein connections in thick 

filament or titin mutants, is dislodged from the M-line. Myosin chaperone mutants also 
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lack myomesin in their sarcomeres at 72 hpf (Bernick et al., 2010; Codina et al., 2010), 

which could be a direct effect of the absent chaperone or the absence of myosin thick 

filaments allows for myomesin to detach from the M-band. I hypothesize that, like titin, 

myosin thick filaments are required for myomesin incorporation and that myomesin will 

not be present within the sarcomeres of our smyd1b and unc45b mutants. To test this I 

will immunostain for incorporated myomesin (appears as a striated pattern) in mutant 

tissue. Additionally, to determine if myomesin is forced from the sarcomere by 

attempted contraction or a lack of complete M-line assembly, I will chemically 

immobilize mutants and monitor myomesin incorporation using immunostaining. I 

expect that I will not see sarcomere incorporation of myomesin in our chemically 

immobilized embryos; supporting the conclusion that myosin is also required for 

myomesin’s integration into the M-line. The lack of myomesin incorporation suggests 

that the cytoplasmic concentration of myomesin will increase and may initiate a 

feedback, such as misfolded myosin’s feedback on the chaperone network. To test this, I 

will examine the expression of myom1a in wild-type and our mutants at various time 

points throughout muscle development using qPCR and ISH. I expect that the expression 

of myom1a may reflect an immediate change due to its inability to incorporate into an 

M-line lacking myosin thick filaments or titin. This would support a model whereby 

myomesin is part of a pathway involved in identifying incomplete or improperly 

assembled sarcomeres and potentially initiates a repair mechanism. 
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2 MATERIALS AND METHODS 

2.1 Zebrafish Lines and Husbandry 

2.1.1 Line Maintenance 

 All zebrafish mutant strains were maintained as heterozygotes in the Biological 

Sciences Aquatic Facility. The Aquatics facility uses a closed system that recirculates 

water and maintains a temperature of 28.5°C. Zebrafish larvae (1-6 weeks) are fed 

Gemma Micro 75 powder (Skretting Canada) twice a day, while juveniles (6-12 weeks) 

are fed Premium Brine Shrimp (95% hatch out rate, Great Salt Lake Artmeia, USA). 

Adult zebrafish are fed Ziegler Mix (2.5 lbs Tropical Flake Medley (Brine Shrimp 

Direct), 3 bags of Ziegler (Pentair Aquatic Ecosystems), 0.5 kg of Krill Powder (Brine 

Shrimp Direct) and 10-12 tbsp Spirulina Powder (Brine Shrimp Direct)) in the morning 

and Brine Shrimp (85% hatch out rate, Great Salt Lake Artmeia), harvested in the 

facility, in the afternoons. Adults (2 females to one male usually) are crossed in breeding 

tanks and embryos collected in the morning according to standard procedure 

(Westerfield, 2000). Embryos were raised in our lab in a 28.5°C incubator in Zebrafish 

Embryo Medium (15 mM NaCl, 50 µM KCl, 1.3 mM CaCl2, 150 µM KH2PO4, 50 µM 

Na2HPO4, 1 mM MgSO4 and 0.71 mM NaHCO3)(Westerfield, 2000). Collected 

embryos were staged based on different morphological features (somite number, swim 

bladder inflation, initial heart beating, etc.) and hours post fertilization. All protocols 

were carried out following the guidelines stated by the Canadian Council for Animal 

Care and the University of Alberta.    

2.1.2 Zebrafish Strains 

 The still heart (sthtm123a), herzschlag (heltg287) and jam (jamtr254a) mutant 

zebrafish strains were generated in the Tübingen (TU) genetic background in a large-

scale ENU mutagenesis screen performed by the Nusslein-Volhard lab (J. N. Chen et al., 

1996; Granato et al., 1996). These strains were ordered from the Max-Planck-Institut für 
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Entwicklungsbiologie (Tübingen, Germany). The steif (unc45bsb60) mutant strain was a 

generous gift from Dr. Uwe Strahle (Karlsruhe, Germany) and has a single C-A 

transversion mutation that results in a premature stop codon(Behra et al., 2002; Etard et 

al., 2007). Still heart, steif, jam and herzschlag mutants were maintained as 

heterozygotes by crossing to the inbred wild-type strain, AB (Streisinger et al., 1981), 

and subsequently crossed to WIK (Wild Indian Karyotype)(Rauch, 1997), which is 

highly polymorphic with reference to the AB and TB strains. AB and WIK were 

obtained from the Zebrafish International Resource Center (Eugene, OR). This 

generated still heart, herzschlag and jam heterozygotes in an ABTB/WIK background 

for SSLP mapping. The flatline (flamvo47a) zebrafish mutant strain was a generous gift 

from Dr. Wolfgang Rottbauer (Ulm, Germany). The flatline mutation, isolated from an 

ENU mutagenesis screen (Warren et al., 1998), is a T-A transversion mutation in exon 2 

that results in a premature stop codon(Just et al., 2011). Still heart, steif and flatline 

mutant phenotypes are first apparent at 24 hpf, making homozygous mutants 

distinguishable from their wild-type siblings. Herzschlag homozygous mutants were not 

apparent until ~36 hpf when the phenotype first becomes noticeable. Jam homozygous 

mutants are not identifiable until 5 days post fertilization (dpf). Homozygous mutants, 

for all mutant strains, made up 25% of the embryos collected from crossing two 

heterozygous adults. 

 A stable transgenic fli1:GFP (Tg(fli1:EGFP)yl, zfin ID=ZDB-GENO-011017-4) 

line was obtained from the Zebrafish Stock Center (Eugene, OR) and maintained in our 

facility. Heterozygous still heart adults were crossed to adult fli1:GFP fish to generate a 

still heart; fli1:GFP line. This transgenic mutant line was maintained as still heart; 

fli1:GFP heterozygotes in our facility.  
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2.2 Zebrafish Genetics 

2.2.1 Simple Sequence Length Polymorphism (SSLP) Mapping 

 Homozygous still heart, herzschlag and jam embryos were collected once their 

phenotypes made them discernible from their wild-type and heterozygous siblings. 

Genomic DNA was extracted from individual AB, WIK and mutant embryos by the 

addition of 10 µl 50 mM NaOH, incubated at 95°C for 40 min followed by vigorous 

vortexing until solution became uniform and 2 µl of Tris-HCl (pH 8) was added. PCR 

using AB/WIK polymorphic markers was performed on homozygous mutants and run 

alongside the wild-type genotypes for comparison. By comparing the PCR product sizes, 

from AB and WIK genomic DNA, using standard gel electrophoresis, we were able to 

identify polymorphic markers for microsatellite mapping (Geisler, 2002; Geisler et al., 

2007). The number of recombinant meioses was determined by the WIK genotypes of 

the homozygous mutants. Chromosome markers that had 50% or higher WIK genotypes 

were unlinked to the mutation. Those markers that demonstrated low recombination 

(close to zero), or no WIK genotypes, were closely linked to the mutant lesion and 

allowed for selection of candidate genes. Mapping primer sequences can be found in 

Table 1. 
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Table 1: SSLP Molecular Marker Primers 

Mutation 

Mapped 

Chr. 

# 

Molecular 

Marker Forward Primer (5’à3’) Reverse Primer (5’à3’) 

hel 9 z8505 GGAGACCATTTCCATTTC

CA 

GCAAGTGCGTGTGTGTTT

GT 

hel 9 z6463    

hel 9 z14949 GATGGGGGAAACAAAAA

GGT 

GGAAAATCGCAGCTGAG

TTC 

hel 9 z15539 CCTACACAGCAACTGAG

CCA 

TCAAGTCAACGGAAAGT

CCC 

hel 9 z27048 GGTCATATTTTGCAAGCG

GT 

ACTCTTCAGTGGGAAGCC

AA 

sth 8 z1402 GATCAGGGTGCATGTACT

GAA 

TCTGCTTTCTGTCAGGGG

AT 

sth 8 z20106 GAAGCAGGCTCTGTTCAT

CC 

AACGCATGAGGAGTGTG

TTG 

sth 8 z7642 CTGAGGGTGAACTGTAG

AAAGTG 

GATTGCACAAAGGAGGG

TGT 

sth 8 z7962 AATCAATAACTCAGGCA

GGCA 

ATACGCGCACGTCTCTCT

TT 

sth 8 z20180 CCTGCTCTGACCCATCTC

TC 

GAGAAAGCAGCCAAACG

AAC 

jam 2 z1406 

CGCCCGTTGAGGATACAG 

CACAGTTCACAAAGCGC

ACT 

jam 2 z1703 GCTTACTGCACTCCTGGA

GG 

GCACATGCACACACACA

CTT 

jam 2 z11023 CAGTGCTGCTTCGTGGTA

AA 

TGCAGTGCTGTAATTGAG

GG 

jam 2 z11863 TGATACCTGTCAGCGAGT

GG 

CTGAGCAAAACACTGTCC

ACA 

jam 2 z17370 TGCTGAAGTTCACACTGT GGCATTGAACCGATTTTC
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GG AC 

jam 3 z419 TTTGCCTGAAAAGCCAAG

AG 

AGGCTTCAGTGGTGAGA

GTG 

jam 3 z1185 CAGCAGGAACGAGGACG

TCA 

GGGTGGGGTTAGGGCAA

TAG 

jam 3 z1401 TCCACTTCAGTCACGTCC

TG 

CACCATCACCGTCTGGAA

G 

jam 3 z9463 GTTGGTGGAGGGGAGAG

AAT 

CAAAGATAAAGCAGGGG

CAG 

jam 3 z10805 GCCACCTAAAGCACTTTC

CA 

CTTGTTGGCTCACTTTTG

CA 

jam 3 z10934 TGCATTTCTATTTCCCCCT

G 

GGCGATGTGACATTTTAT

TTG 

jam 4 z1416 GGACACATGTTGAAACTC

TACAGG ACCTGCCCTACCCACTCC 

jam 4 z1525 

CTTCAGCGCATGTGATCG 

GACCTTCTCGCTGGACTG

AC 

jam 4 z7104 CCTCCCTTTAGAGCCACC

TG 

GCCCATCACAAACCAGA

ACT 

jam 4 z11250 TCTTTCCTCAGGCACACA

CA 

GTGGAAGTGACTCTGAC

GCA 

jam 4 z20450 CCAAATCTACGCCCATGT

CT 

CGACCTCTGAATCTGCCT

TT 

jam 4 z25562 AGACAAGATCAGGGCTC

TGG 

TATATGATGAGTGCTGCG

GG 

jam 4 z26581 ATCAGTCCACAGACCCAT

CC 

TCCTCAGCTTTTTCCTTTC

G 

jam 5 z1167 TCCCTTTGTAACATCGGC

TC 

AAGCCCCGACTACTGTCT

GA 

jam 5 z8921 TGATAGCGTGTGTTTCTG

GC 

TGCACAGAACTTTGTGCC

AC 

jam 5 z10663 CTTCGCTCAGCAGCTCTT GTGGAGACGTCAGCAGA
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TT TGA 

jam 5 z13641 CGGCATATGTATGTGCTT

GG 

CTGACGTCTCTCTCCCAA

GG 

jam 5 z23076 TGGACTGGGGCTTATAGT

CG 

CCACCTTTTGTCAAGGGT

TG 

jam 5 z26127 CATCATTTCTGTGCCACT

GG 

CCGTGATGCTTTTACACC

CT 

jam 6 z4950 TGTAAACAAGCACCAGC

AGG 

GAATGAGGCCCACTTTGT

GT 

jam 6 z13538 TGCTGGAAATGGATGAAT

GA 

GTACCTTCTGCAGAGCTC

CG 

jam 6 z22467 ATTGATGGACCGTTTGGT

TG 

TTCAATTGTGCTCACTGC

AG 

jam 7 z5649 TCAGAGTTGCGGTCAAAA

CATC 

AATGCATCATCACCAGGC

TG 

jam 7 z20576 CATCCAGTGAGTCTCAGG

CA 

GGGCAATAGGGCTGAAC

ATA 

jam 7 z20963 CCAAAAGACTGGATGGC

TGT 

CTGAGACGCCCCTACAGT

TC 

jam 7 z25566 ATGAACTCTGCCATTCAC

CA 

TTGTTCCATTTCCGTGAT

GA 

jam 10 z6992 GTCCATGTAACCTTTGCA

TGC 

ATTCATGTTTTGCTTTCC

GC 

jam 10 z7316 GTGGACATTTGGGGTGAA

AG 

GAGGTTTTGCGCTGATGA

AT 

jam 10 z8146 AGCGGAGATGATGACTT

GGT 

TCCGCCTCTAGAGAGACT

GC 

jam 10 z13219 CAAAAACAGCAGTATCC

GCA 

GGTCCCCATACAGCTGAC

AC 

jam 16 z6322 TAAGACGCGATGATGGA

CAA 

CCCACACAAAAACTGTG

CAA 

jam 16 z6329 AAACACAATGCCTCTCCC TCCAAAAACCACACGTA
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AG GCA 

jam 16 z6506 GGTGAGTGTTTGTGACCG

TG 

GCAGAGCAGAGGCTTTCT

GT 

jam 16 z6854 TTGACTGTTGGGTTTTAC

AGTG 

ACAAGTGACCAAGGAAA

TGATG 

jam 16 z6984 TGCTGAAGACATTTTTCC

CC 

ACCGGACACTTCTGTCCA

GA 

jam 16 z8250 ACACACGCAGAGACATT

ACCC 

TTAAAAACGTGACGCGA

GC 

jam 16 z8836 ATGACAATCCTACCTGCC

CA 

CCGAGAGAGAGAAATGC

TGG 

jam 16 z9790 CTGAACAGATTGTTGGGG

GT 

CTGGATTTCCCTGTGGTC

AT 

jam 20 z4329 CTCTGCAGCCCAGAGAA

ATC 

TATTTTTATGCGCTGCCT

CC 

jam 20 z25642 ACAGGAAGTCACAGATG

GGG 

AGCAGCCAAAATGCTGA

AGT 

jam 20 z26487 AGCTCTGTGCATCAAAGG

GT 

TGAAGCAAAATGTGCTCC

AC 

jam 22 z9516 GCGTATTTAGCGTCCTGC

TC 

CGCTCACAGGAGATCAT

GAA 

jam 22 z9817 AATCAGGTCAAAATCTGT

CAGG 

GTAACGCTGTACAGACCC

CC 

jam 22 z21252 TAACCATCCACCCTGAAA

GC 

ATGTCATACCCGGAGAG

ACG 

Molecular Marker information is available from http://zfin.org/cgi-

bin/webdriver?MIval=aamarkerselect.apg&marker_type=SSLP&query_results=t&input

_name=SSLP&compare=contains&WINSIZE=25 
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2.2.2 Complementation Crossing 

 Heterozygous still heart +/- males and heterozygous flatline +/- female adult 

zebrafish were crossed 3 separate times. Offspring were collected from each, cleaned 

and monitored over the next 2 days to confirm the mutant phenotype. Embryos 

displaying the wild-type and mutant phenotype were counted and the numbers were 

compared to predicted Mendelian ratios.  

2.2.3 Sequencing 

 Smyd1b and smyd1a exons were amplified from genomic DNA extracted from 

both homozygous still heart -/- and AB embryos. Titin2 exons were amplified from 

genomic DNA extracted from homozygous herzschlag -/- and AB embryos. Smyd1b and 

smyd1a cDNA was amplified from RNA extracted from AB and still heart embryos (see 

RNA Extraction for protocol). PCR product was gel extracted and prepared for 

sequencing as stipulated by the Molecular Biology Service Unit sequencing submission 

guidelines.  Samples were prepared with BigDye Terminator v3.1 and sequenced by 

Sanger Sequencing using Applied Biosystems 3730 DNA Analyzer (Thermo Fisher 

Scientific). AB, still heart and herzschlag sequences were analyzed and compared using 

4peaks program and Clustal, respectively. Smyd1b, smyd1a and titin2 sequencing primer 

sequences can be found in Table 2. 
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Table 2: Sequencing Primers 

Gene Template Target Primer Name 

Forward Primer 

(5’à3’) Reverse Primer (5’à3’) 

smyd1a genomic Exon 1 

smyd1a-Exon1-

F/smyd1a-Exon1-R 

GATCCAGCATGACCG

TGGAGAAG 

CCAACACAACAGCG

GCGAAAC 

smyd1a cDNA 

Exon1 

and 2 

smyd1aExon1-

F/smyd1aExon2-R 

GTACCAGAGACCTGT

CGGCTG 

GATGTTTCTGATGGC

GGAACATTCC 

smyd1b genomic Exon 1 

SMYD1b Exon1 

Forward/SMYD1b 

Exon1 Reverse 

GGTACAGCTGAAGAC

TGGTCTATTTGA 

TATCCAGCACCCTTC

ACCTGTAATCAT 

smyd1b genomic Exon 2 

SMYD1b Exon2 

Forward/SMYD1b 

Exon2 Reverse 

GCTTTGAATGTGTGT

GTTGTCATTTGTGT 

GTATGGCATGAGTGA

TGTGTTTGTGCT 

smyd1b 

genomic/ 

cDNA Exon 2 MidExon2-R ----- 

TTGTCACAGTACTGC

GCAAACCTG 

smyd1b genomic Exon 3 

SMYD1b Exon3 

Forward/SMYD1b 

Exon3 Reverse 

AGAGGTAGTGTTGGT

GTAGGGCATTAGA 

TGCTAGCCACTGTGT

CTGGTGATC 

smyd1b genomic Exon 3 

S-FExon3-1/S-

RExon3-1 

GTAGTGTTGGTGTAG

GGCATTAGA 

ATTAATATGTTGGAC

GTTGACGTACCAC 

smyd1b genomic Exon 4 

SMYD1b Exon4 

Forward/SMYD1b 

Exon4 Reverse 

GAATGGGGCGTCATA

GATGTGGAGTT 

TTACAGGGGTTTACA

GGGTGCTTTACATCT 

smyd1b genomic Exon 4 

S-FExon4-1/S-

RExon4-1 

AATGGGGCGTCATAG

ATGTGGAG 

ACGCACTTACGAACA

CGCACTTA 

smyd1b genomic Exon 5 

SMYD1b Exon5 

Forward/SMYD1b 

Exon5 Reverse 

AGGCAGCAGAAATC

ATGTTTTGAGTGT 

TGTCTGTTTGGAAGG

GTTGATGATTGATC 

smyd1b genomic Exon 6 

SMYD1b Exon6 

Forward/SMYD1b 

Exon6 Reverse 

GCAGTGTAATGTCTG

TTTGTGGTGCAG 

AAACTCCACACAGAA

AGGCCAACTGAG 
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smyd1b genomic Exon 6 

S-FExon6-1/S-

RExon6-1 

GATATCTGGACTAGC

TACAGGACATA 

CCATATGTATCTCTA

ATGCTCACCT 

smyd1b genomic Exon 7 

SMYD1b Exon7 

Forward/SMYD1b 

Exon7 Reverse 

TGTCTGTCATGTCAT

GTGAGGATGATGTTA 

ACACGCACACTCATA

GTAAGCTCAGC 

smyd1b genomic Exon 8 

SMYD1b Exon8 

Forward/SMYD1b 

Exon8 Reverse 

CGTTTACTGTGTGGG

CGTGTTCG 

GTACTGACCATAGCT

CCCTCTGTGTGTT 

smyd1b genomic Exon 8 Exon8-5'/Exon8-3' 

GTTGGATAGGTGGTG

AAGATCTGCCGTGAG 

GTGTCTCACAGGTAT

CCGTCCACCATCTTG

C 

smyd1b genomic Exon 9 

SMYD1b Exon9 

Forward/SMYD1b 

Exon9 Reverse 

AACACACAGAGGGA

GCTATGGTCAGTAC 

CTCCAGGTCTTTAGT

GATGGGCTGTG 

smyd1b genomic Exon 9 

S-FExon9-1/S-

RExon9-1 

 

GTGTCACCTCCAGGT

CTTTAGTGAT 

smyd1b genomic Exon 10 

SMYD1b Exon10 

Forward/SMYD1b 

Exon10 Reverse 

AATTGCGCTCGAGTC

TAAACGTGTG 

TGTGGACAGGAAGTT

GTGTGATGTCA 

smyd1b genomic Exon 11 

S-FExon10-1/R-

Exon10 

 

CCTGAGCGTGTCTGT

CACTGTG 

smyd1b cDNA 

Exon 2-

9 cDNA-Exon2F 

CAGGTTTGCGCAGTA

CTGTGACAA ---- 

smyd1b cDNA Exon 3 

cDNA-

Exon3F/cDNA-

Exon3R 

CATCCACAACTTTCT

GGACTACTGGC 

GCCAGTAGTCCAGAA

AGTTGTGGATG 

smyd1b cDNA Exon 4 

cDNA-

Exon4F/cDNA-

Exon4R 

ACTGTAACGGGTTCA

TGGTGAGCGAT 

ATCGCTCACCATGAA

CCCGTTACAGT 

smyd1b cDNA Exon 6 

cDNA-

Exon6F.1/cDNA-

CTCTGGGAAAGATCA

GTGCGGGTGAAGAA

CTTCTTCACCCGCAC

TGATCTTTCCCAGAG 
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Exon6R.1 G 

smyd1b cDNA Exon 6 

cDNA-

Exon6F.2/cDNA-

Exon6R.2 

GATGACCTGAAGATG

GCCGGAGCTG 

CAGCTCCGGCCATCT

TCAGGTCATC 

smyd1b cDNA Exon 8 

cDNA-

Exon8F/cDNA-

Exon8R 

GTGAGTGTGTGGAGA

AACAGGAGAATGT 

ACATTCTCCTGTTTCT

CCACACACTCA 

smyd1b cDNA 

Exon 2-

9 cDNA-Exon9R ---- 

GAAGGCTTTGCAGAT

CATCCCATGTGC 

smyd1b cDNA 

Exon 1-

10 

smyd1b-cDNA-

5'/smyd1b-cDNA-3' 

ATGGAGTTTGTGGAA

GTTTTTGATTCTC 

GGAACAGGTTCTTGA

TGCCCT 

smyd1b cDNA 

Exon 1-

10 

Smyd1b-cDNA-

F/Smyd1b-cDNA-R 

TCGCTTCTGTGGTGT

TCGACA 

GCGCATCGAGTGATA

AACGTATTCG 

smyd1b plasmid 

Exon 1-

10 

smyd1b 5' F/smyd1b 

3' R 

GAGAGAGGATCCGC

CGCCACC 

TCTCTCTCTAGATCA

CAGGTCTTCTTCCGA 

titin2 genomic Exon 35 

ttnaEXON35 

FWD/ttnaEXON35 

REV 

GTATTCCCTCACCAA

TAGT 

GGAGCACCATCTTTG

TA 

titin2 genomic Exon 35 

ttnaEXON35 

FWD/ttnaEXON35 

REV 

CAGTTCTGTGCTGAA

GTA 

GTGTGTTGGCTTTAA

GAAT 

titin2 genomic Exon 36 

ttnaEXON36 

FWD/ttnaEXON36 

REV 

GCTTGTCTTCCATTCT

TC 

CTGTAATGTGAACTG

ACAC 

titin2 genomic Exon 37 

ttnaEXON37 

FWD/ttnaEXON37 

REV 

GATTCAGTGGATGAA

GG 

CTTTGATAGTGACTT

TAGAC 

titin2 genomic Exon 37 ttnaEXON37 FWD 

CACAAAAGGTTCCAC

CAAGCTTTG ---- 

titin2 genomic 

Exon 

38&39 

ttnaEXON38&39 

FWD/ttnaEXON38

CATCACCACCACAAG

AA 

GGTCACCTCTTTGAT

CTC 
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&39 REV 

titin2 genomic 

Exon 

38&39 

ttnaEXON38&39 

FWD/ttnaEXON38

&39 REV 

CCGCATCAGTATTGA

AC 

TCTTCAGTTTGACCA

TT 

titin2 genomic Exon 38 ttnaEXON38 FWD 

ATAAACCAGGTGCTC

CTGC ---- 

 ---- designates no primer.  
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2.2.4 CRISPR Generation 

 Oligos for the CRISPR guide RNA, were designed using 

http://zifit.partners.org/ZiFiT/ChoiceMenu.aspx for the CRISPR/Cas Nuclease/T7 

promoter combination. Myomesin 1a exon sequences were used to choose CRISPR 

oligos that had myom1a specificity. Plasmid DR274 was digested with the BSAI/Eco31l 

enzyme (Thermo Fisher Scientific) at 37°C overnight. Plasmid was electrophoresed on a 

1% agarose gel and digested plasmid was extracted using a Qiagen Gel Extraction kit. 

CRISPR oligos were dissolved in distilled water to make 200 µM stock. Oligo pairs 

were annealed (7 µl of Oligo1, 7 µl of Oligo 2, 2 µl 10X NEB buffer and 4 µl distilled 

water) at 95°C for 5 mins in boiling water and allowed to cool to room temperature 

overnight. Ligations were performed with 1:1 and 5:1 oligo:vector ratios (T4 DNA 

ligase, Thermo Fisher Scientific) and incubated overnight at room temperature.  

 Ligations were transformed using frozen DH5α competent bacteria cells. 50 µl 

aliquots of cells were allowed to thaw on ice for 20 min and then incubated with 20 µl of 

ligations for another 20 mins on ice. Competent cells were heat-shocked at 42°C for 45 

sec followed by 2 mins incubation on ice. Cells were allowed to recover for 1 hour at 

37°C in 100 µl warmed LB. Transformations were plated on LB+kanamycin (50 µg/ml 

concentration) plates and incubated overnight at 37°C. Three colonies were randomly 

selected for inoculation in 5 ml LB+kanamycin and incubated overnight at 37°C with 

constant agitation. Plasmid DNA was isolated by miniprepping the overnight cultures 

(Qiagen Miniprep Kit). 100 ng of extracted plasmid was digested with BSAI/Eco31l and 

electrophoresed on a 2% gel alongside undigested DR274 to check for insertion of 

oligos by the lack of plasmid digestion. Oligo-positive plasmids were sent to MSBU for 

sequencing (see section 2.2.3) using the M13F20 primer (5’-

GTAAAACGACGGCCAGT-3’). CRISPR primer sequences can be found in Table 3. 

 Single stranded guide RNA (sgRNA) was prepared from oligo-positive plasmids 

by digesting cloned DR274 with DraI (5 µg DNA, 10 µl 10X NEB CutSmart Buffer, 2.5 
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µl DraI, distilled water to 100 µl; New England Biolabs). The digestion was incubated at 

37°C for 2 hours. Plasmid digestions were electrophoresed on a 1% agarose gel and the 

~300 bp fragment extracted using a Qiagen Gel Extraction kit (Qiagen). Elute the 

sample with 20 µl DEPC-treated distilled water to recover at least 30 ng/µl of DNA. 

Guide RNA was synthesized using the T7 Megascript Kit (2 µl 10X Reaction Buffer, 2 

µl ATP, 2 µl CTP, 2 µl GTP, 2 µl UTP, 2 µl Enzyme Mix, 1 µl DEPC-treated distilled 

water, 0.5 µl RNAse OUT and 7 µl DNA (30 ng/ul)(Ambion)). The RNA synthesis 

reaction was incubated at 37°C for 16 hours, followed by a DNAse treatment (Ambion) 

at 37°C for 10 min.  RNA was precipitated by overnight incubation with 30 µl Lithium 

Chloride (Ambion) at -20°C. RNA was pelleted in a tabletop centrifuge at 12,000 RPM 

at 4°C for 15 mins. Pellets were washed with 60 µl 70% ethanol/DEPC-treated distilled 

water and pelleted again in a centrifuge at 12,000 RPM at 4°C for 15 mins. Supernatant 

was removed by pipetting with sterile tips and the RNA pellet air dried for 5 mins, or 

until the ethanol had evaporated. Pellet was resuspended in 25 µl DEPC-treated distilled 

water and the concentration determined using a nanodrop (Molecular Biology Services 

Unit, University of Alberta). Guide RNA can be stored at -20°C for short-term use and 

at -80°C for long-term storage. Multiple guide RNAs were combined and diluted to 200 

ng/µl each with ZEM immediately before injection into the single cell zebrafish embryo. 
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Table 3: CRISPR and Site-Directed Mutagenesis Primers 

Gene 

Exon/ 

Domain Forward Primer (5’à3’) Reverse Primer (5’à3’) 

myom1a Exon 2 

TAGGCGGTGGACAAAGAAGAC

G 

AAACCGTCTTCTTTGTCCACC

G 

myom1a Exon 4 

TAGGAGACTCAGGAGGAGGTA

A 

AAACTTACCTCCTCCTGAGTC

T 

myom1a Exon 5 
TAGGTTTAACGATAAACTCTGG 

AAACCCAGAGTTTATCGTTAA

A 

myom1a Exon 9 
TAGGCTGGTAGCGCTTCACTGT 

AAACACAGTGAAGCGCTACC

AG 

myom1a Exon 11 

TAGGAGGGCAGCAGTGCCATC

A 

AAACTGATGGCACTGCTGCCC

T 

myom1a Exon 12 
TAGGCCCGGTCTGATGGGTCCA 

AAACTGGACCCATCAGACCG

GG 

myom1a Exon 16 

TAGGGAGCATCTAAAGAGGTG

A 

AAACTCACCTCTTTAGATGCT

C 

myom1a Exon 16 
TAGGATGGGAATGACCGGGCCT 

AAACAGGCCCGGTCATTCCCA

T 

myom1a Exon 18 
TAGGAAAGGCTTCGGGATTACA 

AAACTGTAATCCCGAAGCCTT

T 

myom1a Exon 18 
TAGGGATTACATGGTGATTGGT 

AAACACCAATCACCATGTAAT

C 

myom1a Exon 20 
TAGGAAGTGCGTAAAGATTCCA 

AAACTGGAATCTTTACGCACT

T 

myom1a Exon 20 
TAGGACTGCGACCATTGAATGT 

AAACACATTCAATGGTCGCAG

T 

smyd1b MYND 

CCATTAAAACCTACGGTAAACC

GCCG 

CCGCTGCTTCCAGTTTCTCTTC

TTCC 

smyd1b SET-1 

CTGGCCGAACTGTACGGTTATT

CTGAAC 

CAGTCTTCATCCACCAGACAC

AGGTTC 
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smyd1b SET-2 

TACGGTTATTCTGAACAATGGT

AAAATCGAACTG 

CAGTTTGCCCATGCGTCATGA

TTC 

*smyd1b SET-1.2 

GAACCTGTGTCTGGTGGATGAA

GACTGCTGGCCGAACTGTACG 

CGTACAGTTCGGCCAGCAGTC

TTCATCCACCAGACACAGGTT

C 

Blue text is overhangs added to each oligo to allow for sticky-end ligation into 

BSA1/Eco31l digested pDR274 plasmid. Green text is the altered nucleotides within the 

primers to generate constructs with the modified sequence. The asterisk denotes the only 

site-directed primers to have worked.  

 

 

  



	 91	

2.2.4.1 HRM Analysis 

 DNA was extracted (see section 2.2.1) from individual AB and myom1a-

CRISPR-injected embryos. HRM reactions consisted of 5 µl SYBR buffer mix 

(Molecular Biology Services Unit, University of Alberta), 0.5 µl of 10 µM forward and 

reverse primers, 2 µl DNA (1/50 diluted) and 2 µl DEPC-treated distilled water. 

Reactions were incubated at 95°C for 2 min for polymerase activation, 95°C for 10 sec, 

52°C for 30 sec (steps 2-3 repeated 45 times) and then subject to a melting curve 

beginning at 95°C for 30 sec, 52°C for 1 min with fluorescent recordings every tenth of 

a degree to 95°C. Reactions were run in EcoTM Real-Time PCR System (Illumina) using 

the EcoTM and Eco-Study Software (Illumina). Melt curves were analyzed using both 

Normalized and Difference Melting Curves to distinguish any changes in the amplicons 

of CRISPR-injected embryos.  

2.2.5 Site-Directed Mutagenesis 

 A wild-type smyd1b cDNA construct was designed and synthesized by 

(GenScript) and cloned inside the pUC57 plasmid. For mutagenesis, palindromic 

primers were ordered with the desired nucleotide changes in the middle of the primer to 

avoid digestion by polymerase endonuclease activity. Polymerase chain reaction (PCR) 

of the modified SMYD1b SET domain was set up according to the manufacturer’s 

recommended Phusion High-Fidelity DNA Polymerase recipe (Thermo Fisher 

Scientific) and incubated at 98°C for 60 sec, 98°C for 10 sec, 72°C for 10 sec, 72°C for 

60 sec (steps 2-4 repeated 30 times) and 72°C for 5 min in a thermal cycler (Veriti 96-

Well Thermal Cycler, Thermo Fisher Scientific).  

 4 µl of the PCR reactions were electrophoresed on a 1% standard agarose gel and 

the remainder of the reactions with the highest yields were treated with DpnI for 2 hours 

at 37°C. These reactions were subsequently transformed into DH5α competent cells and 

plated on LB with ampicillin (100 mg/ml concentration). Single colonies were 
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inoculated into 5 ml of LB with 5 µl of ampicillin and incubated overnight at 37°C with 

constant agitation. Liquid cultures were miniprepped (Qiagen Miniprep Kit) and their 

plasmids submitted to the Molecular Biology Services Unit (University of Alberta) for 

sequencing (see section 2.2.3) using the smyd1b 5’ F primer. Sequence changes were 

identified using the 4peaks program comparing modified constructs to the wild-type. 

Site-directed mutagenesis primer sequences can be found in Table 3. 

 PCR of the wild-type smyd1b and modified SET domain smyd1b was set up as 

follows: 15.62 µl MilliQ, 2.5 µl 10X reaction buffer, 1.25 µl MgCl2, 1.5 µl 10nM 

dNTPs, 1µl 10 nM Forward Primer (5’-GAGAGAGGATCCGCCGCCACC-3’), 1 µl 10 

nM Reverse Primer (5’- TCTCTCTCTAGATCACAGGTCTTCTTCCGA-3’), 2 µl 

plasmid (1/500 dilution) and 0.125 µl Taq (Thermo Fisher Scientific). PCR reactions 

were incubated at 93°C for 3 min, 95°C for 30 sec, 58°C for 30 sec, 72°C for 2 min 

(steps 2-4 repeated 35 times) and 72°C for 5 min in a thermal cycler (Veriti 96-Well 

Thermal Cycler, Thermo Fisher Scientific). PCR products were electrophoresed on a 1% 

agarose gel and extracted using a Qiagen Gel Extraction Kit (Qiagen).  

 Smyd1b RNA was synthesized using a T7 mMESSAGE mMachine Kit 

(Ambion) as follows: 10 µl 2X NTP/CAP, 2 µl 10X reaction buffer, 6 µl gel-extracted 

PCR product (300 ng) and 2 µl of Enzyme mix. RNA synthesis reaction was mixed by 

gentle pipetting up and down and subsequently incubated at 37°C for 2 hours. RNA was 

precipitated by overnight incubation with 30 µl Lithium Chloride (Ambion) at -20°C. 

RNA was pelleted in a tabletop centrifuge at 12,000 RPM at 4°C for 15 min. Pellets 

were washed with 60 µl 70% ethanol/DEPC-treated distilled water and pelleted again in 

a centrifuge at 12,000 RPM at 4°C for 15 min. Supernatant was removed by pipetting 

with sterile tips and the RNA pellet air dried for 5 min, or until the ethanol had 

evaporated. Pellet was resuspended in 20 µl DEPC-treated distilled water and the 

concentration determined using a nanodrop (Molecular Biology Services Unit, 

University of Alberta). RNA samples were diluted to 100 ng/µl stock solutions using 
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DEPC-treated distilled water and stored at -20°C for short-term use and at -80°C for 

long-term storage. Smyd1b RNA was diluted to 50 ng/µl using ZEM immediately before 

injecting into the one cell zebrafish embryo (still heart mixed brood). 

2.3 Whole Mount In situ Hybridization 

2.3.1 RNA Probe Synthesis and Precipitation 

 Antisense RNA probes, ranging 500-700bp in length, were designed as the 

complement of the 3’ untranslated region (UTR) of each mRNA of interest. DNA probes 

were amplified from cDNA of various stages (stages were chosen based on optimum 

time for gene specific expression) and isolated on a gel and extracted. RNA probes were 

synthesized from DNA probes using T7 RNA Polymerase (Ambion) and DIG RNA 

Labeling Mix (Roche) and incubated at 37°C for 2 hours. 25 µl of 7.5 M LiCl (Thermo 

Fisher Scientific) was added to each probe and allowed to precipitate overnight at -20°C. 

Probes were centrifuged at max speed for 15 min at 4°C and supernatant aspirated using 

RNAse-free ART tips. Transparent pellets were washed with 70% ethanol/30% DEPC-

treated distilled water and centrifuged again for 10 min at 4°C. Supernatant was aspirated 

again and pellets allowed to air-dry briefly on ice. Pellets were resuspended in 20 µl 

DEPC-treated distilled water and measured for purity and concentration. Skeletal muscle 

probes were diluted in hyb solution (25 ml 50% formamide, 12.5 ml 20XSSC, 50 µl of 

50 mg/ml heparin, 250 µl Tween-20 and milliQ) to a concentration of 1 ng/µl and probes 

for heart specific factors were diluted to a final concentration of 2 ng/µl. Probes were 

stored at -20°C until used. Primer sequences used for the generation of RNA probes can 

be found in Table 4. 
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Table 4: In situ hybridization Probe Primers 

Gene 

Target Strand Forward Primer (5’à3’) Reverse Primer (5’à3’) 

hsp90a1 Cloned 

TCTTTTGCGCTACTACACTTC

AGCTTC 

GGATAAAATGCAAGAGCAGA

CACACAAGG 

hsp70.3 Antisense 

AAGAGGAGATCGAGAGAAT

G 

TAATACGACTCACTATAGGTA

GATAGTGAACCAACACAC 

hsp70.3 Sense 

TAATACGACTCACTATAGAA

GAGGAGATCGAGAGAATG 

GTAGATAGTGAACCAACACA

C 

smyd1b Antisense GAAGCTGTATCACCCTAATA 

TAATACGACTCACTATAGCAC

ATTCATCAATCCTGAAA 

smyd1b Sense 

TAATACGACTCACTATAGGA

AGCTGTATCACCCTAATA CACATTCATCAATCCTGAAA 

hsf1 Cloned TCAACTTCCAGCCTGTT GGACGAGTAACCACTATGT 

blimp1 Antisense 

GTGCAACTGCAAAGAGCTTA

C 

TAATACGACTCACTATAGGGC

CTACTAACATCGCTGGACAAA 

blimp1 Sense 

TAATACGACTCACTATAGGG

GTGCAACTGCAAAGAGCTTA

C 

CCTACTAACATCGCTGGACAA

A 

pbx1a Antisense CCACCGTGGAACATTTG 

TAATACGACTCACTATAGCAG

CTTCCAAATGAGTGTT 

eng2a Cloned GTGCATTGTAGGTTATCTGG CACCGGTCATTGGATAAAG 

myoD Cloned GCGAATCCGACCTTTAAC GTCCTACTATTCGTATCTGGA 

prox1a Cloned 

TGCTTACCAAGTTATCATCC

CT 

TTGCCATGAGAAACAAGAAT

ACC 

myhc4 Cloned 

  smyhc1 Cloned 

  

ttna Antisense CCGAATTTAACGGTTATGAA 

TAATACGACTCACTATAGTTA

ATGGCCAGGTGATG 

ttna Sense 

TAATACGACTCACTATAGCC

GAATTTAACGGTTATGAA TTAATGGCCAGGTGATG 
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ttnb Antisense GACCTGGATTTCTGTTCT 

TAATACGACTCACTATAGGTC

CTGCTTACATGAGG 

ttnb Sense 

TAATACGACTCACTATAGGA

CCTGGATTTCTGTTCT GTCCTGCTTACATGAGG 

myom1a Antisense CACAGAGAGCCAATACAAC 

TAATACGACTCACTATAGTCC

TCTACATCAGCATCTC 

myom1a Sense 

TAATACGACTCACTATAGCA

CAGAGAGCCAATACAAC TCCTCTACATCAGCATCTC 

myom2 Cloned 

GYTAYATGAARTAYTAYAC

NGARGARATGAAR 

YTCNACRAAYTCNCCNCCRTA

YTTRTTN 

myom3 Cloned GAAGGGTCTTCCTGATGT 

GACTCGTTAAGATGATTCAGA

G 

capn1b Antisense ACATTGATGCCTCGTTTA 

TAATACGACTCACTATAGTGA

CTGACCTCGCTAATA 

capn1b Sense 

TAATACGACTCACTATAGAC

ATTGATGCCTCGTTTA TGACTGACCTCGCTAATA 

srfb Antisense GGGAGAGTCAAGATAAAGA 

TAATACGACTCACTATAGGAC

TAGACACGGTGAAC 

srfb Sense 

TAATACGACTCACTATAGGG

GAGAGTCAAGATAAAGA GACTAGACACGGTGAAC 

ckma Antisense 

GCAATGCAGAGGAAAACTG

C 

TAATACGACTCACTATAGCAA

CCAAGGCTGAAATTGAGG 

ckma Sense 

TAATACGACTCACTATAGGC

AATGCAGAGGAAAACTGC 

CAACCAAGGCTGAAATTGAG

G 

ckmb Antisense GTGCCATCATGACTTTTCC 

TAATACGACTCACTATAGGGT

GAATACAACACAGCTAGG 

ckmb Sense 

TAATACGACTCACTATAGGT

GCCATCATGACTTTTCC 

GGTGAATACAACACAGCTAG

G 

nkx2.5 Antisense TCTCCAAGAGACGTTTAAT 

TAATACGACTCACTATAGCGT

TCTAGAAGATCCTTTATTG 

nkx2.5 Sense 

TAATACGACTCACTATAGTC

TCCAAGAGACGTTTAAT 

CGTTCTAGAAGATCCTTTATT

G 
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tbx2b Antisense GCGATTCAACCCTTATC 

TAATACGACTCACTATAGTCT

TGTTGACTTCTTGT 

tbx1 Cloned 

TATCCCTCACCCAGCATTAG

A 

GCTCAATGGCTCAAGGGTAAT

A 

nppa Cloned 

CATCAGAGAGAGCCGTAGA

T TTTGCCGCTATGCTAGTAAT 

shox2 Cloned GCATTGAACGACGGCATATC GCGAGGCCAGCCTCTTTATTT 

connexin4

0.8 Cloned 

GCTAATGAGCAGAACTGGA

CTAA 

GCAGGTAGTGTATAGAGTAA

ATCTGTGAA 

ltbp3 Cloned 

GGTTGTGTGAGATGCATTTG

G 

GGTATGTACATGAGAGAGAG

TGTGG 

tbx20 Cloned ATAACAGTACCGGACGACCT 

GAAGACCTCAGTGTGTTGTCA

G 

tbx3a/b Cloned 

AGAGAAAGGCACAGTTCAC

TC 

GTCACTCACTATTGCTCACCA

TC 

connexin4

3 Cloned TGCTCATCTCCTGTAACG GACGTATTGCTGGAATTTGG 

tbx5a Cloned CCAGCTTGGAGGATATCAG GCAATGTTTGCTGCTTCATTT 

tbx5b Cloned CTAGCATTCATGACCCAAC GCACACACACACACATATCC 

gata4 Cloned 

CATAACTCGACTTCTCCGGT

GTACG  

*AATTAACCCTCACTAAAGGG

AAGTTCCACACTTCACTCTTG

G AGC TG  

gata5 Cloned 

CTACCGGGAAGGAGGTCCA

GTATAG  

TAATACGACTCACTATAGGGG

CCACCATAAATCAAGGAGGA

A AAG  

isl1 Cloned CCTAGGCGAGTGGATTAT CCCTTATTTGTGAGCAAGT 

has2 Cloned GTGTGAGTGTTTGGGATAG CACATGCTGAAATTGCATAG 

hand2 Antisense TGAAGCAATGAGACTAAAG 

TAATACGACTCACTATAGACA

CAGTGGTTTATTGA 

irx4a Antisense CTATGACATTTCCAAAGGG 

TAATACGACTCACTATAGATC

GACCGTTTATTAGAGT 

irx4a Sense TAATACGACTCACTATAGCT ATCGACCGTTTATTAGAGT 
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ATGACATTTCCAAAGGG 

amhc Cloned 

  vmhc Cloned 

  cmlc2 Cloned 

  unc45a Cloned   

hsp90a2 Cloned   

hsp90ab1 Cloned   

Underlined sequences denote the T7 RNA polymerase promoter. An asterisk indicates the 

T3 RNA polymerase promoter. The type of probe is indicated by strand synthesized. Strand 

designation of “cloned” indicates probes that have been cloned into a plasmid with SP6 and 

T7 RNA polymerase promoter sequences flanking the probe. Cloned probes with no primer 

sequence listed are probes obtained from previous students where no information was 

given. 
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2.3.2 Hybridization Protocol 

 Embryos were collected and fixed in 4% Paraformaldehyde (PFA)/MilliQ for at 

least 5 hours at room temperature or overnight at 4°C. Embryos were washed 5 x 5 min 

in PBST (Phosphate-buffered saline + 2% Tween-20) while dechorionating. Tissue was 

digested by Proteinase K (New England Biolabs) at 1 µl/ml concentration for a length of 

time appropriate to the desired tissue penetration. For skeletal muscle in situs embryos 

were digested as follows at room temperature with no agitation: 19 hpf or younger – 1 

min, 24 hpf – 3 min, 48 hpf – 7 min. For cardiac muscle specific factors, embryos were 

digested as follows at room temperature with no agitation: 19 hpf or younger – 15 sec, 

24 hpf – 1 min, 48 hpf – 3 min. Embryos were fixed again in 4% PFA/milliQ for 40 

minutes at room temperature to ensure tissue digestion was discontinued. Tissue was 

washed again 5 x 5 min PBST washes and then incubated in warmed prehyb solution  

(25 ml 50% formamide, 12.5 ml 20XSSC, 50 µl of 50 mg/ml heparin, 500 µl of 50 

mg/ml tRNA, 250 µl Tween-20 and milliQ) at 65°C for 1 hour. Prehyb was removed and 

warmed probes were added for incubation at 65°C overnight.  

 Probes were removed the following day and stored at 20°C. Embryos were 

washed at 65°C in order of: 5 min in 66% hyb/33% 2XSSC, 5 min in 33% hyb/66% 

2XSSC, 5 min 2XSSC, 20 min 0.2XSSC+0.1% Tween-20, and 2 20 minute washes in 

0.1XSSC+0.1% Tween-20. This was followed by 5 min in 66% 0.2XSSC/33% PBST, 5 

min in 33% 0.2XSSC/66% PBST and 5 min in PBST all at room temperature. Embryos 

were incubated for 1 hour at room temperature in blocking solution (2% sheep serum, 2 

mg/ml BSA in PBST) on a rocker. Tissue was subsequently washed in antibody 

blocking solution (1/5000 anti-digoxigenin-AP antibody in blocking solution) overnight 

at 4°C or at room temperature on a rocker for at least 2 hours. (Delicate tissue, such as 

the heart at some stages and genotypes, are not maintained well overnight and I usually 

continued to coloration on the same day.) 
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 Antibody incubation was followed by 5 x 15 min washes in PBST (7 x 15 min 

PBST washes if antibody is left overnight) on a rocker at room temperature. Embryos 

were washed 4 x 5 min in coloration buffer (5 ml of 1 M Tris-HCl pH9.5, 2.5 ml of 1 M 

MgCl2, 1 ml of 5 M NaCl, 250 µl of Tween-20 and milliQ to 50 ml) and then incubated 

in light sensitive coloration buffer+NBT/BCIP (45 µl nitro-blue tetrazolium (NBT) and 

35 µl 5-bromo-4-chloro-3-indolyl phosphate (BCIP) in 10 ml coloration buffer) at room 

temperature, protected from light. After 30 min, embryos were checked for staining and 

fresh coloration buffer+NBT/BCIP was added. Staining was stopped once tissue started 

to look dark purple and was completely colored. Wild-type and mutant embryos were 

stopped at the same time by washing in 2 x 15 min PBST washes. Embryos were stored 

in PBST at 4°C (up to a week before they degraded) until imaged (Zeiss, Axioskop mot 

plus microscope; QImaging, Retiga exi camera) using the program Q-Capture 

(QImaging).  

2.4 Quantitative Expression Analysis 

2.4.1 RNA Extraction 

 Embryos were collected at the desired stages, the ZEM was removed and the 

embryos were flash frozen in liquid nitrogen. Tissue was stored at -80°C until RNA 

extraction.  

 Frozen embryo collections were homogenized, on ice, in a microfuge tube by 

grinding them with an RNAse-free pestle in 500 µl TRIzol (Invitrogen) for up to 3 min. 

After 3 min, 250 µl chloroform was added, tubes inverted until mixed and then 

centrifuged for 10 min at 4°C. Colorless aqueous phase was transferred to RNAse-free 

centrifuge tubes and an equal volume of chloroform was added before inverting. 

Samples were centrifuged at 4°C for 10 min and aqueous phase was transferred to a new 

RNAse-free centrifuge tube. Two volumes of ice-cold RNAse-free 95% ethanol was 

added, inverted immediately and left on ice for 30 min while precipitating. After 
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precipitation, samples were centrifuged for 10 min at 4°C and the supernatant aspirated. 

RNA pellets were DNAse I treated (Ambion)(10 µl buffer, 1 µl DNAse, 89 µl DEPC-

treated distilled water) at 37°C for 30 min and then measured for purity (260/280 ratio 

between 1.9-2) and concentration. RNA samples were diluted to 100 ng/µl and stored at 

-20°C for frequent use. 

2.4.2 complementary DNA (cDNA) Synthesis 

 cDNA was made using qScript cDNA SuperMix (Quanta Biosciences). One 

microgram of RNA (10 µl of 100 ng/µl stock) was added to 6 µl DEPC-treated distilled 

water and 4 µl of qScript on ice. cDNA reactions were incubated for 5 min at 25°C, 30 

min at 42°C and 5 min at 85°C in a thermal cycler (Veriti 96-Well Thermal Cycler, 

Thermo Fisher Scientific). Samples were stored at 4°C. 

2.4.3 qPCR Protocol 

 Amplicons for quantitative polymerase chain reaction were typically designed to 

overlap an exon-exon boundary, be approximately 100 bp in length and positioned near 

the 3’ end of the gene. Primer mixes were made by diluting 8 µl of forward and reverse 

primer stocks in 484 µl milliQ. All qPCR reaction recipes were 2.5 µl of diluted cDNA, 

2.5 µl of 1.6 M primer mix and 5 µl SYBR buffer mix (Molecular Biology Services 

Unit, University of Alberta). Primer efficiencies were tested by a standard curve using 

known dilutions of cDNA. Skeletal muscle primers required a dilution series starting at 

1/10 dilution of cDNA stock and cardiac factors required a starting dilution of 1/2. 

Acceptable efficiencies had standard curve slope values between -3.1 and -3.6 and only 

primers that fit within this range were used for quantification of expression. qPCR 

primer sequences can be found in Table 5. 

 Quantification of gene expression was performed using the relative expression of 

the genes of interest compared to the housekeeping gene chosen (ef1α). Relative 

expression values were determined using the 2-ΔΔCT method, which equals the expression 
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change when wild-type/control is equal to 1 (Figure 18). For the majority of qPCR 

experiments, 3 biological replicates (1 biological replicate is 30 embryos of a particular 

genotype/treatment) were analyzed for each genotype/treatment. Each biological 

replicate had 3 technical replicates within each experiment such that 3 separate wells 

generated fluorescence for each housekeeping gene and gene of interest on each 

template. qPCR reactions were run in EcoTM Real-Time PCR System (Illumina) using 

the EcoTM and Eco-Study Software (Illumina) and data graphed in Microsoft Excel.  

2.4.4 Statistical Methods 

T-tests were performed using Microsoft Excel Software (version 14.1.0 for Mac, 

Microsoft Office Corporation). Data is presented as the mean with error bars 

representing the standard deviation of each sample. Each biological replicate for qPCR 

is a collection of 30 embryos, and the number of biological replicates is indicated in 

each figure. We typically examined 3 biological replicates (90 embryos in total) per 

genotype and stage but occasionally had only 2 samples for analysis. We paired qPCR 

with ISH expression analysis, which supported qPCR data (even with only 2 biological 

replicates) suggesting that qPCR data was representative of expression changes. T-tests 

were also performed on the CT values generated from each qPCR experiment and 

supported the statistical significance obtained from T-tests performed on the 2-ΔΔCT 

values.   



	 102	

Figure 18: The 2-ΔΔCT Formula for Quantitative PCR Analysis.  

The method for using the 2-ΔΔCT formula to calculate relative changes in the expression 

of genes of interest in mutant or treated embryos compared to wild-type. 
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Table 5: qPCR Primers 

Gene Forward Primer (5’à3’) Reverse Primer (5’à3’) 

unc45b ACCTCCTTGCAGCAAACT 

AGGATCATGAACAGATCAGACA

A 

hsp90a1 GGATGAGCTGAAGGCCAAATA GTATGTGCTGGTGACGATACAG 

smyd1b ATGGAGAAGGCCAGGATAGA GGTACAACACACACGCAGATA 

myhc4 TCTGAAGAAGCTGAGGAACAAG TTGACCTGGGACTCAGAAATG 

smyhc1 CCAGACTGAAGAAGACCGTAAG GGAACTTGCCCAGGTTAGAA 

gata4 TGTCAGACTACCACAACAACTC GTGTCTGAATGCCCTCTTTCT 

gata5 GACAACACTGTGGAGGAGAAA TTTGCGTTTCCTTGTCTGAATG 

gata6 CCTGTGGTCTTTACACCAAGTTA TGCTGCCAGATGATCCTTTC 

vmhc GCTGAAGAAGGAGCAGGATAC GCCTCCCTTCATAGCGATTT 

amhc TCTGGAGCAAACCGAAAGAG GATCCGACTCTTGCTTCTTCTT 

myf5 AGGGAACAGGTGGAGAACTA GATTCATCTGAGGCCATACAGG 

myog GCACTGGTCAGTTCACTCAA CCTGATCACTAGAGGACGACA 

mef2ca GAGAAGTGATGGGCGGATAC CATGGAGCCCAGATGAAGAG 

myod1 ACTATCCCGTTCTGGAACATTAC GTCATAGCTGTTCCGTCTTCTC 

hand2 GCCAAAGAAGAAAGGCGAAAG AGCTCCAATGCCCAAACA 

nkx2.5 AGACACGTCCACTTACAACAC CGACGGATAGTTGCATGAGTAG 

smyd1a GTTCATGTTCTGCGTGTCCT GCCCAGCTGAGCGTTATT 

myom1a AGGTTGCTATAGCCAATGTGAT 

GCATTAAGCAAGATATATCAGCA

GAC 

ttna TGGAAACCACCAAAGGATGAT CTGAGACAGCCGATGATACAAG 

tbx5a GGAGCCATAAGCTCACAGTATT CCTCTTGATGCAGTGGTAGTC 

tbx5b ACTGTCTCTCTCGGTCTGAATA AGTTGGGTCATGAATGCTAGG 

tbx20 CTCACGGATATTGAGAGGGAAAG TGTCCTTCTTCTCCCAGAGT 

nkx2.7 GAAATGCGACGACTTTGACATC GCTGTAACTGGAGTCGGTAAAT 

nppa/ANF GGACAGAGACCGAGAGGAA TTGCTTCGGGTCGACAATAG 

bmp4 CCATGGTTTGCATCGGATAAAC TCCCATTTGGAGGTGTTGTG 

hsf1 CCATCGACAGCGGTTTAGAA GACGCCGCTGAAGAGAAA 

hsp70.1 CAGGAGGCTGACAAGTACAAA GTCGTCTTCCACACTGTTCTT 
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myom2 GGTCTTCCTGATGTTGTGACTAT GGCTCTACTTCTTGATCGTTCTT 

myom3 CTGGATGAAGAACGACAGAGAAA CTCCATGCTGACGTGGTTTA 

connexin40.8 TGAACCTCGACCCAGTAGT CGTTGTGAAAGGCAGAAAGTG 

mybpc2a GTGCCCGAAACCAAAGATTATATG GTCAGCACACCCTGGTTATT 

mybpc2b ACCTTCGACAGTGGCAAATA CTTCTCTATCGGTAAGGCTTTGA 

obscna ATCCAGTTTAGTCGCTGTTACC CTCTGCTGCTGTTGGTCTT 

irx4a.1 GCCAGAAGGAGACTCAAGAAG CTGGTGATCCATCCTCATCATC 

irx4b.1 

CGGAGACTCAAGAAGGAGAATAA

G TGCGCTTCATCCAGATCTTC 

kcnd2 CGCAGAAATAAGCGCAAGAG TCTCTCTCTGATCTGGATGGT 

shox2 ATGCCCTTTCAGCAGGATAG GCGAGTGCAGGTGATGAT 

ctnnb1/2 GGACTCAACACTATTCCACTCTT CCTTATCCTGAGCCAGTTCAC 

gata1a GATGAGCATGTAGGAGCGTATT 

CAAAGTGGTAGAGGAGTGTAAG

G 

gata1b CAAGACTCCTGCGTGTGAT GTGGTATGGGTAAGGCAGATAG 

tbx1 TTTCGAGGAGACCAGATTTACC ACAGTCTCTGAAGCCTTTGG 

cmlc2 TATGCACAACTAGGCACAGAC TTAGCAGCCTCTTGAACTCATC 

mef2cb CTGGGAAATTGCTCTAGCTCTC 

GGATCGATCTCTAGGAGGAGAA

A 

tbx3a/b CCCGATGCCGTTTCATCT CAGCGGCGGCCATATAC 

COUP-TFII CCATGTGGAAAGTTTGCAAGAA GAGGGCAAGCGCAGTAATA 

capn1b GACGGAGATGTGATTGACTTCG ACACCTGAGCCCTCTTTCT 

atp2a2a CCATCTGTCTCTCCATGTCTCT ATCATCCACTGCGTCACATTC 

atp2a1 ATGAGGACTTTGCCGGTATT CTGTTCAGAGCATTGCACATC 

eng2a GCCCGCTTGGGTTTACT CGTGGTCGTTTGTCTTCTTTAC 

prox1a AGTGGCACAGATCACGTTAC ACCTTGTATATGGCCTTCTTCC 

pbx1a GAGTGTTCAGTCTCTGAATGGG CTGACTGATAACATGGCGAAGA 

nfatc3a GCCTTCAGGACATAACACTTGA AGGATTGACTGTGTGCTGATG 

nfatc1 CCAGTACCAGCGTTTCACATA ATGAAGAGGCGCACATACC 

zfpm1 CTCTGGAGATCCACATGAGAAC CGCTCACAATTTGCCTTAGTG 

tbx2a.1 CAGAGTACAAGCTCACCCAATC GTGTATGGGTAGGGAAGCAATC 

tbx2b GTCCCTTTCCCTTTCATCTGT GCGGCCATGTAGGTGTAG 
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has2 CAAATATGAGTCGTGGGTCTCC CATTGAACGCACCCGAAATATG 

hey2 CAAGTTGGAGAAAGCGGAAATA TCCATGGCCAGAGAATGAG 

smo CCAAGATGGTGGCAAGAAGA CTGCTTCGACCATCCAAAGT 

cited1 CTCAACAGCCACTACCAGAAT GAGATCTGTCCTGGGCTTAAC 

isl1 CGCCTTGGAAAGTCCTAAGT GCTCCCTGTGGAGTTTGAG 

myh9a 

(nmmIIa) GAGAGACAGCAGTCCACTAAAC AATGTTCGCCTTCTCAGTCTC 

myh9b 

(nmmIIa.2)  CCGAGACGAGGCTCTTAAAC CTCCATGCTCTTGACCTTCTT 

myh10 

(nmmIIb) CGCCATGCAGACCAGTATAA CCAGCTCTCTCTGCAGTTTC 

prdm1a 

(blimp1) TCTACAATCGTGGCCTGAAC GGCCCACTCAAACTACTAACA 

g6pd GTCCCGAAAGGCTCCACTC CCTCCGCTTTCCTCTC 

tbp CGGTGGATCCTGCGAATTA 

TGACAGGTTATGAAGCAAAACA

ACA 

b2m GCCTTCACCCCAGAGAAAGG GCGGTTGGGATTTACATGTTG 

18s TCGCTAGTTGGCATCGTTTATG CGGAGGTTCGAAGACGATCA 

mylz2 TCATCAGCAAAGACGACCTTAG CCTTCAACTTCTCTCCGAACAT 

smylc ACCTTTGAGGACTTCGTTGAG CTCCACTTCATCCTCCTTCATC 

sox6 GCAACGAACCTCACATCAAAC CCAGCGAGATCCCAAGATTT 

ef1a CCTTCGTCCCAATTTCAGG CCTTGAACCAGCCCATGT 

obscna CTGAAACCGATATCTGGGCTATT GTTTCGATCCCTCTCCCAATTTA 

ptch1 GACTCCAGACAGCAGCAAATA TCTTAGGGTCCCTGCTACAA 

obscna GGAGAGGGATCGAAACATCAAA TGTTGCTCAGGGTGTTCTTC 

obscna CTGAAACCGATATCTGGGCTATT GTTTCGATCCCTCTCCCAATTTA 

srfb CCAGCGGATACGAGGAGA GCAGACTAGACACGGTGAAC 

pbx2 TCAGGGTCGTTCTCTCTGT TAGTCTGAGCTCCCATGTGATA 

qPCR amplicons were between 95-110bp in length and always spanned an intron, unless 

only 1 exon existed for a gene of interest. 
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2.5 Antibody Staining 

2.5.1 Whole Embryo Antibody Protocol 

 Embryos were collected and fixed in 4% PFA/milliQ overnight at 4°C. Samples 

were switched to PBST the following day and allowed to permeabilize for 3 days at 4°C 

(for skeletal muscle). Tissue was washed 5 min in PBST and permeabilized further with 

ice-cold acetone for 1 hour (24 hpf and older embryos) or 30 min (19 hpf embryos) at     

-20°C. Samples were washed 4 x 15 min in PBST and incubated in blocking solution 

(5% goat serum in PBST) for 1 hour at room temperature. Embryos were divided into 

separate tubes with no more than 20 embryos per tube and 90-95 µl of blocking solution. 

Primary antibodies were added individually to each tube to make a final antibody 

concentration of 10 or 20% (10 µl) based on the effectiveness of the primary antibody. 

Primary antibodies included fast myosin (F310, Developmental Studies Hybridoma 

Bank (DSHB)), slow myosin (F59, DSHB), myomesin (mMaC myomesin B4, DSHB), 

meromyosin (MF20, DSHB), engrailed (4D9 anti-engrailed/invected, DSHB), titin (9 

D10, DSHB), titin T11 peptide (T9030, Sigma) and α-actinin (A7811, Sigma). Tissue 

was incubated with primary antibody overnight at 4°C and the primary antibody solution 

saved, for reuse, the following day. Samples were washed 4 x 15 min in PBST at room 

temperature before the addition of light sensitive secondary antibodies in block solution. 

Secondaries (Goat anti-mouse IgG (H+L) Alexa fluor® 488 and Goat anti-rabbit IgG 

(H+L) Alexa fluor® 488, Thermo Fisher Scientific) were diluted 1/20 or 1/40 (worked 

in the majority of experiments) in block solution by adding secondaries to block solution 

up to 100 µl total volume. Phalloidin (Alexa Fluor® 568 Phalloidin, Thermo Fisher 

Scientific) was added at a 1/100 dilution to each sample in the dark. Embryos in 

secondary antibody were incubated overnight at room temperature or two nights at 4°C 

while kept protected from light. Secondary+phalloidin was saved and stored at 4°C for 
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reuse. Samples were washed 3 x 15 min in PBST before imaging on (C2 Confocal 

Microscope, Nikon).  

2.5.2 Antibody Protocol for Hearts 

 Embryos were collected and fixed in 4% PFA/milliQ overnight at 4°C. Samples 

were switched to PBST the following day and allowed to permeabilize overnight at 4°C. 

Do not permeabilize with acetone. Embryos were washed 4 x 15 min in PBST and then 

blocked (5% goat serum in PBST) for one hour at room temperature. Embryos were 

separated into groups equal to/less than 20 per tube and 95 µl of block solution added. 5 

µl of primary heart-specific antibody were added to each tube individually and incubated 

over two nights at room temperature. Heart primary antibodies included meromyosin 

(MF20, DSHB), slow myosin heavy chain (S46 and S58, DSHB) and isl1 (40.2D6, 

DSHB). Tissue was washed 4 x 15 min in PBST at room temperature. Secondaries (Goat 

anti-mouse IgG (H+L) Alexa fluor® 488, Thermo Fisher Scientific) and phalloidin 

(Alexa Fluor® 568 Phalloidin, Thermo Fisher Scientific) were added at 1/100 dilution to 

PBST and incubated embryos for two hours at room temperature. Tissue was washed 3 x 

15 min in PBST and imaged using the (C2 Confocal Microscope, Nikon). 

2.5.3 Western Blot 

 Embryos for western blot analysis were staged and deyolked by poking open the 

yolk and rapid pipetting in a glass pipette. All ZEM was removed before tissue was flash 

frozen in liquid nitrogen. Proteins were extracted from tissue by homogenizing with a 

pestle in 2X SDS Loading Buffer (100 mM Tris (pH 6.8), 4% SDS, 0.2% bromophenol 

blue, 20% glycerol and 5% β-mercaptoethanol). Samples were boiled for 5 min at 95°C, 

loaded and run on a 6% SDS-PAGE gels for times depending on the protein of interest 

(</= 180kDA – 45 min, >180kDA – 80 min) at 200V at room temperature. Proteins 

were transferred to PVDF membranes (Millipore) using a wet-transfer at 54V for 1.5 

hours at 4°C. Gels were incubated in Coomassie blue (Thermo Fisher Scientific) gel 
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staining solution overnight at 4°C on a shaker. Membranes were blocked for at least 1 

hour in blocking buffer (TBST + 5% skim milk powder) on a shaker at room 

temperature. Primaries were made at a concentration of 0.2 or 0.5 ug/ml in 15ml of 

blocking buffer. Membranes were incubated overnight in primaries on shaker at 4°C. 

Primary antibodies for western blot analysis were meromyosin (MF20, DSHB) and α-

tubulin (12G10 anti-alpha-tubulin, DSHB). 

 Primary antibody blocking solutions were saved and stored at 4°C for further use. 

Membranes were washed 3 x 8 min in TBST and then incubated in secondary antibody 

(Goat anti-mouse IgG (H+L) Alexa fluor® 488, Thermo Fisher Scientific) block (1/2500 

secondary antibody in 15 ml blocking buffer) for 1.5 hours at room temperature on a 

shaker. Secondary antibody blocking solution was saved and stored at 4°C for further 

use. Membranes were washed 3 x 5 min in TBST and imaged (FLA-5000, Fujifilm). 

Coomassie stained gels were washed in Destaining buffer (50% distilled water, 40% 

MeOH, 10% Acetic Acid) at room temperature on a shaker for 1 hour.  

2.6 BTS Treatment Protocol 

 A light-sensitive 1M BTS stock was made by dissolving N-benzyl-p-toluene 

sulphonamide (BTS)(Sigma) in DMSO. BTS treatments were made by adding 400 µl of 

1 M BTS in 40 ml ZEM in the dark. Control treatments were made by adding 400 µl of 

DMSO to 40 ml ZEM in the dark. Each treatment was performed on wild-type (AB, TL) 

embryos separated into groups of thirty per plate. ZEM was drained and treatment 

solutions added to the entire plate. Embryos were incubated at 28.5°C, in the dark, 

between treatments. BTS and control treatments were replaced with fresh BTS and 

DMSO treatments every 2 hours. Heart rates were recorded in low light under the 

microscope for each treatment.  
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2.7 Tricaine Treatment Protocol 

 Tricaine stock solution was prepared by adding 400 mg of Tricaine (Sigma) and 

2.1 ml Tris (ph 8) to 97.9 ml of milliQ. Tricaine stock was diluted 5 ml into 45 ml ZEM 

and incubated at 28.5°C to maintain temperature during solution changes. 25 ml of 

Tricaine was added to plates of no more than 30 embryos of each genotype. Treatments 

were performed in low light and Tricaine was replaced every 2 hours with freshly 

diluted Tricaine. Embryos were treated at 18 hpf, before movement, and incubated at 

28.5°C between treatments until 32 hpf.  

2.8 Zebrafish Morphological Analysis 

Whole-mount wild-type and mutant embryos for tissue analysis were mounted on 

glass slides in PBST and imaged using Zeiss Axioskop mot plus microscope and Q-

capture program (QImaging). Embryos tested for touch response were dechorionated 

and stimulated by gentle brushing with forceps. 
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3 RESULTS 

(A version of sections 3.1-3.1.4 has been published as Prill K, Windsor Reid P, 

Wohlgemuth SL, Pilgrim DB, 2015. Still heart Encodes a Structural HMT, 

SMYD1b, with Chaperone-like Function during Fast Muscle Sarcomere 

Assembly. PLoS ONE 10(11), e0142528. doi: 10.1371/journal.pone.0142528) 

3.1 Characterization of Novel Striated Muscle Mutants in Zebrafish 

In this work, we are interested in mutant loci that generate defects in striated 

muscle assembly. Specifically, we are looking for mutants that exhibit paralysis, or 

reduced motility and a dysfunctional heart as embryos for which the cognate gene has 

not been identified. Phenotypic characterization of known assembly factors using 

genetic lesions in the corresponding genes is limited based on the lethality of some 

mutations in vertebrate models. Genetic screens in an appropriate model system provide 

the possibility of identifying factors involved in all stages of muscle development in 

other organisms, due to the high conservation of the sarcomere structure across species. 

Large-scale genetic screens in C. elegans initially identified a number of sarcomere 

proteins that were subsequently shown to have functionally conserved homologs in other 

systems (Ahnn et al., 1994; Moerman et al., 2006). ENU-mutagenesis screens in mice 

and zebrafish have identified loci that have expanded our understanding of myocyte 

specification and sarcomere assembly and maintenance (Chapman et al., 1989; J. N. 

Chen et al., 1996; Granato et al., 1996; Miller et al., 2010; van Eeden et al., 1996). A 

zebrafish sarcomere assembly mutant, steif (unc45bsb60), which has a mutation in the 

myosin chaperone, unc45b, exemplifies the kind of gene we are searching for in order to 

study skeletal and heart muscle development (Etard et al., 2007; Wohlgemuth et al., 

2007). From a collection of mutations affecting motility (Granato et al., 1996), we chose 

to examine unidentified mutants that shared phenotypic similarity to steif and that fit our 
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selection criteria2. Zebrafish muscle mutants herzschlag (hel), still heart (sth) and jam 

each exhibited defects in movement and heart function that varied in severity (Figure 

13)(J. N. Chen et al., 1996; Granato et al., 1996). Preliminary work in our lab with still 

heart and herzschlag suggested that these mutations affect gene products that are likely 

to be involved in early stages of muscle development (14-48 hpf)(Wohlgemuth, 2007). 

These striated muscle mutants may represent novel myogenesis, sarcomere and heart 

development gene mutations. One of the aims of my work was to identify the cognate 

genes affected in these mutants, and characterize the role of the encoded factors in 

muscle development. 

3.1.1 Mapping of Motility Mutants, herzschlag, still heart and jam  

(A version of this section has been published as Myhre JL, Hills JA, Prill K, 

Wohlegemuth SL, Pilgrim DB, 2014. The titin A-band rod domain is dispensable 

for initial thick filament assembly in zebrafish. Developmental Biology 387(1):93-

108) 

3.1.1.1 Herzschlag is an Allele of titin2 

 As part of the initial analysis of the mutant collection in zebrafish, herzschlag 

and still heart had been genetically mapped at low resolution to regions on chromosome 

9 and 8, respectively (Geisler et al., 2007). Herzschlag mutants demonstrate a loss of 

muscle integrity over time and become paralyzed with a weakly functioning heart by 48 

hpf. By analyzing in situ hybridization expression databases (http://zfin.org; Thisse et 

al., 2004) and ortholog function, for factors in the region with a possible role in muscle 

development, we were able to identify candidate genes. The ~10Mbp region 

corresponding to the herzschlag genetic position includes candidate genes such as myl1 

(myosin light chain 1), mstnb (myostatin b), obsl1b (obscurin-like 1b), ttn.1 (titin 1), 

																																																								
2	From	that	list,	some	zebrafish	mutant	lines	had	been	lost	or	were	otherwise	
unobtainable.		
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ttn.2 (titin 2) and itga4 (integrin alpha 4), which are all structural proteins of the 

sarcomere (except mstnb, which is a TGF-β). We performed SSLP microsatellite 

mapping of the herzschlag allele at higher resolution (recombination of 200 individual 

meioses), which revealed strong linkage to the titin genes3 (Figure 19). Titin has a role in 

myofibrillogenesis due to its stabilizing connection from Z-disc to M-line and the 

number of enzymes, chaperones and maintenance factors that use titin as a functional 

platform (Agarkova et al., 2005; Ayme-Southgate et al., 1991; Benian et al., 1999; 

Bonnemann et al., 2004; Donlin et al., 2012; Fukuzawa et al., 2008; Kotter et al., 2013; 

Lange et al., 2005b; Voelkel et al., 2013). Phenotypic similarity of herzschlag to existing 

zebrafish titin mutants also suggests that herzschlag is an allele of one of the titin genes 

such as the progression of the paralysis during development (Fukuzawa et al., 2008; 

Penisson-Besnier et al., 2010; Steffen et al., 2007).  

 A complementation cross was performed with herzschlag and a titin2 allele, 

pickwick (pikm171 or titin2m171). The pickwick nonsense mutation lies within the part of 

the coding region for the heart-specific N2B region and is in an exon that is spliced out 

of skeletal isoforms of titin, resulting in only a heart phenotype (X. Xu et al., 2002a). 

Since herzschlag results in both cardiac and skeletal muscle phenotypes, we would 

expect that if pickwick cannot genetically complement herzschlag, then the heterozygous 

mutants should only exhibit a severe heart defect with secondary defects such as edema 

and small eyes but normal motility. The offspring of the pickwick and herzschlag cross 

did indeed exhibit heart defects with no skeletal muscle weaknesses, confirming that 

pickwick and herzschlag are alleles of ttn2 (Figure 19).   

  Immunostaining analysis on homozygous herzschlag mutants, using monoclonal 

antibodies recognizing the titin N-terminus, revealed titin staining in proximity to the Z-

disc. However, staining was not observed with a second titin monoclonal antibody (T11) 

																																																								
3 The titin nomenclature has changed in the period of this research. Titin a and titin b are 
now called titin2 and titin1, respectively.  
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recognizing an epitope at the end of the I-band region of titin that borders on the A-band 

region (J. Myhre et al., 2014). A recently available PEVK domain monoclonal antibody 

revealed immunostaining in homozygous herzschlag mutants (Figure 20). This is 

consistent with herzschlag being caused by a mutation that results in a truncation of 

TITIN2 between the spring-like PEVK domain and the I-band/A-band transition region 

of TITIN2. However, Shih et al (2016) and others have demonstrated that titin has 

several alternative splice variants that are incorporated in different muscle tissues and at 

different stages of muscle development (Guo et al., 2010; Steffen et al., 2007; X. Xu et 

al., 2002a).  The PEVK domain has several splice sites, which means the herzschlag 

mutation may lie within the PEVK domain as either a nonsense or a splicing mutation 

that causes regions at the end of the I-band titin region to be excluded from incorporated 

TITIN2. Immunostaining with a C-terminal titin antibody would be a powerful assay to 

distinguish between a nonsense or a splice mutation of titin2. However, I was not able to 

obtain the C-terminal titin antibody (M8/M9, Myomedix) for this thesis work. 
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Figure 19: Herzschlag is an allele of titin2.  

Physical map of ~9 Mbp region on zebrafish chromosome 9 showing potential candidate 

genes in the region (A). The physical locations of submitted molecular markers are 

shown based on their location in the genomic sequence. Data were collated from the 

genome browser (ensembl.org) using the 10th version of the zebrafish genome assembly. 

The ratio of recombinant meioses was used to determine the location of the hel mutant 

locus by low and high-resolution mapping. Molecular SSLP markers are listed in black 

and the recombination ratio for each listed molecular marker is displayed below. (B) 

Resolution of SSLPs used for microsatellite mapping. AB/TB SSLPs, for this particular 

marker, are smaller than the single SSLP generated for the WIK background. A 

combination of AB/TB and WIK bands counts for one recombinant meiosis, while only 

AB/TB bands or WIK bands count for 0 or 2 recombinant meioses, respectively. (C) A 

complementation cross between heterozygous titin2m171 and titin2hel adults produced 

offspring, 25.1% of which displayed the pickwick phenotype (pericardial edema, weak 

heart function, small eyes and head), confirming that these two mutations are allelic. 

Marker primer sequences can be found on GenBank and the list/locations of SSLP 

markers can be found at: 

http://zebrafish.mgh.harvard.edu/mapping/ssr_map_index.html. 4 

(Panel B is from Myhre JL, et al, 2014. The titin A-band rod domain is dispensable for 

initial thick filament assembly in zebrafish. Developmental Biology 387(1):93-108) 

  

																																																								
4 Submitted markers are all polymorphic, but those displayed in the figure are the SSLPs 
that are polymorphic for the strains we used.  
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Figure 20: The herzschlag mutation lies between the PEVK domain and the A-band 

region of titin2.  

The protein structure and immunostaining of titin in wild-type and herzschlag mutant 

embryos. (A) The structure of titin with sarcomere regions and splice and antibody 

locations indicated. The majority of titin is composed of elastic-like domains for 

folding/unfolding to change the length and force absorption imposed on titin. (B) 

Immunostaining of titin in wild-type and homozygous herzschlag embryos using three 

different antibodies that bind separate epitopes of the protein (A). Positive titin staining 

is observed for the T12 antibody against the Z/I-band border and the 9D10/PEVK 

domain of titin in both wild-type and herzschlag embryos. Immunostaining for the T11 

antibody against the I/A-band border is clearly visible in wild-type embryos but 

disorganized in herzschlag mutants. Embryos for T12 and T11 panels were imaged at 30 

hpf and 9D10 panels were taken at 48 hpf. A monoclonal antibody M8/M9 exists for the 

C-terminal domain of titin, but is commercially unavailable. (T12 and T11 panels are 

adapted from Myhre JL, Hills JA, Prill K, Wohlegemuth SL, Pilgrim DB, 2014. The titin 

A-band rod domain is dispensable for initial thick filament assembly in zebrafish. 

Developmental Biology 387(1):93-108)  

  



	 118	

	



	 119	

3.1.1.2 Mapping of the jam mutation 

 The jam phenotype does not appear until 5 dpf and is characterized by reduced 

motility and a lack of a swim bladder. Linkage data were not available for jam. We 

identified polymorphic markers on several chromosomes and used a recombination ratio 

of at least 50% in 40 recombinant meioses to map jam to a region on chromosome 16 

but have been unable to identify suitable/useful SSLPs in the region to map the jam 

allele at higher resolution (Figure 21).    
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Figure 21: Recombinant Mapping of jam Mutation to a Region on Chromosome 16.  

The chromosomal and physical map of a region on chromosome 16. The physical 

locations of submitted molecular markers are shown based on their location in the 

genomic sequence. Data collated from the ensemble genome browser (ensembl.org) 

using the 10th version of the zebrafish genome assembly. Low resolution mapping 

restricted the jam lesion to a ~3.33Mbp region on chromosome 16. All possible 

candidate genes and their position are displayed in red and yellow. No other submitted 

molecular markers are usable within the mapped 3.33Mbp region.  
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3.1.1.3 Still heart is likely a mutation in smyd1b 

 The still heart phenotype shows almost complete paralysis with a nonfunctional 

heart from the beginning of embryogenesis. The region on chromosome 8, close to the 

still heart locus, did not contain any polymorphic markers between strains to further 

narrow down the choice of candidates based on linkage (Figure 22). However, one gene 

in the region, smyd1b, was a promising candidate based on the identified genes in the 

region, at that time, and that smyd1b was the only candidate involved in muscle 

development. SMYD1b is a histone methyltransferase that is expressed in both heart and 

skeletal muscle beginning at early stages of myogenesis (S. J. Du et al., 2006; Tan et al., 

2006). Knockdown or knockouts of smyd1b (smyd1 in mice) result in mutants with 

nonfunctional hearts, pericardial edema, small eyes and reduced motility (Gottlieb et al., 

2002; Just et al., 2011; Li et al., 2013; Sims et al., 2002; Tan et al., 2006). This evidence 

makes smyd1b a likely candidate for the still heart mutation.    

3.1.2 The still heart mutation is an allele of the zebrafish smyd1b gene  

 Flatline is the only other identified zebrafish smyd1b mutant and results from a 

nonsense mutation in exon 2 (Just et al., 2011). Flatline and still heart both have 

nonfunctional hearts and severely reduced motility.  If flatline and still heart are both 

alleles of smyd1b, then they should fail to complement. A cross was performed between 

adult flatline and still heart heterozygotes (n=98 embryos from 3 separate crosses) and 

their offspring scored for phenotypes. As predicted, 24.49% (24/98 embryos were 

mutant) of the offspring demonstrated nonfunctional hearts, pericardial edema, small 

eyes and incomplete paralysis while the remainder were phenotypically 

indistinguishable from wild-type (Figure 23). Flatline’s failure to complement still heart 

confirms that still heart is an allele of smyd1b. We sequenced 8 out of 10 exons of 

smyd1b in homozygous wild-type and still heart embryos and compared their sequences. 

By genomic DNA sequencing, we discovered a point mutation in the splice-donor site of 
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exon 1. Comparing the cDNA sequences of smyd1b+/+ and smyd1bsth, we found a nine 

nucleotide insertion between exon 1 and 2 that contained an in-frame stop codon (Figure 

24). Comparing the genomic sequences of smyd1b+/+ and smyd1bsth, we identified the 

sth mutation as a transition mutation (G>A) of the splice donor site of exon 1 that causes 

the first nine nucleotides of intron 1 to be incorporated into the mRNA of smyd1b, 

resulting in a premature truncation of SMYD1b (see Appendix 7.1.1 for bioinformatic 

analysis of smyd1b). 

3.1.3 SMYD1b is required for sarcomere assembly in fast skeletal muscle 

 The smyd1bsth mutants exhibit a unique motility defect. Upon light physical 

stimulus (touching embryo with tip of forceps), 2-day-old smyd1bsth mutants vibrate in 

place with no directional travel (Figure 25). This reduced motility is present at the onset 

of normal movement (~24 hpf) in wild-type embryos and can be used with 97% 

accuracy in a touch test to identify homozygous smyd1bsth mutants at early stages of 

myogenesis (Figure 25). To determine the cause of their unique movement, the structure 

of smyd1bsth’s skeletal muscle was examined under the light microscope. Compared to 

wild-type embryos, smyd1bsth mutants apparently lacked fast muscle myofibrils by 5 dpf 

(Figure 26). Slow myofibrils are still present in the mutants, although the fibers have 

begun to disorganize, which is likely due to the deteriorated fast muscle tissue beneath. 

The presence of intact slow muscle fibers and the absence of fast fibers, in smyd1bsth 

mutants, suggesting that SMYD1b function is fast-muscle specific; this is supported by 

fast-muscle specific smyd1b mRNA expression (Just et al., 2011). 

 Due to the similarity of SMYD1b’s predicted protein domains to a HMT, and the 

lack of fast muscle in smyd1b mutants, SMYD1b has been suggested to control fast 

myosin expression at the transcriptional level (Tan et al., 2006). A lack of fast myosin 

mRNA expression could explain the absence of fast fibers in smyd1b mutants as the fast 

sarcomeres would be unable to contract and atrophy would lead to fiber deterioration. 
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However, Just et al (2011) has shown that SMYD1b is capable of interacting with 

myosin in vitro and suggest that SMYD1b is acting as a myosin chaperone during 

muscle development (Just et al., 2011).  To test these hypotheses, we examined the 

expression of fast and slow myosin in smyd1bsth mutants at an early and late stage of 

myofibrillogenesis. Fast and slow myosin expression is not detectably different by our 

assays in homozygous smyd1bsth mutants when compared to wild-type embryos at 24 hpf 

(Figure 27). The relatively normal myosin expression at 24 hpf indicates that lack of 

SMYD1b function does not affect the transcriptional regulation of myosin. At later 

stages of myofibrillogenesis (48 hpf), fast and slow myosin transcript expression 

increases in smyd1bsth mutants when compared to wild-type embryos (Figure 27). We 

have observed the same pattern of changes in myosin expression in the myosin 

chaperone mutant, unc45bsb60/steif (Figure 28). The significant increase in myosin 

expression at 48 hpf could be due to a feedback mechanism to try and repair the 

defective sarcomere. 

 Immunostaining of wild-type and smyd1bsth mutant skeletal muscle revealed 

normal slow muscle in smyd1bsth mutants but disorganized fast fibers that lack thick 

filament staining with a fast myosin antibody (Figure 29). Since the still heart motility 

defect is present early in development, we wanted to determine whether fast myosin is 

absent due to an immediate maintenance or assembly defect. To test this, we examined 

fast myosin incorporation at the onset of fast muscle development in wild-type and still 

heart mutants. At 19 hpf, we could find no evidence of incorporated fast myosin in the 

developing premyofibril (Figure 29). This suggests that SMYD1b is required for the 

incorporation of fast myosin into the developing sarcomere and further supports the role 

for SMYD1b as an assembly factor during muscle development.  
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Figure 22: Lack of Polymorphic Molecular Markers in the still heart Linked 

Region.  

The physical map of a ~1.6 Mbp region on the zebrafish chromosome 8. The physical 

locations of submitted molecular markers are shown based on their location in the 

genomic sequence. Data were collated from the ensemble genome browser 

(ensembl.org) using the 10th version of the zebrafish genome assembly. All available 

molecular markers in this mapped region were nonpolymorphic for both genetic 

backgrounds used and therefore unusable.  All candidate genes are listed in red, yellow 

and blue and the most promising candidate gene, smyd1b, is outlined in black.  
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Figure 23: Flatline and still heart fail to genetically complement one another.  

The complementation cross between the still heart mutation and the known smyd1b 

mutant, flatline. Adult flatline and still heart heterozygotes were crossed and the 

phenotype of their offspring scored. At 72 hpf, heterozygous fla/sth embryos (C) 

displayed the still heart phenotype (B, pericardial edema (black arrowheads), small eyes, 

nonfunctional heart and almost complete paralysis) when compared to wild-type siblings 

(A) (n=98 total offspring from 3 separate crosses; 24/98 embryos were mutant, 74/98 

embryos were wild-type).  The results of this cross confirm that flatline and still heart 

are allelic.  
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Figure 24: The still heart mutation is a transition mutation in the gene smyd1b.  

Sequencing of still heart cDNA, wild-type cDNA and genomic DNA. cDNA prepared 

from homozygous wild-type (A) and homozygous still heart (B) embryos were 

sequenced and compared to identify a 9 nucleotide insertion between exon 1 and 2 of 

smyd1b in still heart embryos. This insertion contained an in-frame stop codon 

(underlined) that results in a premature truncation of the predicted translating product 

SMYD1b immediately following exon 1 (D). Comparison of sth cDNA sequence to 

wild-type genomic DNA sequence (C) revealed that the sth mutation is a transition 

(G>A) mutation in the splice donor site (GT) of exon 1. The 9 nucleotide insertion in the 

sth cDNA sequence is from intron 1 (compare B to C) before the second splice donor 

site occurs (C) (n=44, sth embryos independently sequenced for the transition mutation). 

(Adapted from Prill K., et al, 2015. Still Heart Encodes a Structural HMT, SMYD1b, 

with Chaperone-like Function During Fast Muscle Sarcomere Assembly. PLoS ONE 

10(11), e0142528. doi: 10.1371/journal.pone.0142528) 
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Figure 25: Still heart mutants have severely reduced motility.  

Still frames from wild-type and still heart touch tests. Embryos were touched and 

observed for movement away from stimulus. (A) Wild-type siblings swim away from 

touch stimulus as evident in frame 7 to 8. (B) Still heart mutants have severely reduced 

motility and are unable to swim away from touch stimulus as demonstrated in frames 1-

16. The incomplete paralysis of still heart mutants is present early and severe enough to 

allow homozygous still heart embryos to be distinguished from their wild-type siblings. 

Frame rate is 1 frame per second.  
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Figure 26: The still heart phenotype is characterized by the absence of fast muscle 

fibers.  

DIC imaging of 5 dpf wild-type and still heart skeletal muscle.  (A) Wild-type embryos 

have distinct striated myofibers (black arrowheads) indicating fully formed sarcomeres. 

(B) Still heart mutants do not have distinct myofibers or observable striations in their 

fast skeletal muscle tissue. (C) Still heart mutants maintain striations (black arrowhead) 

in their slow skeletal muscle although nuclei and fluid filled vesicles (white arrowhead) 

invade the organized tissue. Cross section diagrams above each image indicate the plane 

of focus for each image. Slow muscle is highlighted in red and fast muscle in grey. D, 

dorsal; V, ventral; blue line is plane of focus. (Adapted from Prill K., et al, 2015. Still 

Heart Encodes a Structural HMT, SMYD1b, with Chaperone-like Function During Fast 

Muscle Sarcomere Assembly. PLoS ONE 10(11), e0142528. doi: 

10.1371/journal.pone.0142528) 
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Figure 27: Early myosin expression is normal in smyd1bsth mutants.  

At 24 hpf, fast myosin (myhc4) expression is similar in wild-type (A) and smyd1bsth (B) 

embryos. At 48 hpf, fast myosin expression is increased in smyd1bsth (D) when 

compared to wild-type (C). Slow myosin (smyhc1) expression in wild-type (E) and 

smyd1bsth (F) embryos is also similar at 24 hpf. Smyhc1 expression is increased slightly 

in smyd1bsth (H) as compared to wild-type (G) embryos. qPCR on wild-type and 

smyd1bsth mutants for fast myosin shows that smyd1bsth myhc4 expression is relatively 

normal at 24 hpf, but significantly increases at 48 hpf when compared to wild-type (I). 

qPCR of slow myosin shows that smyd1bsth smyhc1 expression is relatively normal at 24 

hpf when compared to wild-type (J). (qPCR: n=3, 30 embryos each time/phenotype. 

Error bars are standard deviation. Mutant expression is normalized using ef1a and wild-

type. 48 hpf ISH: n=3, 15 embryos each time/phenotype). (24 hpf images and qPCR are 

adapted from Prill K., et al, 2015. Still Heart Encodes a Structural HMT, SMYD1b, with 

Chaperone-like Function During Fast Muscle Sarcomere Assembly. PLoS ONE 10(11), 

e0142528. doi: 10.1371/journal.pone.0142528) 
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Figure 28: Unc45bsb60 mutants also demonstrate delayed changes in myosin 

expression.  

At 24 hpf, fast myosin (myhc4) is normal between wild-type (A) and unc45bsb60 mutant 

(B) embryos. At 48 hpf, fast myosin is significantly increased in unc45bsb60 mutants (D) 

when compared to wild-type (C) embryos of the same age. Slow myosin (smyhc1) 

expression is also normal between wild-type (E) and unc45bsb60 mutant (F) embryos at 

24 hpf, but is also significantly increased at 48 hpf when comparing unc45bsb60 mutant 

(H) to wild-type (G) embryos. qPCR analysis shows relatively no difference in fast 

myosin expression between wild-type and unc45bsb60 mutants at 24 hpf but a significant 

up-regulation at 48 hpf in unc45bsb60 mutants (I). (qPCR: n=3, 30 embryos each 

time/phenotype. Error bars are standard deviation. Mutant expression is normalized 

using ef1a and wild-type. ISH: n=3, 15 embryos each time/phenotype). 
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Figure 29: Fast myosin is never incorporated into the fast skeletal muscle of 

smyd1bsth mutants.  

At 48 hpf, fast myosin (F310) and actin (phalloidin) staining is visible in the 

premyofibrils of fast muscle in wild-type embryos (A&B) while disorganized in the fast 

muscle of smyd1bsth embryos (C&D). Slow myosin (F59) is incorporated normally in 

both wild-type and smyd1bsth slow muscle (E-H). Fast myosin begins to incorporate into 

the maturing myofibril at 19 hpf (I) and overlaps (white arrowheads) the developing 

actin filaments (J; K, merge, K’ inset, white arrowhead). In smyd1bsth fast muscle at 19 

hpf, fast myosin is not incorporated into the maturing premyofibril (L) even though actin 

fibers are present (M; N, merge, N’ inset). (Adapted from Prill K., et al, 2015. Still Heart 

Encodes a Structural HMT, SMYD1b, with Chaperone-like Function During Fast 

Muscle Sarcomere Assembly. PLoS ONE 10(11), e0142528. doi: 

10.1371/journal.pone.0142528)  
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3.1.4 Myosin chaperones are significantly upregulated in response to myosin mis-

folding and damage 

 The assembly of myosin into the developing sarcomere is a complex process and 

requires the coordination of several factors, including a group of myosin chaperones. 

Two of these, HSP90a1 and UNC45b, physically interact with each other, as well as 

with myosin (Barral et al., 2002; Etard et al., 2007; Gazda et al., 2013; Hawkins et al., 

2008; Srikakulam et al., 2008). Myosin chaperones are thought to be coordinately 

regulated because the absence of one results in the significant up-regulation of the 

mRNA encoding the remaining chaperones (S. J. Du et al., 2008; Etard et al., 2007). Just 

et al (2011) and Li et al (2013) showed that SMYD1b responds similarly to the absence 

of either myosin chaperone UN45b or HSP90a1 (Just et al., 2011; Li et al., 2013). Since 

SMYD1b is possibly part of the complex of chaperones required for the assembly of fast 

myosin into the developing sarcomere at 19 hpf, and if chaperone regulation is 

controlled by the presence of each, its absence should trigger an increase in unc45b and 

hsp90a1 expression at this time point. That is not the case in smyd1bsth mutants at the 

stage of early sarcomere assembly (Figure 30).  At 19 hpf, hsp90a1 mRNA expression is 

relatively normal in homozygous smyd1bsth mutants when compared to wild-type 

siblings (Figure 30). Expression of hsp90a1 and unc45b mRNA increases significantly 

at 24 hpf and continues at 48 hpf (Figure 30), an increase observed in other myosin 

chaperone mutants (Etard et al., 2007; Hawkins et al., 2008; Just et al., 2011; Li et al., 

2013). The lack of change in mRNA expression of hsp90a1 at 19 hpf in smyd1bsth 

mutants challenges the hypothesis that all myosin chaperones react to the absence of one 

another, but suggests the myosin chaperones must be responding to another condition or 

factor. 

 The chaperone correlation hypothesis did not take into account the client protein 

all chaperones had in common – myosin. In the environment of smyd1bsth fast muscle, 

myosin proteins are synthesized ~19 hpf and require folding and incorporation into the 
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sarcomere. In a myosin chaperone-deficient system, myosin will never complete folding 

or incorporation and will remain in an unfolded/unincorporated conformation. This leads 

to an accumulation of misfolded myosins in the cytoplasm that may trigger an increase 

in chaperone expression as an attempt to refold or minimize cytoplasmic muscle myosin 

concentration. 

  Etard et al (2015) have proposed a model by which misfolded myosin stimulates 

chaperone expression – the hsf1-mediated transcriptional response. In this model, heat 

shock factor 1 (HSF1) is bound to HSP90a1 in the cytoplasm (Zou et al., 1998). As 

misfolded myosin accumulates in the cytoplasm, these misfolded myosins compete for 

the hsf1-site on HSP90a1 (Figure 31). Once the level of misfolded myosins reaches an 

unidentified threshold, HSF1 is disassociated from HSP90a1 by myosins and 

translocates to the nucleus. HSF1 has been shown to bind the unc45b promoter and 

activate its expression (Etard et al., 2015). Knockdown of hsf1 in a myosin knockdown 

background prevents the increase in unc45b expression (Etard et al., 2015), supporting 

the hsf1 model for transcriptional response to myosin damage.  

 Another myosin chaperone with a proposed role in the hsf1-mediated 

transcriptional response is HSP70. In C. elegans, HSP70 is part of the myosin-folding 

complex during sarcomere assembly (Gazda et al., 2013) and, similar to HSP90, 

functions by transcriptionally inactivating HSF1 via binding HSF1’s transactivation 

domain (Shi et al., 1998; Zou et al., 1998). This inhibition of HSF1 by HSP90a1 and 

HSP70 could explain the delay in the chaperone transcriptional response in myosin-

folding deficient zebrafish mutants. We examined the mRNA expression of hsp70 in our 

smyd1bsth mutant and found that hsp70 is significantly upregulated at 19 hpf and older 

embryos (Figure 32). This increase in hsp70 expression is seen at a stage earlier than the 

increase observed for other myosin chaperones (Figure 30) and may indicate that hsp70 

is more sensitive to sarcomere damage than hsp90a1 or unc45b. We tested hsp70 mRNA 

expression in titin2hel mutants, which begin to display damage to their sarcomeres after 
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contractions have begun at ~24 hpf (Carlisle, 2017-2019). We showed that the increase 

in hsp70 expression was delayed to 24 hpf and relatively normal at 19 hpf, when 

sarcomeres are undamaged (Figure 32). The direct cause for the increase in hsp70 

mRNA is currently unknown but we hypothesize that hsp70 is part of another 

transcriptional cascade that immediately responds to sarcomere stress. Support for this 

hypothesis comes from work in mice and suggests that HSP70 is a key factor in a rapid 

muscle repair pathway that is coupled with muscle regeneration (A. McArdle et al., 

2004; Miyabara et al., 2006; Miyabara et al., 2012). 
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Figure 30: Myosin chaperones unc45b and hsp90a1 are upregulated in smyd1b 

mutants starting at 24 hpf.  

At 19 hpf, hsp90a1 expression is relatively normal in wild-type (A) and smyd1bsth 

embryos (B). However at 24 hpf and 48 hpf, hsp90a1 expression is increased in the 

skeletal muscle of smyd1bsth embryos when compared to wild-type embryos (C-F). 

Additionally at 24 and 48 hpf, unc45b expression is increased in smyd1bsth embryos 

when compared to wild-type embryos (G-J). qPCR of myosin chaperones hsp90a1 and 

unc45b at 24 (K) and 48 hpf (L) demonstrated a significant increase in expression in 

smyd1bsth embryos relative to wild-type while smyd1b expression is significantly 

decreased in smyd1bsth embryos at both 24 and 48 hpf (K&L). In comparison, at 48 hpf 

unc45bsb60 (Steif/stf) embryos demonstrated a significant increase in unc45b, hsp90a1 

and smyd1b expression (M). qPCR analysis of smyd1b and unc45b expression in wild-

type embryos at 10, 14, 19 and 24 hpf shows increasing expression of both chaperones 

throughout myogenesis (N). (qPCR: n=3, 30 embryos each time/phenotype. Error bars 

are standard deviation. Mutant expression is normalized using ef1a and wild-type). 

(Adapted from Prill K., et al, 2015. Still Heart Encodes a Structural HMT, SMYD1b, 

with Chaperone-like Function During Fast Muscle Sarcomere Assembly. PLoS ONE 

10(11), e0142528. doi: 10.1371/journal.pone.0142528) 
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Figure 31: A model of the HSF1-dependent assembly chaperone response to myosin 

damage.  

During normal muscle development and sarcomere assembly (A), the majority of 

cytoplasmic HSF1 is bound by HSP90a1 and inhibited from translocating to the nucleus. 

When sarcomere assembly is incomplete with respect to myosin (green) or myosin is 

damaged (B), myosin dislocates HSF1 from HSP90a1 for myosin to be folded, which 

allows HSF1 to trimerize and translocate to the nucleus to activate transcription of heat 

shock factors (HSFs) such as hsp90a1 and unc45b.  

  



	 147	

	



	 148	

Figure 32: HSP70 is sensitive to myosin damage throughout myogenesis.  

qPCR of hsp70 expression at 19, 24 and 48 hpf in wild-type shows hsp70 expression 

remains consistent throughout myogenesis (A). qPCR analysis of hsp70 expression on 

smyd1bsth mutants demonstrates a significant increase in hsp70 expression at all stages 

of muscle development when compared to wild-type embryos of the equivalent stages 

(B). In situ hybridization examination on a mixed brood collected from two smyd1bsth/+ 

adults, showed ~25% of the embryos with significantly increased hsp70 staining that 

was somite restricted (C-E). qPCR analysis of hsp70 expression at 19 and 24 hpf on 

herzschlag mutants display relatively normal hsp70 expression at 19 hpf but a 

significant increase at 24 hpf when myosin damage begins (F). (qPCR: n=2, 30 embryos 

each time/phenotype. qPCR 19 hpf mutant collections are blind and contain 25% 

smyd1b+/+, 50% smyd1bsth/+ and 25% smyd1bsth/sth.  Error bars are standard deviation. A; 

expression is normalized using ef1a and wild-type 19 hpf. B&F; mutant expression is 

normalized using ef1a and wild-type. ISH: n=3, 30-50 embryos per blind collection). 
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3.2 The Role of SMYD1b and UNC45b in Heart Development 

3.2.1 Mutant Hearts do not Loop and Show an Increase in Cardiac Jelly 

 Smyd1b and unc45b mutants and morphants have defects in heart development 

(D. Chen et al., 2012; Etard et al., 2007; Gottlieb et al., 2002; Wohlgemuth et al., 

2007)(see Appendix 7.2.1 for titin2 mutant heart development). Despite the availability 

of zebrafish smyd1b and unc45b mutants, our understanding of the involvement of these 

two proteins during heart development comes mostly from work in mice (D. Chen et al., 

2012; Gottlieb et al., 2002; Phan et al., 2005; Sims et al., 2002). In mice, smyd1 and 

unc45b mutant hearts do not beat, or loop, fail to develop a second atrium and ventricle 

and die by E.11 (equivalent to ~40 hpf in zebrafish)(D. Chen et al., 2012; Rasmussen et 

al., 2015). In zebrafish, hearts develop in about half of the time as mouse hearts (24 vs. 

48 hours) and form only one atrium and ventricle (Bakkers, 2011; Bruneau, 2002; Liu et 

al., 2012). Additionally, zebrafish cardiac mutations are not lethal until 7 dpf when a 

functional heart is required for circulation of nutrients and oxygen. Therefore we can 

study otherwise lethal cardiac mutations in a system that completes embryogenesis. 

 Zebrafish smyd1bsth and unc45bsb60 mutants display pericardial edema at 2 dpf 

resulting from nonfunctional hearts (Figure 16)(Etard et al., 2007; Just et al., 2011; Prill 

et al., 2015). Smyd1bsth and unc45bsb60 mutant hearts undergo fusion to create the linear 

heart tube but the heart muscle never contracts. Smyd1bsth mutant hearts appear to jog 

slightly to the left and both smyd1bsth and unc45bsb60 do not proceed through heart 

morphogenesis (Figure 33, A-C). At 2 dpf, smyd1bsth and unc45bsb60 hearts are unlooped 

(incomplete morphogenesis) and exhibit increased cardiac jelly between endo- and 

myocardium (Figure 33, D-E). The increase in cardiac jelly, which is an expansion of 

the extracellular matrix between endo- and myocardial cell layers, may be due to an 

increase in the production of hyaluronic acid by the membrane bound hyaluronan 

synthase 2 (HAS2) or the increase in the number of hyaluronan synthases. Lagendijk et 
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al (2011) have shown that the amount of ECM found in zebrafish hearts is dependent on 

the expression of has2. Increased has2 expression can also interfere with normal heart 

looping and knockdowns of has2 rescue heart looping defects (Lagendijk et al., 2013; 

Tong et al., 2014). To determine if HAS2 is the cause for the increased cardiac jelly in 

our mutants, we examined the expression of has2 in the mutants and found that still 

heart (smyd1bsth) but not steif (unc45bsb60) demonstrated a significant increase in has2 

expression at 48 hpf (Figure 33, H). The increased has2 expression in smyd1bsth mutants 

is consistent with the idea that levels of has2 can directly affect the production of ECM 

in the developing heart and suggests that SMYD1b and UNC45b affect heart 

development differently. The increased cardiac jelly in unc45bsb60 mutants may not be 

due to the has2 pathway but could be an effect of a change in another factor responsible 

for ECM production.  

 Since SMYD1b and UNC45b are required for the folding and incorporation of 

myosin into the developing skeletal sarcomere, the simplest explanation for the heart 

paralysis in these mutants is that they are also necessary for myosin assembly in cardiac 

sarcomeres. To test this, we used immunostaining to examine cardiac myosins in the 

hearts of smyd1bsth and unc45bsb60 mutants, at 36 and 48 hpf, and found that compared to 

wild-type siblings, mutant hearts contained some intact striations, indicative of fully 

assembled sarcomeres (Figure 34). While this assay could not rule out defects in the 

assembly of the cardiac sarcomere, this result is different from what we saw in trunk 

muscle and suggests the cardiac paralysis is not due to a lack of sarcomere assembly in 

either myosin chaperone mutant. One possibility is that SMYD1b/UNC45b are 

necessary for regulating a different step in cardiac development. 
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3.2.2 smyd1bsth and unc45bsb60 have Altered Cardiac Factor Expression at Specific 

Stages of Heart Morphogenesis 

3.2.2.1 SMYD1b Regulates the Cardiac Transcriptional Network as Either a 

Histone Methyltransferase or a Transcription Factor Chaperone 

 In the development of the mammalian heart, SMYD1b and UNC45b may not be 

acting as cardiac myosin chaperones but instead regulate the cardiac transcriptional 

network (D. Chen et al., 2012; Gottlieb et al., 2002). Gottlieb et al (2002) showed that 

SMYD1 is necessary for specification of the right ventricle, which is regulated by 

HAND2, as smyd1Bop mice lack normal expression of hand2. Consistent with this, the 

hand2-transcriptional target, irx4, is downregulated in smyd1Bop mouse hearts (Gottlieb 

et al., 2002). We examined hand2 mRNA expression in the smyd1bsth mutants and found 

that hand2 expression is reduced at 36 and 48 hpf but not at 24 hpf (Figure 35). Hand2 

expression can be observed in the anterior lateral plate mesoderm in both wild-type and 

smyd1bsth mutants at 24, 36 and 48 hpf. At 36 hpf in wild-type siblings, hand2-positive 

cells were observed migrating toward the heart/midline while the neck region of 

smyd1bsth mutants was completely lacking hand2 expression. Additionally, at 48 hpf and 

so on smyd1bsth mutant hearts were devoid of hand2 expression while the neighboring 

pharyngeal arches are still expressing hand2 (Figure 35). The lack of hand2 expression 

during zebrafish heart morphogenesis is consistent with the results from mouse, and 

suggests that SMYD1 is required for proper hand2 expression in the developing heart. 

Whether hand2 is a direct or indirect transcriptional target of SMYD1 cannot be 

determined from this data. This work does not exclude the hypothesis that SMYD1b 

could be acting as a chaperone during heart development but the client protein is a 

transcription factor rather than a sarcomere structural component.   

 To determine whether SMYD1b might be acting directly or indirectly on the 

regulation of hand2 expression, we measured the mRNA expression of factors acting 
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upstream of hand2 in the proposed cardiac transcriptional network (Figure 11). We 

analyzed the expression of predicted core transcription factors in smyd1bsth mutants and 

found significant changes in factors upstream of hand2 (Figure 36). Although the 

expression of a few transcription factors is relatively normal, the smallest decrease in 

mRNA expression could be isolated to the heart (or subsections of) while other tissues 

maintain normal expression of these factors (see Appendix 7.2.2). Gata4 and gata5, 

which are direct transcriptional regulators of hand2 expression (McFadden et al., 2000), 

were significantly reduced, while nkx2.5, tbx5a, tbx5b and tbx20 did not show a 

significant reduction (Figure 36). These changes to the cardiac transcriptional network 

suggest that SMYD1b regulates a factor upstream of hand2.  

 Based on the changes in the expression levels of downstream factors in the 

cardiac pathway, possible candidates for SMYD1b interaction/regulation are mef2ca, 

mef2cb, tbx20 and tbx5a. Tbx20 is a promising candidate because it is expressed in 

cardiomyocytes before fusion of the heart primordium (14-19 hpf) into the heart tube 

and continues until heart morphogenesis is complete at 48 hpf. TBX20 directly represses 

tbx2b (Cai et al., 2005) and works in a complex with TBX5 to repress anf/nppa 

expression (Takeuchi et al., 2003). Smyd1bsth mutants display increased tbx2b at 48 hpf 

(Figure 36) while nppa/anf shows increased expression at 24 hpf and significantly 

reduced expression at 48 hpf (Figure 36). This change in nppa/anf expression could be 

due to the increasing level of TBX2b or the change in the relationship between TBX5a 

and TBX20. The literature is inconsistent regarding the relationship between 

TBX5a/TBX20, as models have shown TBX20 represses tbx5a (Liang et al., 2010; 

Szeto et al., 2002), TBX20 activates tbx5a (Chakraborty et al., 2012), TBX5a represses 

tbx20 (Takeuchi et al., 2003) or they work together to regulate other genes (D. D. Brown 

et al., 2005), but the extent of these studies are limited to one time point in each 

vertebrate model. Since the mRNA levels of tbx20 and tbx5a are reduced in smyd1bsth 
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mutants at 24 hpf, if either are the candidate, then SMYD1b must be acting as a 

transcriptional regulator of their expression or an upstream factor of tbx5a and tbx20. 

 Mef2ca and Mef2cb are possible candidates for SMYD1b regulation, because of 

downstream targets and the changes observed in smyd1bsth mutants. Smyd1 is a known 

target of MEF2Ca/b (Phan et al., 2005) and recent work by Rasmussen et al (2015) has 

shown that SMYD1 is required for proper mef2c expression during late stages of heart 

morphogenesis. At 24 hpf, MEF2Ca/b stimulates bmp4 and nppa/anf expression (Hinits 

et al., 2012; Morin et al., 2000; Zang et al., 2004), which are increased in smyd1bsth 

mutants suggesting that there might be a misregulation of either mef2c paralogs (Figure 

36). However, bmp4 is stimulated by another transcription factor, ISL1 (Cai et al., 2003) 

that is directly repressed by TBX20 in the myocardium (Cai et al., 2005). If MEF2Ca/b 

cannot activate tbx20 expression to subsequently repress isl1 then that will lead to an 

increase in bmp4 expression early in heart development (Figure 36, D).  

 The complexity of the cardiac development pathway and the overlapping 

regulation and the dynamic changes in target factors at different time points in embryo 

development and tissue makes identifying any particular candidate factor difficult. 

Additionally, because SMYD1b has both transcriptional and chaperone domains within 

its protein structure, determining whether its regulation is chaperone-folding dependent 

or by transcriptional regulation is not possible with the data available.  

 To test the possibility of SMYD1b as a transcriptional regulator during heart 

development, we generated wild-type and SET-domain-inactive versions of smyd1b 

mRNA. Injection of smyd1bsense (wild-type) mRNA partially rescued the still heart 

phenotype, reducing the mutant phenotype ratio to 12% from the ~22% observed in 

control-injected (smyd1bantisense) and uninjected still heart broods (Table 6). To test 

whether SMYD1b is regulating the mRNA expression of cardiac transcription factors, 

we generated a modified version of SMYD1b where the critical amino acids, asparagine 

200 and histidine 201, of the SET domain were substituted with aspartic acid and 
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glutamic acid, respectively (Figure 37). Asparagine 200 and histidine 201 were shown to 

be required for the methyltransferase activity of the SET (Su(var)3-9, Enhancer-of-zeste 

and Trithorax) domain and removal of these amino acids abolished transcriptional 

regulation (Rea et al., 2000). We predicted that if SMYD1b’s SET domain is required 

for heart development, then substitution of these critical amino acids would fail to rescue 

the nonfunctional heart in still heart mutants. This would result in mutants that would be 

capable of normal movement, since the myosin-binding domain remains intact in the 

SET modified construct, but the heart would remain nonfunctional due to the 

requirement of the SET domain. Preliminary work rescuing smyd1bsth mutants with 

smyd1bSET-1 (SMYD1b with SET domain asparagine 200 and histidine 201 substitutions) 

mRNA has indicated that the SMYD1b SET domain is required for heart function and 

development (Table 6). A small percentage of smyd1bsth mutants injected with 

smyd1bSET-1 mRNA exhibited normal movement at 24 hpf but had no heart function 

when compared to uninjected wild-type and smyd1bsth embryos. By 48 hpf, these 

smyd1bSET-1 mRNA-injected smyd1bsth mutants were paralyzed and did not respond to 

touch, resembling the still heart phenotype. The lack of heart function in these injected 

embryos suggest that smyd1bSET-1 is capable of rescuing the motility defect but not the 

heart defect, indicating that the SET domain is required for heart development. 
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Figure 33: smyd1bsth and unc45bsb60 mutant hearts are unlooped and demonstrate 

an increase in cardiac jelly.  

At 48 hpf, smyd1bsth (B) and unc45bsb60 (C) mutant hearts are unlooped and both 

chambers are clearly visible in one plane of focus as compared to wild-type hearts (A) 

that are looped and cannot be fully visualized in one plane of focus. In wild-type hearts 

(D) there is a small amount of cardiac jelly (cardiac jelly=CJ) visible between the 

endocardial (endocardial=END) and myocardial (myocardial=MYO) layers of the heart 

when compared to smyd1bsth (E) and unc45bsb60  (F) mutant hearts. Panels D-F are 

magnifications of the areas indicated by a dotted blue box in panels A-C (pericardial 

sac=PER). qPCR analysis of hyaluronan synthase 2 (has2) on 24 hpf smyd1bsth mutants 

showed no relative difference in has2 expression when compared to wild-type (G). At 

48 hpf, has2 expression is significantly increased in smyd1bsth mutants but not 

unc45bsb60 mutants when compared to wild-type embryos of the same age (H). (qPCR: 

n=2, 30 embryos each time/phenotype. Error bars are standard deviation. Mutant 

expression is normalized using ef1a and wild-type). 
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Figure 34: smyd1bsth and unc45bsb60 mutant hearts contain cardiac myosins at 36 

and 48 hpf.  

At 36 hpf, wild-type (A), smyd1bsth (B) and unc45bsb60 (C) hearts stained with MF20, a 

monoclonal antibody against all myosin heavy chains, revealed intact sarcomeres (white 

arrowheads) in mutant cardiomyocytes when compared to wild-type. Intact sarcomeres 

are still present at 48 hpf in both wild-type (D) and smyd1bsth (E) hearts stained with 

MF20. Immunostaining with S46, a monoclonal antibody against atrial myosin heavy 

chain, demonstrated intact sarcomere banding in both wild-type (F) and smyd1bsth (G) 

hearts (antibody staining: n=3, 20 embryos each time/phenotype). 
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Figure 35: Still heart mutants lack detectable hand2 expression in the heart.  

At 24 hpf, hand2 expression can be observed via in situ hybridization in the anterior 

lateral plate mesoderm in both wild-type (A) and smyd1bsth (B) embryos. At 36 hpf, the 

same bilateral populations of anterior lateral plate mesoderm display positive hand2 

staining but wild-type (C) embryos show an expansion of hand2 toward the midline 

(white dotted line) while smyd1bsth (D) embryos do not. By 48 hpf, hand2 expression is 

observed in the pharyngeal arches (pharyngeal arches=PA) and heart (heart=H) of wild-

type (E) embryos while smyd1bsth (F) embryos only have hand2 expression in their 

pharyngeal arches. Panels A-D are dorsal views of the head and yolk while panels E&F 

are ventral views of the head and yolk. qPCR analysis of hand2 expression demonstrates 

no significant increase of hand2 expression in smyd1bsth mutants at 24 hpf (G) and a 

significant decrease by 48 hpf when compared to wild-type at the same ages (H). (qPCR: 

n=3, 30 embryos each time/phenotype. Error bars are standard deviation. Mutant 

expression is normalized using ef1a and wild-type. ISH: n=3, 15 embryos each 

time/phenotype). 
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Figure 36: smyd1bsth mutants have altered expression of cardiac transcription 

factors at 24 and 48 hpf.  

At 48 hpf, smyd1bsth mutants demonstrate a significant decrease in the expression of 

transcription factors, gata4, gata5, hand2 and nppa relative to wild-type expression (A). 

The decreases in expression of gata4 (B&C) and gata5 (D&E) are apparent in the hearts 

of smyd1bsth mutants (C&E) when compared to wild-type embryos (B&D). At 24 hpf, 

qPCR findings show a significant increase in the expression of transcription factors 

nkx2.5, irx4a, irx4b, nppa and bmp4 in smyd1bsth mutants relative to wild-type embryos 

(F). (qPCR: n=3, 30 embryos each time/phenotype. Error bars are standard deviation. 

Mutant expression is normalized using ef1a and wild-type. ISH: n=3, 15 embryos each 

phenotype). 
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Table 6: Phenotypes of smyd1bsth mutants rescued with wild-type smyd1b or 

smyd1b-SET mRNA.  

 smyd1b-/- Embryo Phenotype 
 
Injected mRNA 

Wild-type Still heart No heart function 
but normal motility 

smyd1bsth  76% 
(70/92) 

24% 
(22/92) 

0% 
(0/92) 

smyd1bsense  88% 
(75/85) 

12% 
(10/85) 

0% 
(0/85) 

smyd1bantisense  78% 
(18/23) 

22% 
(5/23) 

0% 
(0/23) 

smyd1bSET-1 sense  76% 
(19/25) 

12% 
(3/25) 

12% 
(3/25) 

Bold numbers represent the percentage of the brood injected with each mRNA that 

displayed the indicated phenotype. Ratios listed in parentheses are the number of 

embryos, out of the brood total, that displayed the indicated phenotype. (Table numbers, 

n=1. Uninjected, smyd1bsense and smyd1bantisense injections, n=3 total with relatively 

similar phenotype ratios displayed each time).  
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Figure 37: Modified Versions of SMYD1b to Abolish SET Domain Function and 

HMT Activity.  

Different versions of SMYD1b that remove critical amino acids from the functional SET 

domain to reduce or abolish methyltransferase activity. Amino acids displayed in light 

purple are the amino acids required for HMT activity.  Complete removal or substitution 

(red text), with amino acids of similar properties, of these critical amino acids eliminates 

HMT activity.  
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3.2.2.2 UNC45b in heart development 

 Despite its role as a myosin chaperone in skeletal muscle development, UNC45b 

has been shown in mice to act as a chaperone for one of the core cardiac transcription 

factors, GATA4 (D. Chen et al., 2012). UNC45b and GATA4 physically interact and 

while gata4 expression is normal, the expression levels of GATA4 transcriptional 

targets are decreased in unc45bY735stop mutants (D. Chen et al., 2012). We examined the 

expression of gata4, and its targets nkx2.5 and hand2, in unc45bsb60 mutants at an 

equivalent stage during heart morphogenesis and found that our expression levels did 

not match the expression profile of an UNC45b-GATA4 client protein model (Figure 

38).  Notably, gata4 levels were decreased in unc45bsb60 mutants along with nkx2.5 

expression, while hand2 expression is relatively normal at 48 hpf. The reduced 

expression of gata4 in unc45bsb60 mutants suggests that GATA4 is not a client protein of 

UNC45b but another transcription factor that regulates gata4 expression. The cardiac 

transcriptional network is a complex pathway with many factors contributing to the 

regulation of several, and a few overlapping, targets. One possible client protein 

candidate for UNC45b during zebrafish heart morphogenesis is TBX5a. TBX5a is 

required for normal gata4 and nkx2.5 expression during heart development (Bruneau et 

al., 2001). Tbx5a expression is not significantly changed in unc45bsb60 mutants 

suggesting that TBX5a could be a possible target for UNC45b-dependent folding 

(Figure 38). A mutual downstream target of TBX5a and NKX2.5, nppa/anf showed a 

significant reduction in expression in unc45bsb60 mutants suggesting that even though 

TBX5a expression is normal, the significant decrease may be due to the absence of two 

critical transcriptional activators of this gene (Figure 38).  

 Although we have demonstrated expression changes of several cardiac 

development pathway factors in our mutants, changes to the transcriptional network we 

see in the smyd1b and unc45b mutants may be a side effect of a lack of heart contraction 

(Berdougo et al., 2003). To test whether the changes observed could be explained by the 
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lack of heart contraction, we assessed the effect of a paralytic compound on heart 

contraction in wild-type embryos. Wild-type embryos treated with BTS, a chemical that 

inhibits myosin ATPase and myosin-actin interaction, exhibited a significant decrease in 

heart rates when compared to untreated siblings and control-carrier (DMSO) treated 

embryos at 24 hpf (Figure 39A). By analyzing the expression levels of cardiac myosins, 

we were able to determine the affect of heart paralysis versus smyd1b-/- or unc45b-/- 

genotypes on the cardiac transcriptional network (Berdougo et al., 2003).  We found that 

the changes to cardiac myosin expression in drug-paralyzed embryos were different 

from those changes observed in smyd1bsth and unc45bsb60 mutants at 24 hpf (Figure 

39B). These differences suggest that the lack of contraction in smyd1bsth and unc45bsb60 

mutants is not the cause for the changes in the heart pathway but is due to an absence of 

SMYD1b and UNC45b. 
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Figure 38: Expression of cardiac transcription factors is abnormal in unc45bsb60 

mutants at 24 and 48 hpf.  

At 24 hpf, unc45bsb60 embryos show a statistically significant decrease in the expression 

of cardiac transcription factors tbx20, tbx5b, gata4, gata5, hand2, irx4b and bmp4 

relative to wild-type expression (A). Tbx5a showed a significant increase in expression 

in unc45bsb60 embryos at 24 hpf (A). qPCR analysis of unc45bsb60 embryos at 48 hpf 

demonstrated a significant decrease in the expression of transcription factors tbx5b, 

nkx2.5, gata4, gata5, irx4a and nppa relative to wild-type expression (B). (qPCR: 24 

hpf: n=3, 30 embryos each, 48 hpf: n=2, 30 embryos each. Error bars are standard 

deviation. Mutant expression is normalized using ef1a and wild-type). 
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Figure 39: Altered cardiac pathways in sth and stf are not solely due to a lack of 

heart contraction.  

Wild-type embryos were treated with 10 µM concentration of BTS or the drug solvent, 

DMSO, from 19 to 24 hpf. The heart rates of untreated, DMSO treated and BTS treated 

wild-type embryos were graphed and showed a significant decrease in the heart rates of 

BTS treated embryos when compared to untreated and DMSO treated embryos (A). 

qPCR of cardiac myosins, amhc and vmhc, demonstrated increased expression of both 

myosins, at 24 hpf, in smyd1bsth mutants as opposed to the relatively normal expression 

of amhc and significant decrease in vmhc expression in BTS treated embryos when 

compared to wild-type and DMSO treated embryos, respectively (B).  Unc45bsb60 

mutants displayed no statistically significant difference in amhc or vmhc expression 

when compared to wild-type at 24 hpf (B). (qPCR: n=2, 30 embryos each 

treatment/phenotype. Error bars are standard deviation. Mutant expression is normalized 

using ef1a and wild-type. BTS treated embryo expression is normalized using ef1a and 

DMSO control). 
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3.2.3 SMYD1b and UNC45b are Required for Incorporation of the SHF During 

Heart Development 

 Smyd1bsth and unc45bsb60 mutants displayed a few intact sarcomeres but the 

majority of cardiomyocyte fibers appeared disorganized. We tested the level of cardiac 

myosin expression in smyd1bsth and unc45bsb60 mutants and found a discrepancy 

between the qPCR and in situ results observed in the mutant hearts when compared to 

wild-type (Figure 40). Hearts of smyd1bsth mutants displayed increased ventricle myosin 

heavy chain (vmhc), atrial myosin heavy chain (amhc) and cardiac myosin light chain 

(cmlc2, ventricle specific) expression in their ventricle and atrium respectively (Figure 

40A-F). Expression of vmhc in the unc45bsb60 ventricle appears relatively similar to the 

expression observed in the wild-type sibling ventricle (Figure 40G&H). However, qPCR 

analysis indicated a significant decrease in vmhc and amhc expression in smyd1bsth and 

unc45bsb60 mutants (Figure 40I). There are two possible explanations for this 

discrepancy: 1) all cardiomyocytes in the mutants are expressing 50% or less vmhc and 

amhc as opposed to select sections of the chambers expressing vmhc and amhc in wild-

type hearts, or 2) the number of cardiomyocytes in the mutant hearts are significantly 

less than the number of cells in wild-type hearts where cardiomyocytes are smaller and 

arranged for heart contraction. The former would suggest a loss of cell identity in 

addition to a loss of transcriptional activation by one or more factors that result in a 

weak stimulation of vmhc and amhc transcription. The latter indicates that the addition 

of cells to the mutant hearts is lacking, leaving larger, unorganized cardiomyocytes 

expressing normal levels of cardiac myosins. We could resolve this by imaging hearts 

during stages of looping for the loss or addition of cardiomyocytes. During vertebrate 

heart looping, a second group of cardiac cells are derived from the SHF, a population of 

neural crest cells located in the neck (Engleka et al., 2012; Kelly, 2012; Snarr et al., 

2007; Zaffran et al., 2012). Mammalian mutants affecting the SHF die during heart 

looping from small and underdeveloped hearts that do not function adequately, 
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supporting its importance during heart morphogenesis (Bajolle et al., 2008; Clark et al., 

2013; Francou et al., 2013). SHF also contributes to the zebrafish heart (George et al., 

2015; Hami et al., 2011; Hinits et al., 2012; Liu et al., 2012; Zaffran et al., 2012) and is 

required for the heart to loop. This suggests that the changes we observed may be due to 

a defect in the SHF contribution in smyd1bsth and unc45bsb60 mutants.  

 The protein ISL1 marks a variety of cell types in the embryo, including the SHF 

(Hami et al., 2011). We examined ISL1 immunostaining in wild-type and mutant hearts 

at 48 hpf and found a complete absence of ISL1 in smyd1bsth and unc45bsb60 mutant 

hearts (Figure 41). This is consistent with the explanation that smyd1bsth and unc45bsb60 

mutants lack cells from the SHF in their hearts or these contributed cells die shortly after 

being added to the Primary Heart Field. We examined ISL1 staining at 36 hpf in 

smyd1bsth mutants and detected no ISL1-positive cells as compared to wild-type siblings 

at the same stage (Figure 41). Although the mutant hearts were negative for ISL1, other 

cell populations (e.g. trigeminal ganglion) normally expressed ISL1 in the mutant 

embryos (Figure 41). The lack of ISL1 cells at the beginning and end of heart looping 

supports the model that the diminished expression of cardiac myosins is due to half the 

number of cells present in mutant hearts.  

  HAND2 has been reported to be necessary for the survival of SHF cells 

(Morikawa et al., 2008; Tsuchihashi et al., 2011). Dupays, et al (2009) showed that 

overexpression of tbx2b represses and inhibits SHF cell proliferation and migration to 

the developing heart. Smyd1bsth mutants showed a reduction of hand2 expression and a 

lack of hand2 positive cells migrating from the anterior lateral plate mesoderm during 

heart development (Figure 35). Smyd1bsth mutants also demonstrated an increased 

expression of tbx2b (Figure 36) suggesting that the misregulation of these factors could 

be the reason for the lack of SHF incorporation in smyd1bsth mutants. In addition to the 

necessity of hand2 for SHF development, NKX2.5 is critical for SHF development and 

incorporation into the murine heart (George et al., 2015; Zhang et al., 2014). Smyd1bsth 
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and unc45bsb60 mutants demonstrated a decrease in nkx2.5 expression at 48 hpf, which 

may be the reason for the lack of SHF cells in these mutant hearts.  
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Figure 40: Still heart and steif hearts have reduced myosin expression.  

At 48 hpf, in situ hybridization findings show an increase in vmhc (B) and amhc (D) 

expression in smyd1bsth mutants when compared to wild-type vmhc (A) and amhc (C) 

expression. smyd1bsth mutants demonstrate an increased expression of cmlc2 throughout 

the entire heart where cmlc2 expression is normally restricted to the ventricle in wild-

type siblings (E&F). Unc45bsb60 mutants display relatively similar expression levels of 

vmhc when compared to wild-type embryos (G&H). qPCR analysis of vmhc and amhc 

expression in smyd1bsth and unc45bsb60 mutants shows a significant decrease in 

expression when compared to wild-type embryos at 48 hpf (I). (qPCR: n=2 for stf, n=3 

for sth; 30 embryos each treatment/phenotype. Error bars are standard deviation. Mutant 

expression is normalized using ef1a and wild-type. ISH: n=4, 15 embryos for each 

phenotype). 
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Figure 41: smyd1bsth and unc45bsb60 hearts lack incorporation of cells from the 

Second Heart Field.  

At 48 hpf, immunostaining with a monoclonal anti-ISL1 antibody, which stains cells of 

the Second Heart Field, reveals positive staining in wild-type hearts (A) but no ISL1 

staining is observable in smyd1bsth (B) and unc45bsb60 (C) hearts. At 36 hpf, smyd1bsth 

(B) hearts do not display ISL1 staining when compared to wild-type hearts (D) at the 

same age. ISL1-positive cell populations are observable in other organs in both 

smyd1bsth (G) and wild-type (F) embryos except the heart in smyd1bsth embryos. (ventral 

telencephalon=VT; trigeminal ganglion=TG; eye=E; ventricle=V; atrium=A)(Antibody 

staining: n=3, 20 embryos each time/phenotype). 
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3.3 Myomesin1a mRNA Levels Respond Rapidly to Sarcomere Damage caused 

by Defects within the Sarcomere A-band  

 Myomesin is interesting because throughout our study of titin2, smyd1b and 

unc45b mutants, myomesin is one sarcomere component that has consistently altered 

expression and localization in these muscle mutants. Myomesin, a structural protein of 

the M-line (Figure 1), has been previously used as a positive control and a marker of the 

M-band in sarcomeres in research of Z-disc proteins, myosin and titin (Bernick et al., 

2010; Codina et al., 2010; S. J. Du et al., 2008; Ferrante et al., 2011). Despite this, there 

are no reported time courses of myomesin expression and incorporation into the 

sarcomere in wild-type zebrafish, nor are there consistent data on the functional role of 

myomesin during this process. In order to determine the role of myomesin during 

sarcomere assembly I have examined the expression of myomesin mRNA and protein 

localization throughout early stages of myogenesis in both wild-type and mutant muscle 

tissue.  

 Myomesin contains multiple immunoglobulin and fibronectin-3 domains, 

creating a potential spring-like structure like that of titin (Schoenauer et al., 2005). A 

dimerization domain at myomesin’s C-terminus allows it to form anti-parallel dimers 

within the M-band. The N-terminus of myomesin binds the myosin thick filaments, 

creating an elastic spring between thick filaments and myosin heavy chains that has been 

proposed to help distribute force during contraction to prevent the sarcomere from 

ripping apart (Figure 42) (Agarkova et al., 2005; Schoenauer et al., 2005). Other regions 

within myomesin bind titin, further stabilizing the M-band and the sarcomere during 

contraction (Bernick et al., 2010). The M-band consists of 5 lattices of myomesin that 

maintain the myosin hexagonal thick filaments and anchors them within the sarcomere 

(Agarkova et al., 2005; Bernick et al., 2010). Immunostaining of myomesin in 

hsp90a1slo mutants or unc45b-knockdowns demonstrated a loss of myomesin staining, 

suggesting either a requirement of these chaperones or myosin for myomesin integration 



	 181	

(Bernick et al., 2010; Codina et al., 2010). Knockdown of myom1b or myom3 in 

zebrafish led to no defects in sarcomere assembly or organization, suggesting these 

isoforms are not required for sarcomere assembly (J. Xu, 2012) and that myom3 is not 

expressed until later stages of myogenesis so an assembly role is not expected. We 

hypothesize that MYOMESIN1 is a component of a sarcomere repair pathway in 

myogenesis that detects defects in sarcomere formation and is required for sarcomere 

assembly. To test this, I will examine the expression of myom1a at early stages in 

defective sarcomere assembly, MYOM1a protein localization in diseased tissue and the 

phenotype and affect of a myom1a mutant on muscle development. 
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Figure 42: The elastic M-band and titin distribute contractile forces within the 

sarcomere.  

Titin (blue lines) acts as a sarcomeric brace for the sarcomere during contraction and an 

elastic spring during relaxation to help return the sarcomere to a relaxed state (A). Titin 

makes physical connections at the Z-disc and with myomesin (blue ovals) at the M-line. 

Myomesin also acts as an elastic spring at the M-line by distributing the unequal forces 

generated by the myosin thick filaments (green) during contraction (B). Together with 

titin, 5 lattices of myomesin, that stretch between parallel thick filaments, aid in 

returning the sarcomere to a relaxed state and prevents the thick filaments from 

smashing into the Z-discs during contraction. The elastic quality of myomesin is tight to 

prevent thick filaments from becoming displaced from the A-band during sarcomere 

contraction and relaxation. Note: the extent of myomesin stretching is exaggerated in 

this diagram to demonstrate the elastic force of the M-band that distributes contractile 

forces along the thick filaments.      
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3.3.1 Time course of myomesin expression and sarcomere incorporation 

 There are three myomesin homologs in the genomes of most vertebrates, 

including mammals. The genome duplication in the teleost lineage, followed by a lack of 

maintenance of some of the duplications, led to four myomesin homologs in zebrafish 

(Figure 43)(1a, 1b, 2a and 3; no information for myom2b or a duplication for myom3 

exists). In mice, myomesin 1 is present in embryonic fast, slow and heart sarcomeres.  

Myomesin 1 contains an EH-domain, which provides additional elasticity to myomesin 

in cardiac sarcomeres and is spliced out in skeletal tissue (Agarkova et al., 2000). 

Myomesin 2, also known as M-protein, is also expressed in the early embryo but is fast 

muscle specific (Carlsson et al., 1990; Grove et al., 1989). Myomesin 3 is incorporated 

later during muscle development but is slow muscle specific (Schoenauer et al., 2008). 

Unlike myomesin 1, which is strictly embryonic, myomesin 2 and 3 are expressed 

throughout the life of the organism.   

 We first chose to examine myomesin 1a because it has been reported to be the 

first of the myomesin family to be expressed. Myom1a mRNA expression can be first 

detected at 14 hpf (start of slow muscle development) and increases as fast muscle forms 

and somites and myofibers develop (Figure 44). Despite mRNA expression being 

apparent at 14 hpf, myomesin protein has not been reported earlier than 30 hpf in 

zebrafish muscle (J. Myhre et al., 2014). Myomesin expression at 14 hpf coincides with 

the expression of titin and slow myosin at the beginning of slow muscle development 

and immunostaining of both titin and slow myosin at 24 hpf demonstrates the 

incorporation of titin and myosin into the assembling sarcomere (Costa et al., 2002; 

Hinits et al., 2007; J. Myhre et al., 2014). Since slow myosin and titin are incorporated 

into the sarcomere at 24 hpf, we wanted to determine if myomesin is integrated into the 

M-line at 24 hpf. We showed that under the same conditions, myomesin was not easily 

visible, compared to slow myosin and titin (Figure 45A-G). However, under higher 

magnification, myomesin is observed in organized striations of the parallel slow muscle 
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myofibers. Slow fibers appear thinner with myomesin immunostaining when compared 

to slow myosin or titin, where myofibers appear thicker, and myomesin staining is only 

detectable in the first few somites of the wild-type embryo, consistent with a model 

where myomesin is integrated last into the sarcomere where thick and thin filaments are 

in place and aligned. Myomesin incorporation is evident at 36 hpf in the slanted fast 

muscle myofibers and these striations become more organized as embryogenesis 

continues (Figure 45H-J). The incorporation of myomesin as one of the last proteins into 

the sarcomere is consistent with a model where myomesin incorporation could be acting 

as an integrity check for proper sarcomere assembly, but the potential signaling pathway 

has yet to be identified. 
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Figure 43: The conserved sequence of the myomesin protein family.  

A Clustal omega protein alignment of the myomesin paralogues in zebrafish. The 

protein sequence is not highly conserved between the myomesin paralogues but all 

myomesins are composed of immunoglobulin-like and fibronectin III domains. Asterisks 

indicate fully conserved amino acid residues, colons indicate conserved residues with 

highly similar properties and periods highlight conservation of amino acid residues with 

weakly similar properties; alignment was generated using Clustal omega. 

http://www.ebi.ac.uk/Tools/msa/clustalo/ 
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Figure 44: Myomesin1a is expressed at specific stages of myogenesis.  

qPCR analysis of myom1a expression at 10, 14, 19, 24 and 48 hpf in wild-type embryos 

demonstrated that myom1a is not expressed until some time between 10-14 hpf (slow 

muscle development) and increases throughout myogenesis. (qPCR: n=3, 30 embryos 

each time point. Error bars are standard deviation. Expression is normalized using ef1a 

and 19 hpf wild-type). 
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Figure 45: Myomesin is incorporated into skeletal muscle around 24 hpf.  

At 24 hpf, slow myosin (F59, A) and titin (T11, B) are incorporated and easily visible in 

the slow muscle fibers of wild-type embryos. Myomesin (mMacB4) staining is not as 

easily observable in wild-type muscle fibers at 20X magnification (C). At 40X 

magnification, slow myosin fibers display striations indicative of incorporated slow 

myosin (D). Titin striations are distinct in parallel slow muscle fibers while present in 

the premyofibrils of the slanted fast fibers (E). Myomesin striations are seen, at 40X 

magnification, in the parallel slow fibers of caudal somites (F) and these bands are not 

secondary structures of the other lasers (G). At 36 hpf, myomesin staining is seen in the 

developing fast fibers (H) and these striations become more organized and sharp as 

myogenesis continues at 48 hpf (I&J). (Antibody staining: n=3, 20 embryos each 

time/antibody). 
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3.3.2 Myomesin1a expression is upregulated before chaperones in response to 

incomplete or damaged sarcomeres 

 During analysis of structural sarcomere component gene expression in titin2hel, 

smyd1bsth and unc45bsb60 muscle mutants, myom1a mRNA expression was significantly 

increased in the zebrafish muscle mutants (Figure 46). Beginning at 19 hpf, which is 

several hours before the expression of fast and slow myosins, myhc4 and smyhc1, and 

myosin chaperones, hsp90a1 and unc45b, increased, myom1a expression was 

significantly upregulated (Figure 30 and Figure 46). The reduced M-line protein 

connections may be stimulating increased myom1a expression in smyd1b and unc45b 

mutants, which do not incorporate myosin into sarcomeres, and titin2 mutant, which 

lacks its C-terminal/myomesin-binding domain. Support for this hypothesis comes from 

human dilated cardiomyopathy patients, who have defects in sarcomere structure or 

force sensing mechanisms in their cardiac muscle and display significantly increased 

expression of the EH-myom1a transcript and immunostaining of EH-MYOM in their 

heart tissue (Schoenauer et al., 2011). This increase suggests that myomesin may be part 

of a sarcomere maintenance pathway that is responding to improper assembly or 

sarcomere damage. It is also possible that myomesin may be increasing its own 

expression as part of a feedback mechanism, due to the destabilization of the 

sarcolemma in diseased tissue allowing for fragments of myomesin to leave the myocyte 

(Rouillon et al., 2015). 

 Rouillon et al 2015 have shown that MYOMESIN 3 may be a more sensitive and 

early-detection method for muscle disease than creatine kinase (Rouillon et al., 2015). 

To test this in our zebrafish muscle mutants, we examined the expression of muscle-

creatine kinase b (ckmb) at different time points. Creatine kinase has been used to 

determine/measure muscle damage and stress, as it is present in the blood during 

sarcomere damage (heart attacks) and stress (exercise)(Baird et al., 2012; Rouillon et al., 

2015). We found that, compared to myom1a expression, ckmb expression was not 
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significantly different between siblings and smyd1bsth mutants until 48 hpf, long after the 

initial muscle defect is present (Figure 47). This supports the use of myomesin as an 

early detection method for muscle damage and disease. 
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Figure 46: Myomesin1a is significantly upregulated at early stages of myogenesis in 

muscle mutants.  

qPCR analysis at 19, 24 and 48 hpf revealed a statistically significant up-regulation of 

myom1a expression in smyd1bsth, unc45bsb60 and titin2hel mutants relative to wild-type 

embryos at identical stages (A). At 24 hpf, in situ hybridization demonstrated somite-

restricted myom1a expression in wild-type siblings (B), which is increased in smyd1bsth 

embryos (C). (qPCR: n=2 for titin2hel, n=3 for sth and stf, 30 embryos each 

time/phenotype. Error bars are standard deviation. Expression is normalized using ef1a 

and wild-type. ISH: n=2, 15 embryos for each phenotype). 
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Figure 47: Muscle creatine kinase expression does not change until later stages of 

defective muscle development.  

At 24 hpf, wild-type (A) and smyd1bsth (B) embryos display similar levels of muscle 

creatine kinase b (ckmb) expression in their skeletal muscle. At 48 hpf, smyd1bsth 

embryos (D) demonstrated an increase in ckmb expression in their skeletal muscle when 

compared to wild-type siblings (C). (ISH: n=2, 15 embryos for each time/phenotype). 

  



	 197	

	



	 198	

3.3.3 Myomesin is not detectable in titin and thick filament mutant sarcomeres 

 With the significant increase in myom1a mRNA expression, we wanted to test 

whether the increased gene expression would result in an increase of myomesin protein 

and/or change the localization of myomesin from the M-line alone. Immunostaining of 

myomesin in smyd1bsth and unc45bsb60 mutants demonstrated a lack of myomesin 

organization in their muscle (fast muscle in smyd1bsth; fast and slow muscle in 

unc45bsb60) when compared to wild-type embryos at the same stage (Figure 48). 

Additionally, the titin2 mutant, herzschlag, shows a lack of myomesin staining in its 

muscle tissue, supporting the requirement of all M-line protein connections to stabilize 

myomesin in the M-line (Carlisle, 2017-2019). To determine whether the absence of 

myomesin is due to an incomplete M-line assembly that requires myosin and myomesin, 

or if the lack of myomesin is due to physical force from an attempt of the sarcomere to 

contract, we anesthetized embryos from 18-32 hpf to keep them from moving and 

analyzed their trunk muscles for myomesin staining.  We found that even chemically 

immobilized smyd1bsth and unc45bsb60 mutants still did not display myomesin staining in 

their defective muscle tissue when compared to treated and untreated wild-type siblings 

(Figure 49). This supports the hypothesis that myosin is required for myomesin 

incorporation into the sarcomere. 

3.3.4 Myom1a P0-CRISPR-injected embryos exhibit defects in various striated 

muscle tissue   

 We have examined myomesin mRNA expression and protein localization in 

muscle that fails to incorporate myosin or the C-terminus of TITIN2 and hypothesize the 

role of myomesin in sarcomere assembly and maintenance. However, there are no 

studies or mutants available to study the effect of an absence of MYOM1a during 

myogenesis. The reasons for this could be: 1) mutations in myom1a are embryonic lethal 

so they are never observed, 2) mutations in myom1a do not have an effect on muscle 
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development, or 3) myomesin has been treated as a positive control for muscle studies 

such that its importance is overlooked. Since smyd1bsth, unc45bsb60 and titin2hel muscle 

mutants demonstrated an interesting early response of myom1a mRNA expression, we 

injected myom1a CRISPR sgRNA (Exon 4,5,9 and 11) and Cas9 protein into wild-type 

embryos (Figure 50). There are expected to be mosaic animals for mutations in myom1a 

as the efficacy of CRISPR-Cas9 cutting is low. Additionally, due to time constraints, our 

analysis of myomesin is on P0-CRISPR-injected embryos rather than a stable line 

generated by germline transmission using CRISPRs. P0-CRISPR-injected embryos are 

expected to be mosaic for myom1a mutations and the types of mutation generated by 

cutting and repair can vary in different cells. Fast muscle cells that are multinucleated 

may not exhibit mutant qualities depending on the number of nuclei containing myom1a 

mutations vs wildtype myom1a. Slow muscle cells are mononucleated and are expected 

to exhibit myom1a mutant phenotypes if a successful cut and improper repair is made. 

P0-CRISPR-injected embryos at 48 hpf showed reduced response to touch such that 

injected embryos do not have directional movement away from stimuli but were capable 

of some movement (Figure 51). The injected embryos demonstrated varying severity of 

hearts defects, ranging from relatively normal hearts to weakly functioning hearts that 

were not capable of circulating fluids (Figure 52).  

 To test if these changes could possibly be due to a reduction of myomesin 

protein in the sarcomeres of their muscle tissues, we visualized the presence of 

myomesin via immunostaining at 48 hpf. Myom1a-CRISPR injected embryos showed a 

significant decrease of myomesin antibody staining in a few parallel slow muscle fibers 

and a reduction of staining in a few fast fibers of their tails (Figure 53A-C, white and 

blue arrowheads respectively). Myomesin protein immunostaining was still observed in 

the slanted fast fibers of their trunk muscle, which can be explained by the presence of 

myomesin 2, or M-protein, and the specificity of the mutations to myom1a only. Recall 

that MYOM1a is present in both fast and slow muscle fibers, MYOM2 is present in fast 
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muscle only and MYOM3 incorporates into slow fibers at ~3 dpf. To test whether these 

myom1a-CRISPR-injected embryos can recover after the incorporation of MYOMESIN 

3, we performed immunostaining of myomesin at 4 dpf. At 4 dpf, P0-CRISPR-injected 

embryos demonstrated myomesin immunostaining in all of their slow muscle fibers 

(Figure 53E), suggesting that MYOM3 has incorporated into the slow skeletal fibers that 

were lacking MYOM1a at 2 dpf. We also analyzed the integrity of other striated muscle 

tissue throughout the zebrafish body at 4 dpf that may be affected by the lack of 

MYOM1a during sarcomere assembly. At 4 dpf, injected embryos showed a mosaic lack 

of myomesin immunostaining in the muscle of their swim bladder, fins, hearts, 

pharyngeal arches, jaw and ocular muscles (Figure 53F-J). This may be due to 

incomplete sarcomere assembly of these mature muscle structures or MYOM2, or 

MYOM3 has yet to be incorporated into these tissues. However, the hearts of these 

CRISPR-injected embryos lacked myomesin antibody staining at 4 dpf, even though the 

heart is present at 1 dpf, and were exhibiting reduced heart function that is resulting in 

edema (Figure 54). This lack of recovery in heart function suggests that myom1a 

mutations affect heart function throughout the life of the organism and are likely 

embryonic lethal in mammalian models where they rely on blood circulation to live. 

 We have determined the requirement of myosin and titin for myomesin 

incorporation into the developing sarcomere but have not been able to determine the 

necessity of myomesin for the incorporation of either myosin or titin due to the lack of a 

myomesin mutant. We examined slow myosin immunostaining in P0-myom1a-CRISPR-

injected embryos at 48 hpf and found that slow myosin was present in all of the parallel 

slow fibers (Figure 55). The presence of slow myosin in every slow fiber in the 

myom1a-CRISPR injected embryos, that should be mosaic for the lack of MYOM1a, 

suggests that myomesin protein is not required for the incorporation of myosin into the 

sarcomere. However, based on the integrity of the hearts of myom1a-CRISPR-injected 

embryos at 4 dpf, we hypothesize that over time the muscle would weaken without 
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myomesin in the sarcomere. This work, although limited to analysis on P0-CRISPR-

injected embryos, provides interesting preliminary data for MYOM1a in the sarcomere. 

Generation of a zebrafish myom1a mutant line is necessary to continue analysis of 

myomesin1a in heart and skeletal muscle development. 
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Figure 48: Myomesin is absent in thick filament mutant sarcomeres.  

At 48 hpf, myomesin (mMacB4) is incorporated into the fast (slanted fibers) and slow 

(perpendicular fibers) muscle of wild-type siblings (A&D) while disorganized in 

smyd1bsth (B&E) and unc45bsb60 (C&F) embryos. Increased magnification (40X) of 

muscle tissue demonstrates the sharp repeating striations of incorporated myomesin in 

wild-type siblings (G). smyd1bsth fast muscle (H; striations are visible in smyd1bsth slow 

muscle, H’) and unc45bsb60 (I) muscle lack myomesin striations even at 40X 

magnification. (Antibody staining: n=3, 20 embryos each phenotype). 
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Figure 49: Myosin is required for myomesin incorporation into the sarcomere. 

Embryos treated with tricaine to inhibit movement and contraction of skeletal 

sarcomeres from 18 to 32 hpf showed myomesin (mMacB4) incorporates normally in 

untreated (A&E) and treated (B&F) wild-type siblings. Myomesin is still absent in 

tricaine treated smyd1bsth fast muscle (C&G; myomesin striations are visible in slow 

muscle (white arrowhead), G’) and unc45bsb60 (D&H) mutant embryos. (Antibody 

staining: n=2, 40 embryos each phenotype and treatment). 
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Figure 50: Myom1a CRISPR Exon Targets.  

The exons of myomesin1a targeted for CRISPR cutting. Red arrowheads designate 

CRISPRs that have been prepared as guide RNA (gRNA) for microinjections and grey 

arrowheads indicate CRISPRs that have been designed but have yet to be tested. 

Numbers over arrowheads indicate the exon number.  
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Figure 51: P0 myom1a-CRISPR-injected embryos displayed reduced directional 

movement.  

P0 myom1a-CRISPR-injected embryo movement was documented before they were 

prepared for immunostaining against myomesin. P0 myom1a-CRISPR-injected embryos 

showed either normal (Embryo16movement.mov) or reduced movement 

(Embryo2movement.mov; Embryo5movement.mov) in response to touch stimulus when 

compared to wild-type (AB48hpfmovement.mov) and poke controls that swim away 

from the origin of the stimulus. Those embryos that showed a reduced movement away 

from the stimulus (Embryo2movement.mov; Embryo5movement.mov) were 

subsequently shown to have muscle fibers with reduced myomesin staining. Embryos 

that were capable of swimming out of the field of focus were re-centered to stimulate 

again. (Injected embryos n=3, 93 embryos analyzed in total). 
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https://figshare.com/s/7875c217b65edf2f0722 
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Figure 52: P0 myom1a-CRISPR-injected embryos displayed reduced heart function 

at 2 dpf.  

P0 myom1a-CRISPR injected embryo heart function and cardiac blood flow were 

documented before they were prepared for immunostaining against myomesin. P0 

myom1a-CRISPR injected embryos showed a variety of heart phenotypes including 

normal heart function (Embryo1&2Heartbeat, right; Embryo2heartbeatDIC2; 

Embryo5DICheartbeat), reduced contraction (Embryo1&2Heartbeat, left; 

Embryo4DICheartbeat) and an unlooped heart (Embryo23DICheartbeat) when 

compared to wild-type heart function. (Injected embryos n=3, 93 embryos analyzed in 

total). 
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https://figshare.com/s/7875c217b65edf2f0722 
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Figure 53: MYOMESIN1a is absent in various muscle tissues of 2 to 4 dpf myom1a 

CRISPR-injected zebrafish.  

At 2 dpf, MYOM1a (mMacB4, green; actin, red; merge, yellow) is absent in numerous 

muscle fibers (slow fibers, white arrowheads; fast fibers, blue arrowheads) while 

MYOM2 is still present in the fast fibers of AB embryos, #65-67, injected with myom1a 

CRISPRs (A-C). Poke controls (clean needle without Cas9 and sgRNA) exhibited no 

mosaic myomesin antibody staining in their skeletal muscle fibers (D). At 4 dpf, no 

skeletal muscle fibers can be found that are absent of myomesin antibody staining in the 

myom1a CRISPR-injected embryos (E).  At 4 dpf, myomesin staining is observed in the 

muscle tissue of wild-type fish (F) while incorporated in some fibers and disorganized in 

others in the head muscles of myom1a CRISPR-injected embryos while skeletal muscle 

appears normal (G-J)(JM, jaw muscle; OM, ocular muscle; PA, pharyngeal arches; H, 

heart; FN, fin muscle; SW, swim bladder muscle; SM, skeletal muscle). (Antibody 

staining of skeletal muscle: n=3, 15 embryos each. Antibody staining at 4 dpf: n=2, 10 

embryos for each injected or uninjected). 
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Figure 54: P0 myom1a-CRISPR-injected embryos displayed reduced heart function 

at 4 dpf.  

At 2 dpf, myom1a-CRISPR-injected embryos (C&E) appear relatively normal when 

compared to wild-type embryos of the same age (A). At 4 dpf, wild-type embryos have 

fully functional hearts that have tucked up behind the jaw and have inflated their swim 

bladders making them capable of remaining upright (B). P0 myom1a-CRISPR-injected 

embryos have severely reduced heart function by 4 dpf, resulting in pericardial edema 

(D&F, red arrowheads; G, Embryo30DICheartbeat4dpf, Embryo30heartbeat4dpf, 

Embryo33DICheartbeat4dpf). (Injected embryos grown to 4 dpf: n=2, 10 embryos for 

each injected or uninjected).  
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Figure 55: Myom1a CRISPR-injected Mosaic Zebrafish have Slow Myosin 

Incorporation.  

At 48 hpf, wild-type myom1a CRISPR-injected embryos display slow myosin (F59, 

green) staining in all of their perpendicular slow fibers and no staining in their slanted 

fast fibers that only stain with actin (red)(A&B). (Antibody staining: n=1, 28 embryos).  
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4 DISCUSSION 

The goal of this work was to identify novel factors required for sarcomere assembly 

and characterize their function during muscle development. The sarcomere is a complex 

structure composed of hundreds of proteins that need to be folded and incorporated, and 

how this occurs is largely unknown. This work focused mainly on the role of chaperones 

during sarcomere formation as well as their possible function during sarcomere 

maintenance in heart and skeletal muscle. Our zebrafish mutants’ hearts were 

nonfunctional and failed to complete heart looping, which is not completely independent 

processes. We studied the role of our candidates in heart development to understand 

further the process of heart morphogenesis and how cardiac paralysis may affect the 

looping of the heart. In addition to our studies of chaperones required for sarcomere 

assembly, we explored the role of an under-characterized sarcomere protein, myomesin. 

The goal of our myomesin research was to identify why myomesin displayed unique 

responses to muscle damage due to disease. The work of this thesis has presented both 

novel and supporting research to our understanding of muscle development. The results 

of this work and their interpretations are discussed below in greater detail.   

4.1 TITIN2 is required for sarcomere maintenance, not sarcomere assembly 

Identification of the zebrafish herzschlag mutant through genetic mapping and 

complementation has verified herzschlag as an allele of titin2. Region-specific 

immunostaining of TITIN2 has identified the herzschlag mutation as a likely nonsense 

mutation occurring between the PEVK domain and somewhere within the A-band region 

of TITIN2 (Figure 20). Further evidence that herzschlag represents a nonsense mutation 

comes from the complementation crosses with a known titin2 mutant, pickwick. 

Pickwick has a nonsense mutation within the heart-specific N2B TITIN2 region that is 

spliced out in the skeletal muscle isoform of TITIN2 leaving pickwick with normal 

motility and sarcomere assembly. Offspring of crosses between ttn2m171 (pickwick) and 
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ttn2hel have weakly functioning hearts but normal movement, suggesting that within the 

cardiac tissue where there are two defective copies of TITIN2, there is not a full-length 

TITIN that allows for complete cardiac myogenesis. However, the characterization of 

the titin2hel mutation is limited to complementation crosses and antibody staining against 

different regions of TITIN until sequencing of titin2 can identify the type of mutation 

and its location. Since herzschlag mutants initially have normal movement and heart 

function that deteriorates over time, this suggests that full-length TITIN2 is not required 

for sarcomere assembly as we originally hypothesized.  

Recent work has demonstrated that various splice forms of TITIN are present at 

different stages of myogenesis and that the splice form Cronos, which is a form of 

TITIN2 that spans only the myosin thick filament, is required for sarcomere assembly 

(Shih et al., 2016). It is possible that the herzschlag mutation is missed/skipped in the 

Cronos splice variant allowing for this functional TITIN2 protein to aid in sarcomere 

assembly. The progressive degeneration of muscle tissue in herzschlag mutants does 

suggest that TITIN2 is required for sarcomere maintenance, likely by working to brace 

the sarcomere against collisions between the Z-disc, M-line and the thick and thin 

filaments (Carisle, unpublished).  

4.2 The functions of myosin chaperones SMYD1b and UNC45b during striated 

muscle development 

4.2.1 SMYD1b is a myosin chaperone during skeletal sarcomere formation 

 Although smyd1bsth was not a novel myogenesis mutant, which does not support 

our first hypothesis, at the beginning of this research only the zebrafish flatline mutant 

existed aside from morpholino knockdowns of smyd1a/b in earlier zebrafish research. 

Tan et al 2006 proposed that due to its histone methyltransferase protein structure that 

regulates transcription, SMYD1b was required for myosin expression since smyd1a/b 

knockdowns lacked myosin protein in their skeletal muscle (Tan et al., 2006). It was 
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discovered later that SMYD1b was capable of physically binding myosin and the 

myosin co-chaperone, UNC45b, suggesting that SMYD1b may be required for myosin 

folding (Just et al., 2011). This was the first study to demonstrate the role of SMYD1b in 

early sarcomere formation. We showed at 19 hpf and the onset of fast muscle formation 

that smyd1bsth embryos lacked fast myosin incorporation in the developing premyofibril. 

Furthermore, fast myosin expression was normal in smyd1bsth embryos at 24 hpf, a 

characteristic also observed in unc45bsb60 mutants. This supported the role for SMYD1b 

as a myosin chaperone and further characterized its function to sarcomere assembly 

rather than a myosin maintenance chaperone. Although much of the current research 

supports a model for SMYD1b as a myosin chaperone, no in vitro assay has been 

conducted to determine if SMYD1b can fold the myosin globular head domain. 

SMYD1b can bind myosin, and this research supports its necessity for thick filament 

assembly, but until it is demonstrated that SMYD1b can fold myosin, SMYD1b should 

be regarded as having a chaperone-like function during skeletal muscle development.  

 Li et al demonstrated that SMYD1b co-localizes to the M-line of the sarcomere 

and combined with the absence of fast myosin incorporation at 19 hpf, we hypothesize 

that SMYD1b might also be critical for guiding the myosin-folding complex to the M-

band of the sarcomere (Li et al., 2013). SMYD1b might be the first of the myosin-

folding assembly line to make physical contact with fast myosin as SMYD1 is also 

capable of binding skNAC, a striated muscle specific nascent polypeptide-associated 

complex that may be bound to newly synthesized myosin (Sims et al., 2002). Zebrafish 

sknac mutants show disorganized myofibrils with a reduction in myosin protein levels, a 

phenotype similar to myosin chaperone mutants smyd1bsth and unc45bsb60(Etard et al., 

2007; H. Li et al., 2009; Li et al., 2011; Li et al., 2013; Prill et al., 2015). 
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4.2.2 SMYD1b and UNC45b do not function as myosin chaperones during heart 

development: 

 Vertebrate heart development is a well-conserved process such that many 

comparisons can be made across species. There is no evidence in zebrafish for the role 

of SMYD1b and UNC45b in cardiac development. This is possibly due to the parallel 

conclusion that since SMYD1b and UNC45b are myosin chaperones required during 

skeletal sarcomere formation that these proteins would also serve as myosin chaperones 

for cardiac sarcomere development. Unexpectedly, we found that cardiac myosins were 

incorporated in the hearts of smyd1bsth and unc45bsb60 mutants, refuting our second 

hypothesis that SMYD1b and UNC45b are myosin chaperones during heart 

development as they are during skeletal muscle development. However, evidence from 

mice demonstrates novel roles for SMYD1 and UNC45b during heart development. 

SMYD1 is responsible for activating hand2 transcription (Gottlieb et al., 2002) while 

UNC45b is required for GATA4 folding (D. Chen et al., 2012), both of which affect the 

ability of the heart to undergo proper looping. We showed that the mRNA levels of other 

cardiac factors upstream of hand2 and gata4 were misregulated in smyd1bsth and 

unc45bsb60 mutants, suggesting that SMYD1b and UNC45b are affecting other factors in 

the cardiac transcriptional network. Based on the protein structure of UNC45b, there is 

no reason to suspect a transcriptional regulation function by UNC45b so we hypothesize 

that UNC45b must still be required for protein folding during heart development. 

However, SMYD1b contains SET and MYND domains that allow for the activation and 

silencing of gene expression based on histone methylation or the recruitment of histone 

deacetylases. Our preliminary work with the removal of critical amino acids in the SET 

domain suggests that SMYD1b could be regulating the transcription of a factor (or 

factors), in the heart pathway, or factor activity by direct protein methylation. These 

hypotheses are limited to the preliminary work with the modified SET domain, but 

further analysis on smyd1bsth embryos rescued with this modified smyd1b will provide 
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support for either transcriptional regulation or protein methylation of factors required for 

heart morphogenesis.  

 Smyd1bsth and unc45bsb60 mutants demonstrated a lack of heart looping and a 

reduction in cardiac myosin expression between early and late stages of heart 

morphogenesis. This led us to inspect the effect of SMYD1b and UNC45b on the second 

heart field that is critical for heart morphogenesis and contributes half of the cells of the 

mature heart. Both smyd1bsth and unc45bsb60 mutants demonstrated a lack of second 

heart field cells during heart looping, which may be due to the requirement of SMYD1b 

and UNC45b for the proper expression/activity of members of the cardiac transcriptional 

network. HAND2, which is absent in both smyd1bsth and unc45bsb60 hearts, is required 

for the survival and recruitment/migration of second heart field cells to the first heart 

field. Due to the complexity of the cardiac network (Figure 11), we were not able to 

isolate potential candidates for UNC45b-dependent folding in the unc45bsb60 mutant 

hearts. However, smyd1bsth mutants displayed unique changes in their cardiac network, 

in combination with a lack of SHF, which allowed us to narrow down candidates for 

SMYD1b-dependent regulation to two factors. TBX20 and TBX5a are core factors in 

the cardiac transcriptional network, expressed early in heart morphogenesis and are 

required for second heart field development making them likely candidates.  Rescue 

experiments with tbx20 or tbx5a mRNA in smyd1bsth mutants would likely identify 

which of these candidates is a target of SMYD1b transcriptional regulation or 

methylation. This work demonstrates diverse roles of SMYD1b and UNC45b proteins 

based on the type of striated muscle in which they are expressed.  

4.2.3 Myosin chaperone expression is regulated by damaged myosin indirectly 

 In situ hybridization and qPCR measuring the expression of SMYD1b and the 

other myosin chaperones, HSP90a1 and UNC45b, suggested that these three factors are 

co-regulated such that in the absence of one, up-regulation in the other members of the 
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complex occurred (Etard et al., 2007; Just et al., 2011; Li et al., 2011; Li et al., 2013; 

Prill et al., 2015). mRNA expression analyses at 24 and 48 hpf supported this model, 

however we showed that at 19 hpf, the most sensitive of the chaperones (which has the 

highest expression in all chaperone mutants), hsp90a1, was expressed at similar levels in 

both wild-type and smyd1bsth embryos. Since SMYD1b was absent at 19 hpf and 

hsp90a1 mRNA showed no change to the lack of SMYD1b, this suggests that either: 1) 

SMYD1b is not part of the complex, despite its increase in expression in other 

chaperone mutants, or 2) it is not the presence of each myosin chaperone that is 

regulating the remaining members of the myosin-folding complex but another 

component outside of the complex. We noted that myosin is continually expressed at 24 

hpf, but was not incorporated into the developing premyofibril at 19 hpf and onwards. 

This suggested that myosin protein is still being synthesized but unincorporated, causing 

the cytoplasmic concentration of unfolded myosins to increase. Eventually, at 48 hpf, we 

observed a significant increase in client myosin (SMYD1b and fast myosin; UNC45b 

and fast and slow myosin) mRNA expression, which may be due to a delayed feedback 

that escalates the number of myosin proteins to be folded by the increased number of 

myosin chaperones. The lack of myosin and myosin chaperone response to failed 

myosin incorporation until 24 hpf suggested that either: 1) not enough damage had 

occurred in the myocyte until 24 hpf, or 2) another factor capable of recognizing 

misfolded myosin more readily than HSP90a1 is not expressed until ~24 hpf. Because 

myosin is continually expressed, its protein synthesized and no evidence of myosin 

degradation before 24 hpf existed, we proposed that a threshold level of unfolded or 

damaged myosins must be reached before a myosin chaperone response is triggered.  

 Recent work has demonstrated a link between myosin damage and the chaperone 

response. HSF1-mediated response pathway, as demonstrated by Etard et al (2015), 

showed that removing HSF1 from a myosin-damaging system prevented the increase in 

chaperone mRNA expression (Etard et al., 2015). When localized to the nucleus, HSF1 
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binds the promoters of heat shock factors and unc45b and activates their transcription. 

HSF1 can only enter the nucleus once it has been displaced from HSP90a1 by 

unfolded/damaged myosins. This model supports our hypothesis that a threshold of 

unfolded myosins must be reached before a chaperone response is observed and is likely 

a buffering system in the event of normal maintenance where myosins are pulled out of 

the sarcomere and replaced. 

 One myosin chaperone did not fit well into this model. HSP70, a myosin 

chaperone that is part of the chaperone chain proposed to act as a scaffold for thick 

filament assembly in C. elegans, is upregulated in our zebrafish muscle mutants at time 

points earlier than the other chaperones. We showed that this increase in hsp70 mRNA 

expression is correlated with myosin unfolding or damage, suggesting that HSP70 

responds immediately to myosin integrity and does not require a threshold response. The 

early increase of hsp70 in damaged myosin systems suggests that either HSP70 is 

capable of regulating its own expression for quick repair of the sarcomere with respect 

to myosin, or hsp70 is the first target of the HSF1 pathway and other myosin chaperones 

are not upregulated until the threshold of unfolded/damaged myosins is met for an 

extensive repair. Conversely, analysis of hsp90a1 and smyd1b mRNA expression in 

ttn2hel embryos demonstrated a lack of up-regulation as myosins are damaged over time 

in ttn2hel tissue (Carlisle, 2017-2019). This suggests that there must be an unidentified 

factor that works in parallel with HSF1 to distinguish between assembly or maintenance 

defects and the appropriate set of chaperones to respond. Chaperones that are required 

for maintenance have yet to be identified as some chaperones are necessary for both 

assembly and maintenance but due to the lack of assembly, their maintenance role 

remains unclassified. Additionally, organisms with defects in their maintenance 

chaperones will exhibit muscle deterioration over time and likely be mistaken for 

sarcomere structural defects such as dystrophin or titin muscular dystrophies.  
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4.3 Myomesin as the integrity meter for the sarcomere 

 We hypothesize that myomesin is acting as an integrity meter for the sarcomere 

during assembly and maintenance, possibly by triggering a repair response through high 

concentrations of cytoplasmic myomesin. Myomesin makes physical contact with both 

myosin heavy chains and titin and is required for the distribution of contractile forces in 

order to prevent the sarcomere from falling apart (Figure 42)(Agarkova et al., 2005). It 

could be that the loss of one or more of these connections with myomesin causes a 

signal cascade that signals maintenance proteins/factors and results in an increase in 

myom1a expression. The disorganization of myomesin immunostaining in hsp90a1slo, 

unc45b-MO, unc45bsb60 and smyd1bsth mutants (Bernick et al., 2010; Codina et al., 2010) 

and the presence of EH-MYOM in the serum of dilated cardiomyopathy patients 

(Schoenauer et al., 2011), indicates that myomesin must leave the M-band with the loss 

of myosin connections making it a sensitive response to a mutation in myosin or thick 

filament assembly. Whether this relocation of myomesin is to activate its own 

transcription, the repair signal cascade or to prevent further contraction-induced 

sarcomere injury, remains unknown.  

 Several other integrity monitors exist within the M-band such as 

myomasp/LRCC39 and MURF2, both of which seclude SRF to the sarcomere during 

normal sarcomere integrity (Lange et al., 2005b; Will et al., 2010). Myomasp makes 

connections to myosin thick filaments and myomesin while keeping SRF in the 

sarcomere and out of the nucleus. MURF2 binds titin and sequesters SRF away from the 

nucleus, preventing the activation of the SRF-mediated maintenance pathway. If the 

sarcomere is damaged at either the thick filaments or titin, Myomasp or MURF2 releases 

SRF and a signal cascade begins. Myomesin is a target of SRF transcriptional activation 

along with smyd1b and maintenance proteins, suggesting activation of genes that can aid 

in rebuilding the sarcomere (D. Li et al., 2009; Nelson et al., 2005). The SRF pathway 

could explain the early significant increase in myomesin expression we have observed in 
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smyd1bsth, unc45bsb60 and titin2hel mutants where myosin is either completely absent 

from the sarcomere or damaged (Carlisle, 2017-2019; Etard et al., 2007; Prill et al., 

2015). The SRF-mediated response pathway does not support our original hypothesis 

that myomesin is the integrity monitor but causes us to revise our model to one where 

myomesin simply cannot remain in the sarcomere when myosin is absent and it is the 

loss of myosin and myomesin from the sarcomere that causes the activation of a 

maintenance response via myomasp/LRRC39, releasing SRF to the nucleus. 
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5 CONCLUSIONS 

These results did not support our first hypothesis that herzschlag and still heart 

represent novel myogenesis mutants. However it is important to note that at the 

beginning of this work, very few titin zebrafish mutants existed and only one smyd1b 

zebrafish mutant had been identified.  

Previous work in our lab demonstrated that the N-terminus of TITIN2 is present 

within the sarcomere of herzschlag mutants but immunostaining for the A-band region 

of TITIN2 was absent compared to wild-type. Immunostaining with an antibody against 

the elastic PEVK domain of TITIN2 revealed positive staining for this region in the 

herzschlag mutants, suggesting the herzschlag mutation is isolated between the PEVK 

domain and the rigid rod domain that is contained within the myosin thick filaments. 

Future work with the C-terminal titin antibody, M8/M9, will help identify whether the 

herzschlag mutation is a nonsense mutation that results in an A-band truncation of 

TITIN2 or whether the herzschlag mutation is a splice mutation that generates a shorter 

TITIN2 protein incapable of maintaining sarcomere integrity.   

Still heart shared phenotypic similarity to a mutant, flatline, which is an allele of 

smyd1b that is located in the region of the mapped still heart lesion. Complementation 

crosses between heterozygous smyd1bfla and smyd1bsth adults generated offspring with 

nonfunctional hearts and severely reduced motility, confirming that both mutations were 

in the same gene. Sequencing of smyd1b cDNA from homozygous smyd1bsth embryos 

revealed a transition mutation in the splice donor site of intron 1 that resulted in the 

incorporation of the first 9 nucleotides of intron 1. These 9 nucleotides integrated an in-

frame stop codon that causes a premature truncation of the SMYD1b protein within the 

first SET domain of the protein, whereas the flatline mutation is a nonsense mutation in 

exon 2 that is also a truncation in the first SET domain. 

Our analysis of SMYD1b supported its role as a myosin chaperone during 

muscle development but further specified the requirement of SMYD1b for fast myosin 
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incorporation into the developing sarcomere. A significant up-regulation in other myosin 

chaperones unc45b and hsp90a1 was observed in the smyd1bsth mutants beginning at 24 

hpf. Originally it was thought that these chaperones responded to the absence of one 

another but we demonstrated a 5-hour delay in the up-regulation of myosin chaperones 

in smyd1bsth mutants. This supported a model for the accumulation of misfolded myosins 

to a threshold level before a feedback mechanism was activated. This model was 

recently supported by evidence of the HSF1-mediated transcriptional response (Etard et 

al., 2015). Future work should look at the localization of HSF1 during normal and 

myosin-damaging conditions using an available anti-HSF1 antibody. Additionally, 

analysis of the smyd1b promoter could reveal the binding elements within the promoter 

that allows for HSF1-mediated regulation. 

Since SMYD1b and UNC45b are required for myosin incorporation during 

skeletal sarcomere assembly, we made a parallel hypothesis that these chaperones would 

also be involved in cardiac myosin incorporation since both smyd1bsth and unc45bsb60 

mutants demonstrate nonfunctional hearts. However, we found cardiac myosins were 

incorporated normally in smyd1bsth and unc45bsb60 mutants, refuting our third 

hypothesis. Alternatively, the discovery of cardiac transcription factors as client proteins 

of SMYD1 and UNC45b in mice suggested that SMYD1b and UNC45b might affect 

heart development by regulating the cardiac transcriptional network. We showed that the 

cardiac transcriptional network is uniquely altered in both smyd1bsth and unc45bsb60 

mutants, but due to its complexity we were unable to isolate a single candidate factor for 

SMYD1b or UNC45b activity. Future work for this project should be a yeast-2-hybrid 

screen to look for potential interacting factors for SMYD1b and UNC45b. A complete 

profile of changes to cardiac factor expression at 24, 36 and 48 hpf in both smyd1b and 

unc45b mutants would provide a better understanding of how SMYD1b and UNC45b 

affect the cardiac transcriptional network. Additionally, since our preliminary work 

suggests that the SET domain of SMYD1b is necessary for cardiac development, a 
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modified version of SMYD1b’s MYND domain should also be tested in smyd1b 

mutants. The SET and MYND domain typically work together to methylate histone tails 

in other SET proteins, so the modification of SMYD1b’s SET and MYND domains 

would provide more insight into whether SMYD1b is methylating histone tails or 

cardiac factors, or involved in folding cardiac factors for heart development.  

Throughout the course of this research analyzing the various muscle mutants, 

one gene consistently responded early to defective sarcomere assembly and sarcomere 

damage. Myomesin1a was upregulated hours before myosin chaperone expression 

increased (smyd1bsth and unc45bsb60 mutants) and before sarcomere damage was 

phenotypically noticeable (titin2hel). Furthermore, MYOM1a protein is not incorporated 

into the M-line of smyd1bsth, unc45bsb60 and titin mutants. Myom1a expression is a more 

sensitive assay for sarcomere integrity than muscle creatine kinase, which has been the 

standard for determining muscle damage in human patients. Myom1a was significantly 

upregulated in our muscle mutants days before creatine kinase expression increased, 

supporting the use of myomesin in muscle disease diagnostics. Analysis of myom1a P0-

CRISPR-injected embryos suggested that myomesin could be required to maintain 

muscle integrity throughout the life of the organism, but this would need to be 

determined using a stable myom1a mutant line. How myomesin affects the maintenance 

of the sarcomere remains to be discovered but we hypothesize that SRF may be critical 

in responding to the sarcomeric absence of myomesin and activating a repair 

mechanism. Future work should also include myom1a overexpression assays and qPCR 

analysis of the effects of an increase in MYOM1a. These experiments should be paired 

with conditional knockouts of srf during the time of sarcomere damage or overexpressed 

myom1a to determine if srf and myom1a are linked in a sarcomere maintenance 

pathway.  

  Genetic mapping of the jam mutation, at low resolution, has narrowed down the 

lesion to an end of chromosome 16. However, the mapped region still contains several 
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candidates that have not been identified and several, which have been identified but are 

not expressed in the tissues where we observe the jam phenotype. The jam mutant 

exhibits reduced motility and a lack of a swim bladder, two tissues composed of slow 

muscle. It is likely that the jam candidate is involved in slow muscle specification, 

development or maintenance but we have yet to identify the stage of myogenesis that the 

candidate functions. Possible candidates belong to the sonic hedgehog (Shh) pathway 

that is involved in slow muscle specification and development and Shh mutants also 

demonstrate a lack of a swim bladder. Further characterization of this mutant will be 

required to narrow down the list of possible candidates.  
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6 APPENDICES 

6.1 APPENDIX I 

6.1.1 Still heart is a mutation in smyd1b, not smyd1a 

 When this research had begun, there was confusion about the relationship 

between smyd1a and smyd1b. Tan et al (2006) proposed that SMYD1a and SMYD1b 

were isoforms generated by alternative splicing of smyd1b that skipped the smyd1a-

specific exon 5 (Tan et al., 2006). We showed that the still heart mutation, which causes 

the incorporation of 9 nucleotides from intron 1 into the smyd1b mRNA, is present only 

in smyd1b mRNA and not smyd1a (Figure 56). Smyd1b and smyd1a are separate genes, 

not alternative splice forms of one gene.  

 The hypothesis that the smyd1 transcript undergoes alternative splicing does have 

some support from zebrafish, mice and chicken (Gao et al., 2014; Gottlieb et al., 2002; 

Just et al., 2011; Li et al., 2011; Tan et al., 2006). The longer transcript, smyd1b_tv1 (Li 

et al., 2011), differs from the second, smyd1b_tv2, by 39bp (13 amino acids in the 

protein)(Figure 57 & Figure 58), which was the initial documented size difference 

between alternatively spliced smyd1b and the assumed smyd1a (Tan et al., 2006). The 13 

amino acid difference does not interfere with either the MYND or SET domains of the 

SMYD1 protein but the Serine and Phenylalanine residues within mouse m-Bop1 and 

zebrafish SMYD1b_tv1 does provide enhanced M-line localization during muscle 

development (Gottlieb et al., 2002; Li et al., 2011). These SMYD1b/m-Bop isoforms are 

similar enough in sequence, functional domains and tissue specificity that they are 

collectively referred to as SMYD1b/m-Bop in the literature. No nonsense mutations 

within the unique 39bp region of smyd1b/m-Bop1 have been isolated or exon 5-specific 

knockdowns of smyd1b_tv1/m-Bop1 exist to date but would provide insight into whether 

or not these two isoforms have slightly diverged roles in striated muscle development. 
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Figure 56: Sequence comparison of smyd1b and smyd1a cDNA from wild-type and 

still heart embryos.  

Sequencing of wild-type cDNA and still heart cDNA. cDNA prepared from 

homozygous wild-type (A) and homozygous still heart (B&C) embryos were sequenced 

and compared to demonstrate that the still heart mutation affects splicing of intron 1 of 

smyd1b only and not smyd1a. (Sequencing: n=10 embryos each phenotype).
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Figure 57: SMYD1b/m-Bop has two isoforms in zebrafish and mice that differ by 

13 amino acids.  

A Clustal omega protein alignment of the SMYD1b/m-Bop protein isoforms in zebrafish 

and mice. The protein sequence is highly conserved between SMYD1b/m-Bop isoforms 

and orthologues. The red line indicates the amino acids coded by exon 5 in the longer 

transcripts smyd1b_tv1 and mBop1. (Asterisks indicate fully conserved amino acid 

residues, colons indicate conserved residues with highly similar properties and periods 

highlight conservation of amino acid residues with weakly similar properties; alignment 

was generated using Clustal omega http://www.ebi.ac.uk/Tools/msa/clustalo/) 
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Figure 58: The transcripts of the smyd1b/m-Bop isoforms differ by 39 base pairs.  

A Clustal omega transcript alignment of the smyd1b/m-Bop isoforms in zebrafish and 

mice. The smyd1b/m-Bop transcripts are conserved between splice variants and 

orthologues with the exception of 39bp (red line) included in the longer transcripts 

smyd1b_tv1 and m-Bop1 of zebrafish and mice, respectively. (Asterisks indicate fully 

conserved amino acid residues, colons indicate conserved residues with highly similar 

properties and periods highlight conservation of amino acid residues with weakly similar 

properties; alignment was generated using Clustal omega 

http://www.ebi.ac.uk/Tools/msa/clustalo/) 
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6.1.2 Vasculature is normal in smyd1bsth mutants  

(A version of this section has been published as Prill K., Windsor Reid P., 

Wohlgemuth SL., Pilgrim DB, 2015. Still heart Encodes a Structural HMT, 

SMYD1b, with Chaperone-like Function during Fast Muscle Sarcomere Assembly. 

PLoS ONE 10(11), e0142528. doi: 10.1371/journal.pone.0142528) 

 Smyd1bsth mutants are paralyzed with a nonfunctional heart at the onset of 

myogenesis. To determine if the skeletal muscle paralysis is due to the mutation in 

smyd1b and not the lack of blood flow due to an improperly developed cardiovascular 

system, we examined the vasculature of smyd1bsth;fli1:GFP embryos. Fli1 is expressed 

in the endothelial cells of mice and zebrafish vasculature and as a GFP-fusion protein we 

can visualize the cardiovascular network in a living system (L. A. Brown et al., 2000; 

Melet et al., 1996). We showed that the vasculature of smyd1bsth;fli1:GFP mutants was 

normal when compared to the vasculature of smyd1b+/+;fli1:GFP embryos (Figure 59). 

This supports our hypothesis that the defects observed in smyd1bsth mutants are due to 

the mutation in smyd1b and not secondary defects of a primary cause. 

6.2 APPENDIX II 

6.2.1 TITIN2 is required for Normal Heart Function 

 The herzschlag and pickwick phenotypes are not observable until 36 hpf when 

the heart is beginning to weaken and the skeletal muscle has degenerated. Previous 

research has shown that TITIN2 is not required for sarcomere assembly but current work 

supports a role for TITIN2 during sarcomere maintenance and integrity (Carlisle, 2017-

2019). The majority of titin studies in zebrafish focus on its role in skeletal muscle but 

TITIN is also necessary for healthy heart development and function.  

 The hearts of titin2hel (herzschlag) and titin2 m171 (pickwick) complete heart 

looping unlike the hearts of myosin chaperone mutants smyd1bsth and unc45bsb60, where 

both chambers are visible in the same plane of focus (Figure 60A-D and Figure 33A-C). 
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Although titin mutant hearts loop, they do not complete heart morphogenesis because 

they fail to generate the atrioventricular valve, which leads to heart valve regurgitation 

during contraction (Figure 61). The diminished function of the titin2hel and titin2 m171 

hearts is likely due to the degeneration of the muscle, rather than the strain applied from 

the leaky atrioventricular valve, as these hearts are severely deteriorated but still beating 

at later stages of embryogenesis (Figure 60 and Figure 61). 
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Figure 59: The vasculature of smyd1bsth;fli1:GFP is normal when compared to 

wild-type fli1:GFP embryos.  

Smyd1bsth heterozygous adults were crossed to smyd1b+/+;fli1:GFP adults to generate a 

line of smyd1bsth;fli1:GFP fish. Smyd1bsth;fli1:GFP adults were crossed to produce 

smyd1b+/+,+/- and homozygous smyd1bsth mutant embryos with vasculature that could be 

observed live or fixed with fluorescent microscopy. The vasculature of 

smyd1bsth;fli1:GFP embryos (B) was normal throughout development up to 48 hpf when 

compared to wild-type fli1:GFP embryos (A). (n=3, 15 embryos of each phenotype). 
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Figure 60: Titin mutant hearts complete looping but continue to degenerate over 

time.  

At 2 dpf, the hearts of titin2hel (A&B) and titin2m171 (pickwick) (C&D) have looped with 

atrium and ventricle chambers present in different planes of focus. At 6 dpf, wild-type 

hearts have completed morphogenesis and the atrium and ventricle are tightly folded 

behind the jaw (E; E’ outlines the atrium (red) and ventricle (green) chambers of the 

mature heart). By 6 dpf, titin2hel (F) and titin2m171 (G) mutant hearts have degenerated 

significantly and have become stretched by the increasing pericardial edema. 

(Atrium=A; Ventricle=V). 
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Figure 61: Titin2 mutant hearts have reduced contractile force but continue to beat 

throughout embryogenesis.  

At 2 dpf, wild-type hearts are looped and pumping blood around the body 

(AB48hpf.mov). Titin2hel (Hel48hpf2.mov) and titin2m171 (Pik48hpf.mov) hearts are 

beating but the strength and coordination of both chambers bounces blood cells within 

chambers but does not move blood around the body (3 blood cells, Hel48hpf2.mov; 

blood cells within atrium or ventricle, Pik48hpf.mov). At 6 dpf, the wild-type heart 

chambers are beating rhythmically and pumping blood around the body (AB6dpf2.mov, 

AB6dpf3.mov). By 6 dpf, titin2hel (hel6dpf1.mov) and titin2m171 (Pik6dpf1.mov) hearts 

have degenerated significantly, continue to beat but are unable to move blood entirely. 
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https://figshare.com/s/7875c217b65edf2f0722 
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6.2.2 The Expression of Cardiac Factors throughout Heart Development 

 Our analysis of the role of SMYD1b and UNC45b during heart development 

suggested that these two chaperones might be required to regulate the cardiac 

transcriptional network either through transcriptional regulation or protein folding. Due 

to the complexity of the cardiac transcriptional network (Figure 11), it is difficult to 

identify a few select candidates for SMYD1b and UNC45b regulation. To isolate 

possible candidates, we analyzed the expression of several key transcription factors at 

major stages of heart development using qPCR (Figure 62).  

 Transcription factors gata4, gata5, gata6 and hand2 are expressed in the anterior 

lateral plate mesoderm that will give rise to the heart and pharyngeal arches at 14 hpf 

(Figure 62A-D)(http://zfin.org). The gata family of transcription factors has reduced 

expression in the cardiac lineage after the formation of the heart tube but their 

expression increases at 24 and 48 hpf during the formation of the pancreas, liver and 

intestine (http://zfin.org). Hand2, which is transcriptionally activated by gata4, gata5 

and gata6, is expressed in all mesoderm derivatives including the anterior lateral plate 

mesoderm at 14 hpf. Hand2 expression is maintained in the heart from 14 hpf to adult 

stages possibly due to a switch from the gata factor to SMYD1b regulation. At 24 hpf 

and older, hand2 is expressed in the pharyngeal arches and muscle of the pectoral fins 

(http://zfin.org). The t-box transcription factors tbx5a and tbx5b (Figure 62E&F) are 

expressed at 14 hpf in the developing eye (http://zfin.org). While tbx5a becomes specific 

to the pectoral fin mesoderm and heart at 24 hpf and older, tbx5b continues to be 

expressed in the eye and cardiomyocytes of the ventricle (http://zfin.org).  

 Since smyd1bsth and unc45bsb60 mutants develop a single heart tube with 

differentiated cardiomyocytes but fail to beat or complete heart morphogenesis, we 

know that the candidate transcription factors must be expressed in cardiac muscle 

around 24 hpf and older. This makes tbx5a and hand2 attractive candidates because they 
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are expressed in cardiac and pectoral muscle from 24-48 hpf while other candidates’ 

cardiac and/or pectoral muscle expression reduces before or around 24 hpf.  
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Figure 62: qPCR analysis of cardiac transcription factor expression throughout 

myogenesis in wild-type embryos.  

qPCR analysis of transcription factors gata4 (A), gata5 (B), gata6 (C), hand2 (D), tbx5a 

(E) and tbx5b (F) expression at 10, 14, 19, 24 and 48 hpf in wild-type embryos. (qPCR: 

n=3 (except gata5 and gata6: n=2), 30 embryos for each time point. Error bars are 

standard deviation. Expression is normalized using ef1a and when 48 hpf expression is 

1). (qPCR: n=3, 30 embryos each time point. Error bars are standard deviation. 

Expression is normalized using ef1a and wild-type 48 hpf). 
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6.3 APPENDIX III 

6.3.1 Unc45a, unc45b, hsp90a1 and hsp90a2 are upregulated in various muscle 

tissues of smyd1bsth mutants  

During our analysis of myosin chaperones, unc45b and hsp90a1, we found that 

both chaperones demonstrated an increase in expression in the hearts of smyd1bsth 

mutants when compared to wild-type embryos (Figure 63A-D). UNC45b is required for 

proper heart development as unc45b mutants demonstrate nonfunctional hearts (Etard et 

al., 2007; Wohlgemuth et al., 2007). However, HSP90a1 is not required for heart 

development in zebrafish as the hsp90a1 mutant, sloth, has a normal functioning heart 

(Hawkins et al., 2008). We hypothesize that the increase in hsp90a1 expression is due to 

the damaging of cardiac myosins, possibly mediated by the HSF1 transcriptional 

response pathway. Further analysis of cardiac hsp90a1 expression at earlier time points 

in smyd1bsth and unc45bsb60 mutants would help determine the cause of the hsp90a1 up-

regulation in the heart.  

To determine if defective skeletal sarcomere assembly affects the paralogues of 

unc45b and hsp90a1, we analyzed paralogue expression in our smyd1bsth skeletal 

muscle. We found that the mRNA expression of hsp90a2 was significantly upregulated 

in the skeletal muscle of our smyd1bsth mutants when compared to wild-type siblings 

(Figure 63E&F). This increase in hsp90a2 expression was unexpected, as hsp90a2 

mRNA expression does not change in hsp90a1 mutants and knockdowns of hsp90a2 has 

no effect on sarcomere assembly (Etard et al., 2007; Hawkins et al., 2008). This suggests 

that the up-regulation of hsp90a2 observed in smyd1bsth mutants is sensitive to the 

absence of SMYD1b and not misfolded myosins. HSP90a2 was identified by its physical 

interaction with UNC45b, proposing a model where HSP90a2 could be uniquely 

interacting with UNC45b and/or SMYD1b independently of HSP90a1 or sarcomere 

development (Hawkins et al., 2008).  
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No change in the expression of hsp90ab1 was observed in smyd1bsth mutants 

supporting the conclusion that HSP90ab1 is not involved in striated muscle development 

(Figure 63G&H)(Etard et al., 2007). A slight increase in unc45a expression was 

observed in the heads of our smyd1bsth mutants, but the cause for this increased 

expression is unknown (Figure 63I&J). Previous work has shown that UNC45a is not 

involved in craniofacial muscle development and has only a minor effect on skull bone 

development (Comyn et al., 2012), making physical associations between SMYD1b and 

UNC45a unlikely.  
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Figure 63: The expression of hsp90a1, hsp90a2 and unc45a is increased in various 

tissues of the smyd1bsth mutant at 48 hpf. 

At 48 hpf, unc45b and hsp90a1 expression is increased in the hearts of smyd1bsth 

mutants (B&D) when compared to wild-type hearts (A&C), respectively. Hsp90a2 is 

expressed in the head muscles of wild-type embryos (E) and is significantly increased in 

the skeletal muscles of smyd1bsth mutants (F). Expression of hsp90ab1 is relatively 

normal between wild-type (G) and smyd1bsth embryos (H). Unc45a is expressed in the 

head of wild-type embryos (I) and shows a slight increase in expression in the heads of 

smyd1bsth mutants (J). (skeletal ISH: n=2, 15 embryos each phenotype and probe. Heart 

ISH: n=3, 15 embryos each phenotype and probe). 
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6.4 APPENDIX IV 

6.4.1 Myf5 and myoD are expressed at the onset of myogenesis 

 As part of another student’s research project, I investigated the time course of 

myogeneic factors, myf5 and myoD, at early stages of myogenesis in wild-type embryos 

(Figure 64). This work was used to compare the expression of myf5 and myoD between 

wild-type and unc45bsb60 mutants to determine if the absence of UNC45b resulted in a 

widespread increase of myogenic factor expression that is not only isolated to the 

sarcomere structural proteins. It was determined that UNC45b does not affect the early 

myogenic program and that changes in the unc45bsb60 mutant are specific to genes in the 

terminal differentiation of myocytes (J. L. Myhre, 2013).  
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Figure 64: Expression of myf5 and myoD at early stages of myogenesis 

At 75% epiboly (8 hpf), myf5 is expressed in the paraxial and presomitic mesoderm of 

wild-type embryos (A). At Bud and 5-somite stages, myf5 continues to be expressed in 

the presomitic mesoderm and is now expressed in the adaxial cells and segmented 

somites (B&C).  At 75% epiboly (8 hpf), Bud (10 hpf) and 5-somite (11.6 hpf) stages, 

myoD is expressed in the adaxial cells of wild-type embryos (D-F). (ISH: n=2, 15 

embryos each time point).  
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