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Abstract

:

Dilated cardiomyopathy (DCM) is a common heart muscle disorder characterized by ventricular dilation and contractile dysfunction that is associated with significant morbidity and mortality. New insights into disease mechanisms and strategies for treatment and prevention are urgently needed. Truncating variants in the TTN gene, which encodes the giant sarcomeric protein titin (TTNtv), are the most common genetic cause of DCM, but exactly how TTNtv promote cardiomyocyte dysfunction is not known. Although rodent models have been widely used to investigate titin biology, they have had limited utility for TTNtv-related DCM. In recent years, zebrafish (Danio rerio) have emerged as a powerful alternative model system for studying titin function in the healthy and diseased heart. Optically transparent embryonic zebrafish models have demonstrated key roles of titin in sarcomere assembly and cardiac development. The increasing availability of sophisticated imaging tools for assessment of heart function in adult zebrafish has revolutionized the field and opened new opportunities for modelling human genetic disorders. Genetically modified zebrafish that carry a human A-band TTNtv have now been generated and shown to spontaneously develop DCM with age. This zebrafish model will be a valuable resource for elucidating the phenotype modifying effects of genetic and environmental factors, and for exploring new drug therapies.
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1. Introduction


Dilated cardiomyopathy (DCM) is a heart muscle disorder that affects up to 1 in 250 people and is a leading cause of heart failure worldwide [1,2]. Truncating variants in the gene encoding the giant sarcomeric protein titin (TTNtv) are the most common genetic cause of DCM and account for 10–25% of cases [3,4]. However, not all TTNtv carriers develop DCM, and in those who do, there is a marked variability in age of onset and disease severity [5,6,7]. Variant-related and patient-related factors identified to date incompletely explain the substantial differences in DCM penetrance. Knowing how, when, and if, TTNtv will affect heart function in individual carriers are important questions for the clinical management of patients and their families.



Further studies are required to elucidate the effects of TTNtv alone, as well as the potential interactions of TTNtv with other genetic and/or environmental risk factors. Such studies are difficult to perform in human patients given the enormous challenges in accurately controlling for differences in genetic background, co-morbidities and lifestyle factors. While a number of rodent models have been generated, they have failed to produce a DCM phenotype without an additional stressor, raising questions as to whether TTNtv are sufficient to cause DCM [8,9]. Thus, in order to address these issues, alternative and reliable experimental models of TTNtv-related DCM are critically needed. This review summarizes the contribution that zebrafish models have made to our current understanding of titin’s role in the heart and how they might be used to elucidate mechanisms of TTNtv-related DCM.




2. Titin: A Giant in the Sarcomere


Titin, also known as connectin, is the largest protein in the human body and an important determinant of the contractile, elastic and signalling properties of both cardiac and skeletal muscle. A single titin molecule spans one half sarcomere and consists of four subunits that correspond to the four domains of the sarcomere: the Z-disc, I-band, A-band and M-line (Figure 1).



Much of what we now know about the function of each of these domains has been gleaned from animal models. Titin’s Z-disc region has been demonstrated as essential for the proper formation of sarcomeres and acts as a sensor for mechanical stress [10]. I-band titin is comprised of tandem immunoglobulin (Ig) segments that dynamically fold and unfold, the N2B element containing the extensible N2B unique sequence, the N2A element containing a unique N2A sequence, and the spring-like Proline-Glutamate-Valine-Lysine- rich PEVK region [11,12,13]. In addition to being an important determinant of passive tension in the sarcomere, the I-band has recently been found to contribute to active force generation [14,15]. Sarcomeric elasticity is also regulated through the extensive alternative splicing of TTN I-band exons at the transcript level, giving rise to titin isoforms of differing length and stiffness (see Section 2.1, “Titin isoforms”). Titin’s inextensible A-band region, comprised of regular repeats of Ig and fibronectin type III (Fn3) domains, is thought to act as a molecular template that helps determine sarcomere length, as well as participating in active force generation through its interaction with thick filaments. M-line titin is an important signalling hub which interacts with many sarcomeric proteins and other signalling molecules through a putative serine/threonine kinase domain known as the titin kinase (TK) domain. The TK domain has been hypothesized to interact with at least 10 different proteins, including the muscle ring finger proteins MURF1 and MURF2, calmodulin, Nbr1, four-and-a-half lim domain (FHL) 1, and FHL2, myomesin, Bin1, calpain-3 and obscurin [16,17,18,19,20,21]. Through these interactions, titin has been shown to be involved in the activation and regulation of several processes, such as hypertrophy [21,22,23,24], autophagy [25], ubiquitin-mediated protein turnover and the detection of metabolic stress [26,27,28].



2.1. Titin Isoforms


The functional properties of each titin domain are greatly influenced by the alternative splicing of the TTN gene. Over a third of TTN’s 363 exons, in particular I-band exons, can undergo alternative splicing, giving rise to a multitude of isoforms. Different isoforms result in titin proteins of differing lengths and stiffness, which influence both passive tension and force generation within the sarcomere. During cardiac development, isoforms containing a longer I-band domain are the primary form of titin expressed [29]. These fetal cardiac titin isoforms are replaced by shorter and stiffer titin isoforms postnatally [29]. The two main titin isoforms expressed in the adult human heart are known as N2BA and N2B, which are normally present in a 70:30–60:40 ratio [30]. The N2BA isoform is slightly longer and more compliant in comparison to the shorter and stiffer N2B isoform. The incorporation of various titin isoforms into the sarcomere is actively regulated through isoform switching, allowing sarcomere tension to be modulated in response to altered loading conditions, as well as diverse disease processes. This is partially regulated at the transcriptional level by the master splicing regulator RNA binding motif 20 (RBM20), as a previous study performed in RBM20 knockout rats found that the loss of RBM20 is associated with the exclusive expression of longer N2BA isoforms [31].




2.2. Post-Translational Modifications of Titin


In addition to isoform switching, post-translational modifications of titin are an important method of quickly altering cardiomyocyte stiffness in response to physiological and pathological stress. Several sites of phosphorylation (phosphosites) have been identified within the I-band and have been shown to be substrates for kinases including protein kinase A (PKA), PKG, PKCα, extracellular signal-regulated kinase 2 (ERK2, also known as mitogen-activated protein kinase 1, MAPK1) and calmodulin kinase IIδ (CaMKIIδ), which can modulate passive tension in the sarcomere [32,33,34,35,36]. The phosphorylation of the N2B exon by PKA, PKG, ERK2 or CaMKIIδ can reduce passive tension, thereby preventing increased wall stiffness in the heart [32,33,35,36]. Conversely, the phosphorylation of the PEVK domain by PKC can increase sarcomeric passive tension by 20–30% [34]. Recently, dephosphorylation of titin by phosphatases has also been identified as an alternative mechanism of altering cardiomyocyte passive tension [37]. Hundreds of putative phosphosites have been predicted in titin [38,39,40] which may play as yet undiscovered roles in cardiomyocyte regulation and signalling.





3. TTNtv as a Cause of DCM


TTNtv include any nonsense, frameshift, splicing or copy-number variants that can lead to the truncation of the titin protein. Current data suggest that not all TTNtv have equally deleterious effects, and that pathogenicity likely varies based on a number of important determinants. Initial human cohort studies noted an over-representation of A-band TTNtv in DCM patients, whereas TTNtv in healthy controls appear to be distributed throughout the gene [3,4,41]. However, A-band location alone does not identify all DCM-associated variants, with some pathogenic variants located outside this region in DCM cases, and A-band variants also seen in many healthy controls. A major advance was the recognition by Roberts et al. (2015) that deleterious variants were preferentially located in exons that are constitutively utilized across titin isoforms, many of which lie outside the A-band region [4]. This is reflected by the proportion spliced-in (PSI) score, with values >90% denoting high exon usage. PSI scores have proven to be a highly useful tool for the classification of TTNtv in the clinical setting. Another factor proposed to influence the manifestation of TTNtv is their location up/downstream of the Cronos isoform promoter, with intact Cronos transcripts hypothesized to rescue or reduce the impact of N-terminal TTNtv (see Section 5.3.3, “Identification of the Titin Cronos Isoform”).



Whether TTNtv are translated into truncated proteins, leading to dominant negative effects, or act via haploinsufficiency remains controversial. Protein studies performed in skeletal muscle samples and human induced pluripotent stem cells (hiPSCs) have proposed that truncated proteins are expressed, and that their incorporation into the sarcomere results in the disruption of efficient thin and thick filament interactions and reduced force generation [41,42]. Changes in titin length, phosphorylation or other post-translational modifications might also affect titin’s intrinsic biomechanical properties and further contribute to contractile impairment. Other studies of human heart tissues, murine and zebrafish models have found minimal evidence that truncated proteins are present, suggesting that there is absent expression or rapid degradation via mechanisms, such as nonsense-mediated messenger ribonucleic acid (mRNA) decay [4,8,43]. These findings favour a haploinsufficiency model in which reduced titin levels impair sarcomere formation and force generation. In either scenario, disruption of titin’s normal interactions with binding partners and in signalling pathways could further perturb cardiomyocyte structure and function.



Heterozygous rodent models of A-band TTNtv have failed to show DCM without external provocation. Gramlich et al. (2009) modelled the effects of an A-band TTNtv that had been identified in a human family with DCM. Homozygous mice had enlarged ventricles with thin ventricular walls and died in utero, but heterozygous mice had normal cardiac morphology and function and survived into adulthood. Following chronic exposure to angiotensin II or isoproterenol, heterozygous mice developed marked left ventricular dilatation and reduced contractility that was relatively greater than that observed in treated wild-type mice [8]. Similarly, Schafer et al. (2016) observed minimal effects on left ventricular size and systolic function in rats that were heterozygous for an A-band TTNtv prior to induction of volume overload stress [9]. These studies suggested that A-band TTNtv require an additional stressor to unmask DCM. In contrast, Hinson et al. (2015) demonstrated significantly reduced contractile force, accompanied by sarcomeric disarray and impaired sarcomerogenesis in three-dimensional cardiac micro-tissues containing hiPSC-derived cardiomyocytes and other cardiac cell types [42]. Interestingly, these defects were not observed in isolated hiPSC-derived cardiomyocytes [42] or cardiomyocytes isolated from the hearts of TTNtv carriers [44]. This suggests that the maturity, architecture, mechanics and p3rotein interactions of cardiomyocytes in vivo play a key role in the effects of TTNtv on cardiac function. These studies highlight the need for an alternative model to investigate human TTNtv-related DCM.




4. Zebrafish as a Model of Cardiovascular Disease


Zebrafish (Danio rerio) have recently emerged as a powerful animal model system with many general and cardiovascular-specific advantages in comparison to rodent or large animal models. The contractile machinery and many electrical properties of the zebrafish heart are highly conserved, with features such as heart rate, cardiac action potential shape and duration and diastolic heart function being more comparable to the human heart than those of rodents [45,46,47,48,49,50]. Zebrafish studies have already contributed profoundly to our understanding of cardiovascular development, function, remodelling, regeneration and associated genetic and biochemical networks. Zebrafish have been used to annotate functions of known cardiomyopathy genes (actn2, myh, myl) [51,52,53], discover new cardiomyopathy genes (nexn, lama4, ilk) [54,55], model arrhythmia mutations [56], and evaluate therapeutic compounds [57]. Importantly, it has been previously demonstrated that 96% of known DCM genes, including TTN, have at least one functional orthologue in zebrafish [58], indicating that it is feasible to study the vast majority of clinically relevant genetic variants.




5. Titin in the Heart: Insights from Zebrafish


5.1. Zebrafish Titin


Zebrafish have two titin genes, ttna (ttn.2) and ttnb (ttn.1), which lie adjacent to each other on chromosome 9 and show high homology to human TTN, particularly in the Z-line, A-band and M-line regions (Figure 2). Using morpholino antisense oligonucleotides (MOs) targeted to the exons containing N2A or N2B unique sequences of each gene, Seeley et al. (2007) demonstrated that ttna is the main zebrafish TTN orthologue during early development, as it is highly expressed in both cardiac and skeletal muscle and is essential for cardiac contractility [59]. In contrast, ttnb is primarily expressed in skeletal muscle, and is not required for heart function, as loss of ttnb does not lead to cardiac defects [59,60]. Furthermore, ttnb is unable to compensate for the loss of ttna in the embryonic heart [43,59,61,62,63]. Importantly, Seeley et al. (2007) provided a detailed annotation of ttna and ttnb exons in comparison to human TTN and confirmed that the cardinal splicing events that give rise to the main TTN isoforms are also conserved in zebrafish. Their gene model continues to be the most comprehensive annotation of zebrafish titin to date despite the relatively unannotated I-band region which differs considerably from the human TTN I-band sequence [59]. Several ttna and ttnb loss of function models have been generated over the last two decades that have significantly advanced our understanding of titin function.




5.2. ttnb Loss of Function in Zebrafish Embryos


Runzel (ruz) is a zebrafish N-ethyl-N-nitrosourea (ENU) mutagenesis-derived fish line carrying a nonsense mutation in the N2A unique sequence of ttnb [60]. Homozygous ruz mutants showed severe myofibril disorganization and skeletal myopathy that was embryonically lethal, but no cardiac defects [60]. The authors also demonstrated that ruz mutants were unable to perform the rapid isoform switch from fetal to adult titin isoforms observed in wild-type zebrafish, suggesting that isoform switching plays a key role in the development of striated muscles. It should be noted that a role for ttnb in adult heart function cannot be excluded as subsequent studies of the zebrafish cardiac transcriptome revealed the robust expression of both ttna and ttnb transcripts in the adult zebrafish heart [43,58].




5.3. ttna Loss of Function in Zebrafish Embryos


5.3.1. Cardiac-Specific Loss of ttna


Back-to-back with the first report of a TTNtv identified in a human multi-generational family with DCM [41], the first zebrafish model of titin truncation provided in vivo evidence for titin’s crucial role in cardiac function [61]. The ENU mutagenesis-derived zebrafish ttna mutant, Pickwick (pikm171; Figure 2, Table 1), was found to carry a nonsense mutation in the cardiac specific N2B domain, present in both the N2BA and N2B cardiac titin isoforms. Homozygous pikm171 mutant embryos were found to have a severe cardiac phenotype with pericardial effusion, impaired chamber development, poor contractile function, reduced myofibrillar content and impaired sarcomere assembly [61]. The phenotype of heterozygous mutant embryos was not reported. Transplantation of pikm171 cardiomyocytes into wild-type embryos confirmed a cell autonomous effect of the mutant allele, with transplanted cells remaining thin and weakly contractile in comparison to wild-type cardiomyocytes. This provided key evidence that titin truncation causes a primary sarcomeric defect that impairs contractility. Since then, our group and others have identified several additional families with DCM that carry TTNtv in the N2B domain [4,62].




5.3.2. Global Loss of ttna


In contrast to the exclusive heart or skeletal muscle phenotypes of the pik and ruz mutants, Myhre et al. (2013) reported both cardiac and skeletal myopathy in homozygous mutants of the ENU mutagenesis-derived Herzschlag (hel) line [63]. Heterozygous hel mutants appeared normal. Although the precise location of this mutation is yet to be mapped, phenotyping, complementation analysis, immunohistochemistry (IHC) with titin specific antibodies, and comparison to MO knockdown studies of ttna and ttnb [59] strongly suggest that hel mutants carry a nonsense mutation in the distal I-band-I/A junction region of ttna (Figure 2 and Table 1). Using IHC on whole-mount embryonic skeletal muscle, Myhre et al. found that homozygous hel mutants appeared to express a truncated titin protein (loss of myomesin antibody staining which binds to M-line titin) that was incorporated into rudimentary sarcomere structures (striated staining pattern using Z-line and I/A region-specific titin antibodies). These data support the hypothesis that a truncated “poison peptide” exerting dominant negative effects might underlie the pathogenicity of truncating titin mutations, which has also been proposed from studies of human DCM patients [4]. However, an alternative explanation for the striation pattern in hel mutant muscle is a cross-reaction of Z- and I/A-region antibodies with zebrafish ttnb, which is unaltered in these mutants.



Hel mutants also provided vital insights into titin’s role in sarcomere formation. Until this point, titin’s A-band had primarily been thought to function as a scaffold upon which thick filaments could bind during sarcomere assembly. However, the presence of the distinct striated pattern of sarcomeres in homozygous mutant hel embryos lacking the A-band suggested that the A-band is dispensable for initial sarcomerogenesis. This striation was lost over time, suggesting a progressive disassembly of sarcomeres with ongoing mechanical stress during contraction due to the loss of titin’s molecular spring function after truncation. In support of this notion, myocytes isolated from dissociated hel mutant blastomeres not exposed to contractile signals in culture retained sarcomere striation.




5.3.3. Identification of the Titin Cronos Isoform


New insight into the molecular basis of the varying skeletal muscle involvement in ttna mutants was provided by a landmark study by Zou et al. (2015). Using CRISPR/Cas9, Zou et al. (2015) generated six different zebrafish ttna mutant lines carrying frame-shift insertion-deletion mutations predicted to cause a truncation of the protein at different locations across titin (Figure 2, Table 1), in order to determine whether the position of a TTNtv influences the resulting phenotype [64]. These included three lines with N-terminal truncations, in the Z-disc, proximal I-band and mid-I-band, and three lines with C-terminal truncations in the proximal, mid- and distal A-band. Using IHC, Zou et al. observed that, while all homozygous mutants showed severe cardiac defects and disrupted cardiomyocyte sarcomere structure akin to what was observed in pik and hel, only C-terminal mutants also developed the severe skeletal myopathy observed in hel [64]. All heterozygous mutant embryos appeared normal. As all mutations were located in constitutively expressed exons present in all major titin isoforms, these data suggested that variant location, not just exon usage, is an important determinant of pathogenicity of titin truncating variants. Interestingly, MO-mediated knockdown of ttna in C-terminal mutants failed to rescue their skeletal muscle phenotype, contradicting the hypothesis by Myhre et al. that dominant negative effects of truncated titin peptides were responsible for cardiac and skeletal myopathy in hel mutants.



Explaining the location-dependent skeletal muscle phenotype present in C-terminal ttna truncation mutants, Zou et al. identified an internal promoter controlling the expression of a novel C-terminal titin isoform named Cronos, encoding the most distal region of the I-band (including the I/A transition), the A-band and the M-line of titin. An alternative transcription start site (TSS) in ttna exon 116 was identified using the 5′-rapid amplification of cDNA ends (5′-RACE) and publicly available transcriptomic data, at the precise position where divergence in phenotype expression was found to occur in zebrafish mutants. They further demonstrated that the MO-mediated knockdown of Cronos was sufficient to cause skeletal myopathy in N-terminal mutants previously observed to have no skeletal muscle defects, suggesting that the presence of Cronos may partially rescue the phenotype of N-terminal mutations. Protein studies confirmed the presence of a smaller protein of the predicted size of Cronos titin in wild-type and N-terminal mutants, but not in C-terminal mutants, in line with the hypothesis that C-terminal titin truncating mutations disrupt both full-length and Cronos titin isoforms. Interestingly, the size of this predicted Cronos band was comparable to the “T2” band identified on human titin protein gels, raising the possibility that what was previously thought to be a C-terminal degradation product of titin might in fact represent the novel Cronos isoform [64,67]. Importantly, the alternative TSS, giving rise to Cronos, was conserved in mice and humans, leading to the tantalizing hypothesis that the variability in DCM severity observed amongst TTNtv carriers might be associated with the expression of Cronos. However, given that Cronos was highly expressed during early embryonic development and is primarily important for skeletal muscle function, the relevance of this novel isoform in adult life and in the heart in particular was not explored. First evidence that Cronos titin is in fact important for human heart function was provided in a recent study by Zaunbrecher et al. using hiPSC-derived cardiomyocytes. These immature cardiomyocytes with fetal titin isoform expression were found to express Cronos, the presence of which was able to partially rescue the phenotype of hiPSC-derived cardiomyocytes carrying homozygous Z-disc TTNtv [68]. Furthermore, using a custom Cronos-specific antibody, the authors confirmed, for the first time directly, that the T2 band contained Cronos protein [68].





5.4. ttna and ttnb Loss of Function in Zebrafish Embryos


Shih et al. (2016) aimed to further dissect the functions of ttna and ttnb by generating a series of ttna and ttnb single and double truncation mutants in Z-line and/or A-band regions of both genes [43]. This study confirmed the position-dependent involvement of skeletal muscle in zebrafish homozygous for a mutation in either the Z-disc (ttn.2xu064 mutant) or the A-band (ttn.2xu065 mutant) of ttna (Figure 2, Table 1), as described by Zou et al., 2015. Protein studies failed to find a truncated protein product in ttn.2xu065, suggesting the presence of a stable poison peptide was unlikely to underlie the phenotype. Interestingly, a truncated protein was observed in homozygous ttnb A-band mutants (ttn.1xu067), which were found to have a grossly normal phenotype, while homozygous ttnb Z-line mutants (ttn.1xu066) showed skeletal myopathy, similar to ruz [43]. In an attempt to generate the first global titin null allele, Shih et al. (2016) generated double mutants carrying different combinations of ttna and ttnb Z-disc and A-band truncations (Figure 2, Table 1). Interestingly, only the combination of A-band ttna and Z-line ttnb truncation (ttnxu071) yielded an absence of all titin protein using gel electrophoresis. Generally, skeletal muscle phenotype severity in double mutant lines appeared increased relative to zebrafish carrying only a single mutation, suggesting that either orthologue incompletely compensates for the loss of the other in skeletal muscle. Whether the cardiac phenotype in double mutants was also more severe is unclear.




5.5. Limitations of Embryonic Studies


The above studies using embryonic ttna and ttnb loss-of-function models have provided important insights, including proof of titin’s indispensable role in cardiac sarcomere formation and stability, and the discovery of a novel C-terminal titin isoform. The homozygous truncation of ttna in any region of the gene caused severe cardiac dysmorphogenesis, loss of contractility, circulation and early lethality, while the heterozygous loss of titin was well tolerated. However, studies of titin loss-of-function in embryonic zebrafish have limited relevance for understanding the mechanism by which heterozygous titin truncation leads to adult-onset DCM. Studies of adult-viable heterozygous zebrafish titin mutants were lacking from the literature until recently, largely due to a lack of tools to assess cardiac function in adult zebrafish. This has previously been hindered by the loss of optical transparency initially present at the embryonic stage, and a lack of imaging techniques with sufficiently high resolution to capture the structure and function of such small hearts (1.0–1.5 mm in diameter).




5.6. Tools for Cardiac Phenotyping of Adult Zebrafish


The recent development of a range of miniaturized tools for cardiac phenotyping in adult zebrafish is rapidly increasing the utility, accessibility and relevance of this versatile model organism for research into adult-onset heart diseases. In particular, the development and optimization of high-frequency echocardiography by our group and others represents a major advance in our ability to assess cardiac function in the living adult zebrafish. High-frequency echocardiography is a non-invasive technique that allows for the interrogation of heart function at a resolution greater than that achieved in mammalian echocardiography [69,70,71,72]. It can provide detailed information about cardiac chamber size and contractile function, as well as myocardial tissue deformation parameters. Importantly, the ability to serially evaluate individual fish allows studies of the natural history of disease and the effects of therapeutic interventions. Prior to the availability of echocardiography, the assessment of cardiac function in adult zebrafish had mainly relied on indirect assays, such as the red blood cell flow rate assay [73], or video microscopic analyses through the bodies of non-pigmented zebrafish strains [74]. Both of these techniques have limited accuracy and sensitivity. Methods for studying dissociated and cultured adult zebrafish cardiomyocytes have also been developed [75]. While this provides information about single cell function, these data do not necessarily reflect functional characteristics at the whole-organ level. Ex vivo Langendorff heart perfusion systems have also been successfully used to evaluate basal cardiac function and responses to hemodynamic load and drug therapies [76] but are unable to precisely recapitulate the mechanical and neurohumoral conditions of the in vivo beating heart.



Obtaining detailed structural information about the highly trabeculated zebrafish heart has been challenging, and this is particularly the case for the atrium, which has a highly irregular shape. A number of advanced imaging techniques have been adapted for use in adult zebrafish in an attempt to address this issue, including light sheet microscopy (LSM) [77] and micro-computed tomography (micro-CT) [66]. These techniques can be used to obtain three-dimensional (3-D) volumes of the heart, something which cannot be done using echocardiography. In fact, Fei et al. (2016) were also able to derive functional data from their LSM scans by creating a 3-D digital reconstruction of the heart over time. However, these techniques require euthanasia of the zebrafish or heart explantation, and sample preparation often uses harsh chemicals and fixatives that may alter tissue properties. More recently, several groups have turned to adapting cardiac magnetic resonance imaging (CMR) for the assessment of adult zebrafish. CMR provides both functional data and high-resolution structural data using a single imaging modality and, similar to echocardiography, serial studies can be undertaken [78,79]. Whether or not CMR can achieve the same resolution of the inner layers and trabeculation of the heart as can be achieved in explanted hearts using various imaging modalities remains to be seen. Additionally, further studies to determine the feasibility of simultaneously obtaining heart rate and ECG measurements from adult zebrafish, as done for CMR in larger species, are warranted.



Currently, cardiac electrical parameters are most commonly evaluated in adult zebrafish via surface electrocardiography (ECG) using either a non-invasive button electrode system [66], or minimally invasive micro-electrode needles, which are inserted into the skin [48,73]. These methods are reliable and relatively simple and have been used to demonstrate the similarities between adult zebrafish and human ECG parameters. Methods have also been developed to obtain longer-term (≥24 h) ECG recordings, however, these require specialized equipment and are relatively more invasive procedures [80,81]. Accurate methods for cardiac electrophysiological assessment are currently still missing from the adult zebrafish phenotyping toolbox. Although parameters such as calcium transient characteristics and conduction velocity have been successfully studied in larval zebrafish using zebrafish using transgenic [82,83,84] and optogenetic lines [85,86] or the application of calcium or voltage dyes [87,88,89], these have not yet been adapted for use in adult zebrafish. Recently, progress has been made using ex vivo adult heart preparations [90,91]; however, in vivo methods are yet to be developed.




5.7. Heterozygous Titin Truncation Zebrafish Models


In 2018, our group published the first in vivo model of an A-band TTNtv that spontaneously developed a DCM-like phenotype in an adult heterozygous setting [66]. Similarto other C-terminal ttna truncation lines, homozygous ttnatv mutants had severe cardiac defects, including pericardial edema and impaired contractile function, skeletal muscle defects, including myofibrillar disarray and reduced motility, and early lethality by 10 days post-fertilization (dpf) [66]. While heterozygous mutant zebrafish appeared phenotypically normal at the embryonic stage, serial high-frequency echocardiography performed in adult zebrafish revealed the progressive development of ventricular dilation and contractile dysfunction. These data experimentally proved that heterozygous titin truncation alone is sufficient to cause DCM in adult zebrafish, in contrast to previously reported rodent models. These disparate findings could be due, at least in part, to species differences in the titin isoform composition. While the ratio of N2BA:N2B isoforms in zebrafish hearts is similar to that of humans [66], rodent cardiac titin is composed primarily of the shorter, stiffer N2B isoform (~10:90) [92,93], which could mitigate against DCM development.



Interestingly, heterozygous A-band TTNtv zebrafish were also found to develop mild impairment of both early and late diastolic function [66]. These changes appeared to occur independently of fibrosis, suggesting intrinsic changes in cardiomyocyte properties, although serial assessment of fibrosis in heterozygous mutants as they age was not performed. Diastolic dysfunction has previously only been observed in studies of I-band titin deficiency, where loss of critical regions of the extensible spring region led to increased passive stiffness [8,94,95,96]. The presence of diastolic defects in association with A-band TTNtv is intriguing, although the mechanism for this is unclear. Titin transcript levels in adult heterozygous ttnatv hearts, as well as transcript and protein levels in embryonic homozygous ttnatv hearts, were significantly reduced. There was no evidence of a truncated protein by Western blot analysis, in line with previous studies [4,8,9,43]. Overall, these results favour titin haploinsufficiency underlying the development of DCM in this model.



The evaluation of adult phenotypes of zebrafish titin truncation mutants outside of the A-band is needed to determine whether position effects beyond exon usage influence phenotype severity. Recently, a second adult zebrafish model, carrying a heterozygous I-band TTNtv in a constitutively expressed exon, was found to have a number of abnormalities of cardiac structure that were not observed in adult heterozygous A-band mutants [65]. These included disorganized and shorter cardiac sarcomeres, as well as increased atrial fibrosis. This was accompanied by prolongation of the PR interval and increased variability in the length of the R-R interval (heart rate variability). These findings recapitulated aspects of the features found in a human kindred with familial early-onset atrial fibrillation on which the zebrafish mutant was modelled [65]. Ventricular and atrial contractile function and size were not assessed, and it is unclear whether these zebrafish also developed a DCM-like phenotype.




5.8. Zebrafish for Modelling Gene-Environment Interactions


The successful development of tools for zebrafish cardiac function analysis, and the availability of adult disease models with relevant DCM phenotypes, have provided the unique opportunity to study the role of additional genetic and/or environmental factors that might either ameliorate or exacerbate disease severity. Recent studies in human TTNtv carriers have suggested that acquired risk factors, such as high alcohol consumption [97] and chemotherapy [98] may influence DCM manifestation, progression and/or severity. However, the presence of confounding factors, such as differences in age, sex, comorbidities and genetic makeup in human subjects hinders the establishment of clear causal relationships.



The ability to control genetic background, the housing environment, environmental exposures and diet of large groups of zebrafish make them an ideal model organism in which to investigate potential gene–environment interactions. Several studies have already demonstrated the utility of zebrafish in this context. Our group used pharmacological induction of chronic anemia to assess the effects of hemodynamic load in heterozygous A-band TTNtv zebrafish [66]. Interestingly, these fish failed to generate the hyperdynamic contractile response to anemia that was seen in treated wild-type fish, suggesting an impaired ability to tolerate volume overload. This was in line with data from the human family carrying the original A-band TTNtv modelled in the zebrafish, in which patients with conditions causing increased hemodynamic load, such as pregnancy, were observed to have a more severe manifestation of DCM when compared to other family members carrying the variant. These studies identified hemodynamic stress as a modifiable risk factor that may affect the phenotypic severity of DCM.



In another example, Ding et al. utilized zebrafish that were sensitized to cardiomyopathy after doxorubicin chemotherapy treatment in order to identify potential genetic modifiers of cardiac function [99]. Gene-disrupting transposon-based mutagenesis was used to induce genetic lesions in zebrafish carrying a cardiac-specific red fluorescent transgene. Zebrafish with an abnormal fluorescence pattern within the heart were further exposed to doxorubicin stress. Using this large scale forward genetics approach, they identified four likely genetic modifiers, one of which appeared to be cardioprotective (rxraa) and two which had previously been implicated in cardiomyopathy (sorbs2b, ano5a). They also identified a potential novel genetic modifier, dnajb6b(L), and went on to demonstrate its importance in regulating endoplasmic reticulum (ER) stress [99]. Increased ER stress and defects in protein turnover are emerging as important disease mechanisms in human DCM and have been linked to TTNtv [25] and BAG3 [100] mutations. This highlights the high translational potential of zebrafish findings.



A range of other established tools to impose environmental stress on zebrafish have yet to be used to investigate DCM disease mechanisms, including alcohol or drug exposure by simple submersion in substance-containing water [47,73,101,102], obesity induction by feeding of high-cholesterol diets [103], social stress induction by overcrowded housing [104], and exercise stress induction by swim tunnel application [105,106]. These models could be adapted for the evaluation of cardiac structure and function, both in isolation and in combination with a genetic mutation in order to provide direct experimental evidence for gene–environment interactions. Such studies would enable the identification of modifiable risk factors in TTNtv-related DCM and might also identify novel mechanisms of TTNtv pathogenicity.





6. Conclusions


Understanding the impact of TTNtv on heart function is an important clinical dilemma that is far from being solved. Studies to date have highlighted the utility of the zebrafish in modelling the effects of titin deficiency and provide a springboard for further investigation. In parallel, the development of sophisticated imaging and “-omics” technologies is providing new tools for comprehensive cardiac phenotyping in small animal models. The ability to characterize cardiac structure and function from the macroscopic to the molecular level make zebrafish an ideal model in which to study gene–environment interactions and molecular mechanisms underlying disease. Over and above this, zebrafish are ideal for large scale drug studies, and the ability to perform the serial assessment of cardiac function provides unique opportunities to evaluate the effects of early intervention and identify novel strategies for disease prevention.
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Figure 1. Schematic of sarcomere structure. Sarcomeres are the functional units of cardiomyocytes. Each sarcomere contains rows of interdigitating thin (pink) and thick (yellow) filaments comprised of actin and myosin, respectively. Each titin protein (cyan) spans half-sarcomeres from the Z-disc to the M-line. 
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Figure 2. Schematic of the human TTN gene (meta-transcript) and the two zebrafish titin genes, ttna and ttnb. Titin contains four sub-domains (Z-line, I-band, A-band, M-line) that are conserved between humans and zebrafish. The locations of mutations in the zebrafish ttna and ttnb genes are indicated by arrows and labelled according to published mutant allele names (see Table 1 for more details). Phenotype data are available for embryonic mutants in all lines; yellow stars denote mutant lines in which cardiac function has also been evaluated in adult fish. Additional double mutant lines have also been generated by Shih et al. (2016) including xu068, xu069, xu070 and xu071, each of which possesses different combinations of the xu064, xu065, xu066 and xu067 alleles indicated in this figure (see Table 1 for more details). 
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Table 1. Zebrafish models of titin deficiency.
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Allele

	
Gene

	
Method

	
Mutation Location

	
Mutation Type

	
Phenotype

	
Ref.




	
Embryonic

	
Adult






	
Pickwick (pikm171)

	
ttna

	
ENU

	
N2B

	
Nonsense

	
(−/−): Impaired sarcomerogenesis, reduced myofibrillar content, poor contractility, thin chamber walls, embryonic lethality; (+/−): Normal.

	
Not studied

	
[61]




	
Ttna_N2A

Ttna_N2B

Ttnb_N2A

Ttnb_N2B

	
ttna, ttnb

	
MO

	
N2A, N2B

	
Unknown

	
ttna N2A (−/−): Pericardial edema, reduced fractional shortening, sarcomeric disarray in cardiac and skeletal muscle, paralysis.

ttna N2B (−/−): As above, no skeletal muscle defects.

ttnb N2A (−/−): Mild impairment of cardiac contractility and oedema. No skeletal muscle defects.

ttnb N2A (−/−): No cardiac defects, some sarcomeric disarray in skeletal muscle.

	
Not studied

	
[59]




	
Runzel (ruztk258a)

	
ttnb

	
ENU

	
N2A

	
Nonsense

	
(−/−): No cardiac defects, skeletal myopathy with disorganized myofibrils, reduced mobility, swim bladder defects. Embryonic lethality by 10–12 dpf; (+/−): Normal.

	
Not studied

	
[60]




	
Herzschlag (Heltg287)

	
ttna

	
ENU

	
I/A junction (putative)

	
Frameshift indel

	
(−/−): Pericardial edema, circulation defects, sarcomere disorganization, shortened myofibres, embryonic lethality by 10 dpf;(+/−): Normal.

	
Not studied

	
[63]




	
n1

n2

n3

	
ttna

	
CRISPR/Cas9

	
Z-disc, proximal I-band, mid-I band

	
Nonsense

	
(−/−): Cardiac sarcomeres disarrayed, no skeletal muscle phenotype; (+/−): Normal.

	
(+/−): N3 mutants: disorganised and shorter sarcomeres, prolonged PR interval, increased beat-to-beat variability, atrial fibrosis. Cardiac function and size not assessed.

	
[64,65]




	
c1

c3

c3

	
ttna

	
CRISPR/Cas9

	
Proximal, mid- & distal A band

	
Nonsense

	
(−/−): Cardiac and skeletal muscle sarcomeres disarrayed, embryonic lethality; (+/−): Not studied.

	
Not studied

	
[64]




	
Ttn.2xu064

	
ttna

	
TALEN

	
Z-disc

	
Frameshift indel

	
(−/−): Pericardial edema, reduced contractility and ventricular size, mild bradycardia, abdominal edema, embryonic lethality: (+/−): Not studied.

	
Not studied

	
[43]




	
Ttn.2xu065

	
ttna

	
TALEN

	
A-band

	
Frameshift indel

	
(−/−): Pericardial edema, reduced contractility and ventricular size, mild bradycardia, abdominal edema, paralysis, embryonic lethality; (+/−): Not studied.

	
Not studied

	
[43]




	
Ttn.1xu066

	
ttnb

	
TALEN

	
Z-disc

	
Frameshift indel

	
(−/−): Normal until 5 dpf, swim bladder defects, reduced mobility, skeletal muscle myofibril disarray, death by 12 dpf; (+/−): Not studied.

	
Not studied

	
[43]




	
Ttn.1xu067

	
ttnb

	
TALEN

	
A-band

	
Frameshift indel

	
(−/−): Normal until 5 dpf, swim bladder defects, reduced mobility, death by 17 dpf; (+/−): Not studied.

	
Not studied

	
[43]




	
ttnxu068

	
ttna

	
TALEN

	
Z-disc & A-band

	
Frameshift indel

	
(−/−): Comparable to ttn.2xu065; (+/−): Not studied.

	
Not studied

	
[43]




	
ttnxu069

	
ttna ttnb

	
TALEN

	
Z-disc

	
Frameshift indel

	
(−/−): Paralysis and skeletal muscle myofibril disarray; (+/−): Not studied.

	
Not studied

	
[43]




	
ttnxu070

	
ttna ttnb

	
TALEN

	
A-band

	
Frameshift indel

	
(−/−): Paralysis and skeletal muscle myofibril disarray; (+/−): Not studied.

	
Not studied

	
[43]




	
ttnxu071

	
ttna ttnb

	
TALEN

	
A-band

Z-disc

	
Frameshift indel

	
(−/−): Skeletal muscle myofibril disarray; (+/−): Not studied.

	
Not studied

	
[43]




	
ttnatv

	
ttna

	
TALEN

	
A-band

	
Frameshift indel

	
(−/−): Pericardial edema, absent circulation, weak contractility, lack of M-line striation and reduced periodicity of cardiac sarcomeres, skeletal muscle disarray, embryonic lethality by 10 dpf; (+/−):

Normal.

	
(+/−): Ventricular dilation and reduced contraction from 6 months, no overt cardiac fibrosis or hypertrophy; skeletal muscle normal.

	
[66]








Abbreviations: CRISPR, clustered regularly interspaced short palindromic repeats; dpf, days-post-fertilization; eGFP, enhanced GFP, ENU, N-ethyl-N-nitrosourea, indel, insertion/deletion; MO, morpholino; TALEN, transcription activator-like effector nuclease. −/−, homozygous; +/−, heterozygous.
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