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 Calcium homeostasis is essential for regulating a wide spectrum of biological processes. 

In the heart, Ca
2+

 plays a key role in excitation-contraction coupling, electrophysiological 

processes, activation of contractile proteins, energy metabolism, cell death, and transcriptional 

regulation. Alteration of Ca
2+

 homeostasis is often associated with cardiac pathology such as 

contractile dysfunction, arrhythmias and heart failure. In order to discover novel molecular 

mechanisms by which Ca
2+

 regulates cardiac structure and function, I have utilized a zebrafish 

mutant tremblor (tre), as a model for cardiac defects induced by aberrant Ca
2+

 homeostasis. With 

this model system, I discovered a new mechanism by which Ca
2+

 homeostasis is regulated in 

cardiomyocytes and revealed its implication in normal and diseased physiology. First, I found 
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that mitochondria play a critical role in modulating Ca
2+

 homeostasis and maintaining cardiac 

rhythmicity. By a multidisciplinary approach including biochemistry, genetics and physiology, I 

demonstrated that Ca
2+

 transfer into mitochondria through the outer mitochondrial membrane 

protein, voltage-dependent anion channel (VDAC2), is an essential fine-tuning mechanism of 

normal intracellular Ca
2+

 homeostasis that prevents the propagation of arrhythmogenic Ca
2+

 

waves. Second, I discovered that normal Ca
2+

 homeostasis is required to maintain myofibrillar 

integrity in cardiomyocytes. Aberrant Ca
2+

 homeostasis leads to upregulation of an E3 ubiquitin 

ligase, Muscle-specific RING Finger protein 1 (MuRF1), and induces degradation of contractile 

proteins via a proteasome-dependent protein degradation mechanism. Taken together, my 

dissertation research has revealed diverse roles of Ca
2+

 homeostasis in the heart and its 

regulatory mechanism. These findings provide new insights into cardiac diseases associated with 

Ca
2+

 mishandling in cardiomyocytes and may lead to the development of novel therapeutic 

approaches for these diseases.   
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CHAPTER 1 

Calcium homeostasis in the heart 

 

 The heart functions as a pump to perfuse blood throughout the entire body, delivering 

oxygen, hormones and nutrients to and retrieving wastes and carbon dioxide away from tissues 

and organs. To carry out this task efficiently, cardiac muscle cells (cardiomyocytes) contract and 

relax in a coordinated manner. In the absence of this synchrony, the pump function is impaired, 

leading to circulatory failure. 

 Like skeletal muscle cells, cardiomyocytes maintain a negative membrane potential at 

rest. When stimulated, voltage-gated channels on the plasma membrane open, allowing the 

influx of cations and thereby depolarize cardiomyocytes. The repolarization of cardiomyocytes 

requires the opening of potassium channels to bring the membrane potential back to the resting 

state [1]. In the early embryonic heart, the coupling of cardiomyocytes via gap junctions is 

sufficient to transduce the electrical impulses through the primitive heart tube. As the heart 

matures, a specialized cardiac conduction system (CCS) is required for the efficient transduction 

of electrical impulses through the heart; action potentials generated from the sinoatrial (SA) node 

travel across the atria, pause at the atrioventricular (AV) node and then propagate through the 

ventricles via the His-Purkinje system [2-3].  

 At the cellular level, Ca
2+

 has a primary role in coordinating the electrical signals and 

muscle contractions, a mechanism known as Excitation-Contraction (E-C) Coupling. In this 

mechanism, the influx of Ca
2+

 through the opening of voltage-gated Ca
2+

 channels on the plasma 

membrane induces the release of Ca
2+

 from the sarcoplasmic reticulum (SR), which triggers 
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muscle contraction by inducing the sliding of thick and thin filaments in sarcomeres. Aberrant 

Ca
2+

 homeostasis or defects in myofibril integrity has been linked to cardiac dysfunctions such as 

hypertrophic cardiomyopathy, dilated cardiomyopathy and arrhythmogenic right ventricular 

cardiomyopathy [4]. Thus, dissecting the molecular network critical for regulating Ca
2+

 handling 

and myofibril integrity will not only further our understanding of basic cardiac physiology but 

also provide insights into disease mechanisms. 

 

A. Cardiac E-C coupling 

 An essential function of Ca
2+

 in the heart is to enable E-C coupling (Figure 1-1), which is 

a tightly orchestrated process coordinating electrical signals and the contractile activity on a 

beat-to-beat basis. Upon membrane depolarization, voltage-dependent L-type Ca
2+

 channels 

(LTCCs) allow the influx of a relatively small amount of Ca
2+

 into the cytoplasm. This process 

triggers a larger Ca
2+

 release from the internal Ca
2+

 store, sarcoplasmic reticulum (SR), via 

clusters of ryanodine receptors (RyRs). This mechanism termed “calcium-induced calcium 

release” (CICR) serves as a fundamental mechanism underlying E-C coupling [1, 5-7]. As a 

result of CICR, Ca
2+

 released from the SR binds to troponin C of the troponin-tropomyosin 

complex and induces a sequence of allosteric changes in the myosin filaments to facilitate 

formation of cross bridges between actin and myosin, driving contraction [8]. During diastole, 

muscle relaxation is largely achieved by the SR Ca
2+

-ATPase (SERCA)-mediated reuptake of 

cytoplasmic Ca
2+

 into the SR. In addition, a relatively small amount of Ca
2+

 is extruded from 

cardiomyocytes primarily through an antiporter membrane protein, Na
+
/Ca

2+
 exchanger (NCX) 
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[9]. Thus, Ca
2+

 cycling between the extracellular space, cytoplasm and SR is the core mechanism 

underlying the rapid repetition of cardiac contraction and relaxation.  

 Defective intracellular Ca
2+

 homeostasis is known to be a hallmark cause of contractile 

dysfunction and arrhythmias in the failing myocardium. For example, failing heart is frequently 

characterized by elevated diastolic [Ca
2+

]i caused by several distinct mechanisms both in 

cytoplasmic and transmembrane components such as reduced Ca
2+

 uptake by SERCA, increased 

diastolic Ca
2+

 leakage via RyR2, reduced Ca
2+

 extrusion via NCX and increased influx of 

extracellular Ca
2+

 via LTCC [10-11]. In fact, numerous genetic mutations in these Ca
2+

 handling 

proteins have been identified in human patients [7, 12]. Therefore, an amelioration of aberrant 

Ca
2+

 homeostasis has been considered as a promising therapeutic strategy to treat heart failure. 

Interestingly, recent studies suggest that, in addition to the SR, other organelles such as 

mitochondria play a role in regulating intracellular Ca
2+

 homeostasis. 

 

B. Local control of Ca
2+

 homeostasis –mitochondrial Ca
2+

 uptake 

 Although classically viewed as a cellular power plant, identification of a variety of 

proteins involved in mitochondrial Ca
2+

 signaling and ER/SR-mitochondria interactions has 

greatly spurred our enthusiasm for research on the mechanism of mitochondrial Ca
2+

 uptake and 

its functional importance [13-16]. 

 Mitochondrial Ca
2+

 uptake is primarily mediated by the mitochondrial Ca
2+

 uniporter 

(MCU), a recently identified pore-forming protein located in the inner mitochondrial membrane 

[17-18]. However, previous studies demonstrated the low Ca
2+

 affinity of MCU (EC50 ≈ 10 

mM) [19], which would limit mitochondria’s ability to transport Ca
2+

 from the cytoplasm, where 
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normal Ca
2+

 concentrations are much lower (0.1 to 10 μM [20]). Paradoxically, a classical study 

using mitochondria-selective Ca
2+

 indicators reported that IP3-induced Ca
2+

 release from ER 

rapidly increases mitochondrial Ca
2+

 levels in quiescent cells [21]. In addition, a more recent 

study revealed distinct beat-to-beat Ca
2+

 transients in mitochondria during spontaneous Ca
2+

 

pacing in cardiomyocytes [22]. These lines of study suggest a mechanism that can overcome the 

low affinity of MCU to achieve rapid transfer of Ca
2+

 into mitochondria. This mechanism is 

currently postulated by the concept of Ca
2+

 microdomain [21]. Experimental evidence and a 

computational model suggest that cytoplasmic Ca
2+

 is not uniformly distributed within a cell [23]. 

Ca
2+

 concentrations near the Ca
2+

 release sites of the organelles are significantly higher than the 

global [Ca
2+

]i. In fact, it is reported that [Ca
2+

] in the microdomains on the outer mitochondrial 

membrane (OMM) reaches 5- to 10-fold higher than [Ca
2+

]i [24]. 

 Consistently, a number of Ca
2+

 hotspots were directly observed on the outer 

mitochondrial membrane (OMM) surface in cardiomyocytes during cytoplasmic Ca
2+

 transients 

[22, 25]. From this observation, it is expected that mitochondria are present in close proximity to 

SR Ca
2+

 release sites. In fact, accumulating evidence has established that Ca
2+

 is locally 

transferred to mitochondria from SR through RyR2 in cardiomyocytes. For example, induction 

of Ca
2+

 release from the RyR2 results in a rapid increase in mitochondrial Ca
2+

 levels even when 

the cytosolic Ca
2+

 is buffered [26-27]. Also, RyR2-mediated Ca
2+

 sparks are capable of causing 

miniature mitochondrial Ca
2+

 transients [28]. Furthermore, cardiac mitochondria co-purified with 

a subfraction of the SR are capable of transferring Ca
2+

 upon stimulation of RyR with caffeine 

[29]. All these findings clearly indicate the importance of local control of intracellular Ca
2+
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dynamics. However, the question still remains whether this inter-organelle Ca
2+

 transfer has 

functional relevance to cardiac rhythmicity and contractility [30]. 

 

C. Transcriptional control by Ca
2+

  

 In excitable cells, the intracellular Ca
2+

 transients discussed above are evoked by the 

rapid signaling on a millisecond time scale.  At the synaptic junctions, Ca
2+

 operates even faster 

and triggers exocytosis on a microsecond time scale. In addition, Ca
2+

 manifests long-term 

effects on an hour time scale through its ability to regulate gene expression by activating a 

variety of cytoplasmic and/or nuclear signaling pathways [31]. While Ca
2+

 passively diffuses 

into the nucleus and directly activates Ca
2+

-dependent transcription factors, it also binds to 

cytoplasmic signaling molecules, which then transmit the signal to downstream targets to control 

nuclear translocation of transcription factors [32].  

 In cardiomyocytes, calmodulin (CaM), an intracellular Ca
2+

 sensor protein, coordinates 

Ca
2+

-dependent signaling pathways including the calcineurin (CN) and Ca
2+

-calmodulin-

dependent protein kinase II (CaMKII) pathways. Misregulation of these signaling pathways due 

to aberrant Ca
2+

 homeostasis results in several disease states in the heart. A good example is 

cardiac hypertrophy, which is an adaptive response of the heart characterized by the change in 

cardiomyocyte size and structural remodeling of the myocardium. CN, a Ca
2+

-calmodulin-

activated serine/threonine phosphatase, dephosphorylates nuclear factor of activated T-cells 

(NFAT), thereby inducing NFAT translocation from the cytoplasm to the nucleus where it 

activates the hypertrophic gene program [33]. CaMKIIγ, a predominant isoform in the heart, 

regulates nuclear translocation of the downstream target MEF2, a cardiac remodeling mediator, 
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via phosphorylation of class II HDACs [34]. The nuclear splice variant CaMKIIδB 

phosphorylates HDAC4, allowing its export out of the nucleus as a complex with the chaperone 

protein 14-3-3, and thus MEF2 is relieved from the repression by HDAC4 [35]. The cytoplasmic 

splice variant CaMKIIδC, on the other hand, phosphorylates HDAC4 in the cytoplasm, 

preventing its translocation to the nucleus [36].   

 A major problem in understanding Ca
2+

-dependent transcriptional regulation in the heart 

is the fact that the heart is subjected to the oscillation of cytoplasmic Ca
2+

 levels on a beat-to-

beat basis. In this regard, it is interesting to note that Ca
2+

-dependent signaling molecules are 

proposed to sense the temporal patterns of Ca
2+

 increase (i.e. frequency and duration) rather than 

the amplitude of Ca
2+

 input [37-38].  

 

D. Zebrafish as a model organism to study cardiac Ca
2+

 homeostasis 

 The zebrafish has made significant contributions to our understanding of cardiac 

development. There is a wide spectrum of attributes underpinning the use of zebrafish as a model 

system: ease in embryo culture, external fertilization, high fecundity, a sequenced genome, 

embryological manipulability and suitability in high-throughput phenotype-based screenings. 

The zebrafish heart is located at a prominent ventral position of this translucent embryo allowing 

direct inspection of cardiac morphology and function. Furthermore, because oxygen can diffuse 

through the tissues during the first week of life, zebrafish embryos can survive in the total 

absence of blood circulation, allowing us to investigate the impact of cardiac dysfunction for a 

longer period of time than in mammalian models [39]. 
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 The zebrafish model has great potential to assist study in cardiac physiology for the 

following reasons. First, the heart rate as well as action potential shape and duration of zebrafish 

embryos closely resemble those in humans. Second, electrophysiological approaches are 

available to evaluate cardiac excitability by using optogenetic methods such as Ca
2+

- and 

voltage-sensitive fluorescent dyes and transgenes [40]. Third, a number of mutations affecting 

cardiac contractility and/or rhythmicity have been identified from large-scale mutagenesis 

screens [41-42]. For example, the island beat (isl) mutant, characterized by atrial fibrillation, 

carries a null mutation in LTCC [43]. Embryos lacking a functional repolarizing potassium 

channel gene kcnh2 display complete atrioventricular block and ventricular asystole serving as a 

model for human long QT syndrome, a repolarization disorder possibly leading to sudden cardiac 

death [44]. On the other hand, reggae (reg) mutant embryos carry a gain-of-function mutation in 

kcnh2 and have a shorter duration of action potential, serving as a model for human short QT 

syndrome,  [45]. 

 Our laboratory has previously demonstrated that the zebrafish tremblor (tre) locus 

encodes the cardiac-specific ncx1h gene [46-47]. Loss-of-function of NCX1h results in a Ca
2+

 

extrusion defect and causes abnormal Ca
2+

 transients in cardiomyocytes. The tre mutant embryo 

manifests phenotypes similar to those commonly seen in human heart failure patients including 

cardiac fibrillation and myofibril disarray. In my thesis research, I used tre as an animal model 

for aberrant Ca
2+

 homeostasis-induced cardiac dysfunction in order to: 1) dissect the molecular 

network required for the regulation of cardiac Ca
2+

 homeostasis, 2) examine the consequence of 

aberrant Ca
2+

 homeostasis and the molecular mechanism behind it. 
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E. New discoveries in this thesis 

 In CHAPTER 2, I describe and discuss new findings on the molecular basis for Ca
2+

-

dependent regulation of cardiac function. By using a zebrafish tre mutant as a model for aberrant 

Ca
2+

 homeostasis-induced cardiac dysfunction, I discovered a new mechanism by which Ca
2+

 

homeostasis is regulated in cardiomyocytes and gained new insight into its implication in normal 

and disease physiology. I show that, in addition to SR, mitochondria play an essential role in 

modulating Ca
2+

 homeostasis and maintaining cardiac rhythmicity. From a chemical suppressor 

screen, we identified a novel synthetic compound named efsevin due to its potent effect on 

restoring rhythmic cardiac contractions in tre. Biochemical and molecular evidence indicate that 

the outer mitochondrial membrane protein, voltage-dependent anion channel (VDAC2) is 

directly targeted by efsevin. We further showed that efsevin treatment potentiates the Ca
2+

 

transporting activity of VDAC2, accelerates Ca
2+

 transfer from SR into mitochondria, and 

thereby restores cardiac rhythmicity in tre embryos. These data suggest a critical role for 

mitochondrial Ca
2+

 uptake in maintaining normal intracellular Ca
2+

 homeostasis by preventing 

the propagation of arrhythmogenic Ca
2+

 waves. 

 In CHAPTER 3, I discuss my findings that aberrant Ca
2+

 homeostasis in tre 

cardiomyocytes results in myofibrillar disarray via the proteasome-dependent protein 

degradation mechanism. I showed that an E3 ubiquitin ligase, Muscle-specific RING Finger 

protein 1 (MuRF1), is significantly upregulated in the tre mutant heart and that this alteration is 

mediated by the calcineurin-FoxO signaling pathway induced by Ca
2+

 overload. These data 

reveal the function of Ca
2+

 as a molecular switch required to regulate the stoichiometry of 

cardiac muscle structure via transcriptional regulation.   
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 Taken all together, the research described in my thesis provides new insights into 

mechanisms underlying a variety of cardiac diseases that have a root in aberrant Ca
2+

 handling. 

These new findings may help develop new diagnostic approaches or novel therapeutic strategies 

for these diseases. 
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Figure 1-1. Schematic representation of Excitation-Contraction coupling in cardiomyocytes.         

In response to an electrical pulse, L-type Ca
2+

 channels (LTCC) are activated, allowing influx of 

Ca
2+

 into cardiomyocytes.  Ca
2+

 then stimulates ryanodine receptors (RyR) in the membrane of 

the sarcoplasmic reticulum (SR) and induces the release of larger amounts of Ca
2+

 to the 

cytoplasm, which is required for muscle contraction.  Following contraction, Ca
2+

 is either taken 

up by the SR through the sarco/endoplasmic reticulum Ca
2+

-ATPase (SERCA) or extruded from 

cardiomyocytes by the sodium-calcium exchanger (NCX) in the plasma membrane.     
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CHAPTER 2 

Mitochondrial Ca
2+

 uptake via voltage-dependent anion channel                                           

modulates cardiac rhythmicity  

 

A. Abstract 

 Abnormal Ca
2+

 handling in cardiac muscle cells is associated with a wide range of human 

cardiac diseases, including heart failure and cardiac arrhythmias [1-2].  To better understand the 

regulatory network for cardiac Ca
2+

 handling, we conducted a chemical suppressor screen on 

zebrafish tremblor mutants, which manifest uncoordinated irregular cardiac contractions due to a 

Ca
2+

 extrusion defect [3-4]. We identified a synthetic compound named efsevin with potent 

activity to restore persistent, coordinated and rhythmic contractions in tremblor hearts. From 

affinity purification we detected a direct interaction between efsevin and the outer mitochondrial 

membrane voltage-dependent anion channel VDAC2. Overexpression of VDAC restores 

rhythmic cardiac contractions in tremblor embryos whereas attenuating VDAC activity blocks 

efsevin’s rescue effects.  Potentiating the Ca
2+

 transporting activity of VDAC proteins 

accelerates the transfer of Ca
2+

 from intracellular stores into mitochondria. Through this 

mechanism, efsevin restricts the temporal and spatial boundaries of Ca
2+

 sparks, inhibits the 

propagation of Ca
2+

 overload-induced erratic Ca
2+

 waves and restores rhythmic contractions in 

cardiomyocytes. The critical role for mitochondria in regulating cardiac rhythmicity was further 

supported by the finding that enhancing mitochondrial Ca
2+

 uptake by overexpression of MCU, a 

mitochondrial inner membrane Ca
2+

 transporter likewise restores cardiac contractions in 
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tremblor. Together these findings demonstrate a VDAC-dependent mechanism by which 

mitochondria modulate cardiac Ca
2+

 homeostasis and control cardiac contractions. 

 

B. Introduction 

Aberrant Ca
2+

 handling and Ca
2+

 overload, for example during cardiac 

ischemia/reperfusion, are well known causes of contractile dysfunction and many types of 

arrhythmias including early and delayed afterdepolarizations [1-2, 5]. To ensure proper cardiac 

rhythmicity and contractility, Ca
2+

 homoeostasis in the myocardium is tightly regulated at the 

temporal and spatial levels by a network involving multiple subcellular compartments [6].
 
 While 

the primary mechanisms governing Ca
2+

 release and re-uptake by the sarcoplasmic reticulum 

(SR) to trigger contraction and relaxation of the myocardium are well-investigated [6], 

regulatory pathways and contributions of other cellular organelles such as mitochondria to 

cardiac Ca
2+

 handling require further study [7-8]. 

Zebrafish tremblor (tre) embryos offer an in vivo model for aberrant Ca
2+

 handling-

induced cardiac dysfunction. Homozygous tre embryos lack functional NCX1h (also known as 

slc8a1a), a cardiac-specific isoform of Na
+
/Ca

2+
 exchanger 1 responsible for Ca

2+
 extrusion, and 

manifest chaotic Ca
2+

 signals in the myocardium leading to uncoordinated contractions [3-4] 

(Figure 2-1a).  

 

C. Results and Discussion 

To further dissect the molecular network of Ca
2+

 handling in cardiomyocytes and to 

identify mechanisms of arrhythmogenesis and targets for treatment thereof, we performed a 



18 
 

small molecule suppressor screen on tre embryos. A dihydropyrrole carboxylic ester compound 

named efsevin (Figure 2-1b) was identified from this screen based on its ability to restore 

persistent, rhythmic and robust cardiac contractions in tre mutant embryos (Figure 2-1a, and 

Supplementary Movies 1-4) as well as NCX1h morpholino knockdown embryos (Supplementary 

Figure 2-1) in a dose-dependent manner (Figure 2-1c). Fractional shortening of efsevin treated 

tre mutant hearts was comparable to that of their wild type siblings (Figure 2-1d) and heart rate 

was restored to approximately 40% of that observed in controls (Figure 2-1e). Rhythmic 

electrical pulses accompanying each heartbeat were detected in wild type and efsevin treated tre 

embryos (Figure 2-1f). Furthermore, while only sporadic Ca
2+

 signals were detected in tre hearts, 

in vivo Ca
2+

 imaging showed that steady Ca
2+

 waves propagate through efsevin-treated tre hearts 

(Figure 2-1g, supplementary Movies 5-7), demonstrating that cardiomyocytes are coupled and 

that efsevin treatment restores Ca
2+

 transients in tre.  

 We next examined whether efsevin could suppress Ca
2+

 overload induced defects in 

mammalian cardiomyocytes. As the extracellular Ca
2+

 level increases, an increased number of 

Ca
2+

 waves was observed in isolated adult murine ventricular cardiomyocytes [9-10] (Figure 2-

2a). Remarkably, efsevin treatment significantly reduced the number of propagating Ca
2+

 waves 

in a dosage-dependent manner (Figure 2a, b). In addition, increased extracellular Ca
2+

 level 

induces irregular contractions of mouse embryonic stem cell derived cardiomyocytes and efsevin 

treatment restores rhythmic contractions (Figure 2c). These findings indicate that efsevin affects 

a Ca
2+

 handling mechanism conserved between fish and mammals. 

To identify the protein target of efsevin, we generated an N-Boc-protected 2-

aminoethoxyethoxyethylamine linker-attached efsevine (efsevine
L
) (Supplementary Figure 2-2). 
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This modified compound retained the activity of efsevin to restore cardiac contractions in tre 

embryos (Supplementary Figure 2-2b, d) and allowed us to create efsevin-conjugated agarose 

beads (efsevin
LB

). A 32kD protein species was detected from zebrafish lysate due to its binding 

ability to efsevin
LB

 and OK-C125
LB

, an active efsevin derivative conjugated to beads, but not to 

beads capped with ethanolamine alone or beads conjugated with an inactive efsevin analog (OK-

C19
LB

) (Figure 2-3a, Supplementary Figure 2-2). Furthermore, preincubation of zebrafish lysate 

with excess efsevin prevented the 32kD protein from binding to efsevin
LB

 or OK-C125
LB

 (Figure 

2-3a). These findings demonstrate a specific interaction between efsevin and the 32 kD protein. 

Mass spectrometry followed by phylogenetic and immunostaining analyses revealed that this 

32kD band represents a zebrafish homologue of the mitochondrial voltage-dependent anion 

channel 2 (VDAC2) (Figure 2-3b, c, Supplementary Figure 2-3, 2- 4, 2-5). 

VDAC2 is expressed in the developing zebrafish heart, making it a good candidate for 

mediating efsevin’s effect on cardiac Ca
2+

 handling (Figure 2-3d). To examine this possibility, 

we injected in vitro synthesized VDAC2 RNA into tre embryos and found that the majority of 

these embryos had coordinated cardiac contractions similar to those subjected to efsevin 

treatment (Figure 2-3d, Supplementary Figure 2-6, Movies 8-11). In addition, we generated 

myl7:VDAC2 transgenic fish in which VDAC2 expression can be induced in the heart by 

tebufenozide (TBF) (Supplementary Figure 2-7). Knocking down NCX1h in myl7:VDAC2 

embryos results in chaotic cardiac movement similar to tre. Remarkably, upon TBF treatment, 

coordinated and rhythmic contractions were restored in myl7:VDAC2 /NCX1h morphant hearts 

(Figure 2-3e, Supplementary Movies 12,13). Together, these findings demonstrate the ability for 

VDAC2 to restore rhythmic cardiac contractions in ncx1h deficient embryos. Interestingly, 
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despite the association of VDACs with mechanisms of cell survival [11-13], efsevin-treated and 

VDAC2 overexpressing embryos do not manifest apparent morphological defects or excessive 

cell death (Supplementary Figure 2-8).  

VDAC1 shares a high degree of homology with VDAC2 and has been proposed to have a 

comparable channel activity [14-15]. In zebrafish, VDAC1 is expressed in the embryonic heart 

and the hearts of those tre embryos that received synthetic VDAC1 RNA established rhythmic 

contractions, indicating that VDAC1 and VDAC2 have a redundant role in embryonic zebrafish 

hearts (Figure 2-3f,g).  

We next asked whether efsevin’s effect in tre hearts is primarily mediated by VDAC 

proteins. As shown in Fig. 3, knocking down VDAC1 or VDAC2 (Supplementary Movies 14-

16) significantly reduces efsevin’s ability to restore cardiac contraction in tre embryos, and 

knockdown of both genes simultaneously further blocked efsevin’s effect (Figure 2-3h). In 

addition, we generated VDAC2 null embryos by Zinc Finger Nuclease targeting (Supplementary 

Figure 2-9). Similar to that observed in morpholino knockdown embryos, efsevin’s effect is 

attenuated in homozygous VDAC2
zfn/zfn

; NCX1MO embryos and is further blocked in 

NCX1/VDAC1/VDAC2 triple deficient embryos (Figure 2-3i). These findings indicate that 

VDAC is the major, if not the only, mediator for efsevin’s effect on ncx1h deficient hearts.    

VDAC is an abundant channel located on the outer mitochondrial membrane serving as a 

primary pathway for the passage of metabolites and ions including Ca
2+

 [16-18]. We examined 

whether efsevin would modulate mitochondrial Ca
2+

 uptake via VDAC proteins. Since VDAC1 

and VDAC2 have redundant roles in mediating efsevin’s activity, we focused this line of study 

on VDAC2. We transfected HeLa cells with VDAC2 and noted increased mitochondrial Ca
2+
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uptake after perfusion with high Ca
2+

. In addition, treatment with efsevin on permeabilized 

VDAC2 transfected cells further enhanced mitochondrial Ca
2+

 uptake (Figure 2-4a), 

demonstrating that efsevin modulates Ca
2+

 handling by potentiating the mitochondrial Ca
2+

 

transporting activity of VDAC2. In cardiomyocytes, mitochondria are located in close proximity 

to Ca
2+

 release sites of the SR [19-20] and an extensive crosstalk between the two organelles 

exists [7-8, 21]. In permeabilized VDAC1/VDAC3 double knockout (V1/V3DKO) MEFs [14], 

treatment with efsevin increased the amount of Ca
2+

 transferred into mitochondria during IP3-

induced Ca
2+

 release (Figure 2-4b). Also, in intact V1/V3 DKO MEFs, we noted that efsevin 

accelerated the transfer of Ca
2+

 released from intracellular store into mitochondria during 

stimulation by an IP3-linked agonist (Figure 2-4c). In murine ventricular cardiomyocytes, efsevin 

treatment does not change the amplitude or activation kinetics of paced Ca
2+

 transients, but 

induced a faster inactivation kinetics (Figure 2-2d,e and Supplementary Table 2-1). Similarly, 

efsevin treatment did not alter the frequency, amplitude and Ca
2+

 release flux of spontaneous 

Ca
2+

 sparks, unitary SR Ca
2+

 release events [22], but accelerated the decay phase resulting in a 

shorter duration and narrower width of individual sparks (Figure 2-2f,g and Supplementary 

Table 2-2). Taken together, these findings indicate that efsevin does not affect SR Ca
2+

 load or 

RyR Ca
2+

 release, but increases Ca
2+

 removal from the cytosol and raise the possibility that 

efsevin modulates the spatial and temporal pattern of cytosolic Ca
2+

 by influencing 

mitochondrial Ca
2+

 uptake via VDAC proteins. 

We reasoned that if enhancing mitochondrial Ca
2+

 uptake indeed has a suppressive effect 

on aberrant Ca
2+

 handling-associated arrhythmic cardiac contractions, activating other 

mitochondrial Ca
2+

 uptake mechanisms should also restore coordinated contractions in tre 
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mutants. To test this model, we cloned zebrafish MCU, the inner mitochondrial membrane Ca
2+

 

transporter [24-25]. MCU is expressed in the developing zebrafish heart (Figure 2-3j). 

Overexpression of MCU restored coordinated contractions in tre mutants, just like VDAC2 did 

(Figire 2-3k), supporting the hypothesis that mitochondria regulate cardiac rhythmicity by 

modulating Ca
2+

 handling. tre embryos injected with suboptimal concentration of MCU or 

VDAC2 had fibrillating hearts. However, embryos receiving both VDAC2 and MCU at the 

suboptimal concentration manifested coordinated contractions (Figure 2-3l), demonstrating a 

synergistic effect of these genes. Furthermore, overexpression of MCU fails to suppress the tre 

phenotype in the absence of VDAC2 activity and VDAC2 cannot restore coordinated 

contractions in tre without functional MCU (Figure 2-3k,m), demonstrating that both outer and 

inner membrane transporters are required for mitochondrial Ca
2+

 uptake. These observations 

indicate that mitochondrial Ca
2+

 uptake mechanisms on the OMM and IMM act cooperatively 

and challenge the common assumption that the OMM is freely permeable for ions, such as Ca
2+

. 

Together, our study provides genetic and physiologic evidence supporting a critical role 

for mitochondria in regulating cardiac rhythmicity and VDAC proteins as a modulator of Ca
2+

 

handling in cardiomyocytes. Potentiating the Ca
2+

 transporting activity of VDAC restores 

rhythmic cardiac contractions in a zebrafish model of aberrant Ca
2+

 handling and blocks Ca
2+

-

overload induced erratic Ca
2+

 waves and irregular contractions in murine cardiomyocytes. These 

findings, together with the observation that the OMM and IMM are in close proximity at the 

contacts sites of the OMM with the SR [26], suggest an attractive model in which mitochondria 

facilitate an efficient clearance mechanism in the Ca
2+

 microdomain around Ca
2+

 release sites. In 

this model, VDAC-dependent Ca
2+

 uptake plays a modulatory role for local Ca
2+

 signals, which 
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sets up a spatial and temporal boundary for Ca
2+

 sparks in the Ca
2+

 microdomain and limits 

cytosolic diffusion of Ca
2+ 

without influencing global Ca
2+

 signals. We propose that through this 

mechanism the propensity for propagating Ca
2+

 waves is reduced in efsevin treated 

cardiomyocytes, despite similar spark frequency in treated and untreated cells.  

The success of our chemical suppressor screen on a zebrafish cardiac disease model 

offers a new paradigm for the dissection of critical gene pathways and the discovery of new 

therapeutic approaches. Our finding that efsevin potentiates the Ca
2+

 transporting activity of 

VDAC proteins and thereby allows cardiomyocytes to tolerate a higher frequency of Ca
2+

 sparks 

under aberrant Ca
2+

 homeostasis indicates a potential for efsevin as a pharmacological tool to 

prevent the propagation of arrhythmogenic Ca
2+

 waves and suggests an intriguing possibility that 

VDAC serves as a therapeutic target for the treatment of cardiac arrhythmias that has a root in 

aberrant Ca
2+ 

handling.  

 

D. Materials and Mehods 

Zebrafish husbandry and transgenic lines 

 Zebrafish of the mutant line tremblor (tre
tc318

) were maintained and bred as described 

previously [3]. Transgenic lines, myl7:VDAC2 [27] and myl7:gCaMP4.1 [28] were created using 

the Tol2kit [29]. The VDAC2
zfn/+

 were created using the zinc finger array OZ523 and OZ524 

generated by the zebrafish Zinc Finger Consortium [30], supported by NIH R01 GM088040.  
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Molecular Biology 

 Full length VDAC1 and VDAC2 cDNA were purchased from Open Biosystems and were 

cloned into pCS2+ or pCS2+3XFLAG. Full length cDNA fragments of zebrafish MCU 

(Accession number: JX424822) were amplified from 2 dpf embryos and cloned into pCS2+. For 

mRNA synthesis, plasmids were linearized and mRNA synthesized using the SP6 mMESSAGE 

mMachine kit according to the manufacturers manual (Ambion).  

 

Zebrafish injections 

 mRNA and morpholino antisense oligos (VDAC1: 5’-

ATATGTGGGAGGAACAGCCATAGTC-3’), VDAC2: 5’-GGGAACGG 

CCATTTTATCTGTTAAA-3’; MCU: ATCTACACACTTTCGCAGCCATCTC-3’) (Genetools) 

were injected into one-cell stage embryos collected from crosses of tre
tc318

 heterozygotes. 

Cardiac performance was analysed by visual inspection on 1 dpf. The tre mutant embryos were 

identified either by observing the fibrillation phenotype at 2-3 dpf or by genotyping as previously 

described [3].   

 

Chemical Screen 

 A synthetic chemical library containing 168 compounds [31-32] and 300 chemicals from 

Biomol International LP, consisting of 72 ion channel inhibitors (Cat No. 2805), 84 

kinase/phosphatase inhibitors (Cat No. 2831), 84 orphan ligands (Cat No. 2825), and 60 

endocannabinoids (Cat No. 2801) were screened for their ability to partially or completely 

restore persistent heartbeat in tre embryos. 12 embryos collected from crosses of tre
tc318
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heterozygotes were raised in the presence of individual compounds at a concentration of 10µM 

from 4 hpf [33]. Cardiac function was analyzed by visual inspection at 1 and 2 dpf. The hearts of 

tre
tc318

 embryos manifest a chaotic movement resembling cardiac fibrillation with intermittent 

contractions in rare occasion [3-4]. Compounds that elicit persistent coordinated cardiac 

contractions were validated on large number of tre mutant embryos and NCX1h morphants 

(>500 embryos). 

 

Zebrafish cardiac imaging 

 Movies of GFP-labelled Tg(myl7:GFP) hearts were taken at 30 frames per second. Line-

scan analysis was performed along a line through the atria of these hearts [34]. Fraction of 

shortening was deduced from the ratio of diastolic and systolic width and heart rate was 

determined by beats per minute.  

 

Zebrafish optical mapping 

 36 hpf myl7:gCaMP4.1 embryos were imaged with Zeiss Axioplan2 equipped with 

Axiocam camera (Zeiss) at a frame rate of 30ms/frame. Electromechanical isolation was 

achieved by tnnt2MO [35]. The fluorescence intensity of each pixel in a 2D map was normalized 

and heatmaps were generated with a custom-written C Sharp program based on the method 

previously described [36]. Isochronal lines at 33 ms intervals were obtained by identifying the 

maximal spatial gradient for a given time point.  
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Mouse embryonic stem cells 

 The mouse ESC E14Tg2a were cultured and differentiated as previously described [37-

38]. At day 10 of differentiation, beating EBs were exposed to external solution containing 

10mM CaCl2 for 10 minutes before DMSO or efsevin (10 μM) treatment. Images of beating EBs 

were acquired at a rate of 30 frames/sand analyzed by motion-detection software. 

 

Ca
2+

 imaging 

 Murine ventricular cardiomyocytes were isolated as previously described [39]. Cells were 

loaded with 5 µM fluo-4 AM in external solution containing (in mM): 138.2 NaCl, 4.6 KCl, 1.2 

MgCl, 15 glucose, 20 HEPES for 1 hr [23] and imaged on a Zeiss PASCAL confocal microscope 

in external solution supplemented with 2, 5 or 10 mM CaCl2. For the recording of Ca
2+

 sparks 

and transients, the external solution contained 2 mM CaCl2. For Ca
2+

 transients, cells were field 

stimulated at 0.5Hz with a 5ms pulse at a voltage of 20% above contraction threshold. For all 

measurements, efsevin was added 2 hours prior to the actual experiment. Images were recorded 

on a Zeiss LSM 5 Pascal confocal microscope. Data analysis was carried out using the Zeiss 

LSM Image Browser and ImageJ with the SparkMaster plugin [40]. Cells were visually 

inspected prior to and after each recording. Only those recordings from healthy looking cells 

with distinct borders, uniform striations and no membrane blebs or granularity were included in 

the analysis. 
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Biochemistry 

 For pull down assays mono-N-Boc protected 2,2'-(ethylenedioxy)bis(ethylamine) was 

attached to the carboxylic ester of efsevin and its derivatives through the amide bond. After 

removal of the Boc group using TFA, the primary amine was coupled to the carboxylic acid of 

Affi-Gel 10 Gel  (Biorad). Two-day-old zebrafish embryos were deyolked by centrifugation 

before being lysed with Rubinfeld's lysis buffer [41]. The lysate was precleaned by incubation 

with Affi-Gel 10 Gel to eliminate non-specific binding. Precleaned lysate was incubated with 

affinity beads overnight. Proteins were eluted from the affinity beads and separated on SDS-

PAGE. Protein bands of interest were excised. Gel plugs were dehydrated in acetonitrile (ACN) 

and dried completely in a Speedvac. Samples were reduced and alkylated with 10 mM 

dithiotreitol and 10mM TCEP solution in 50 mM NH4HCO3 (30 min at 56°C) and 100 mM 

iodoacetamide (45 min in dark), respectively. Gel plugs were washed with 50 mM NH4HCO3, 

dehydrated with ACN, and dried down in a Speedvac. Gel pieces were then swollen in digestion 

buffer containing 50mM NH4HCO3, and 20.0 ng/μL of chymotrypsin (25°C, overnight). Peptides 

were extracted with 0.1%TFA in 50%ACN solution, dried down and resuspended in LC buffer A 

(0.1% formic acid, 2% ACN). 

 

Mass spectrometry analyses and database searching 

 Extracted peptides were analyzed by nano-flow LC/MS/MS on a Thermo Orbitrap with 

dedicated Eksigent nanopump using a reversed phase column (New Objective). The flow rate 

was 200 nL/min for separation:  mobile phase A contained 0.1% formic acid, 2% ACN in water, 

and mobile phase B contained 0.1% formic acid, 20% water in ACN. The gradient used for 
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analyses was linear from 5% B to 50% B over 60 min, then to 95% B over 15 min, and finally 

keeping constant 95% B for 10 min. Spectra were acquired in data-dependent mode with 

dynamic exclusion where the instrument selects the top six most abundant ions in the parent 

spectra for fragmentation. Data were searched against the Danio rerio IPI database v3.45 using 

the SEQUEST algorithm in the BioWorks software program version 3.3.1 SP1. All spectra used 

for identification had deltaCN>0.1 and met the following Xcorr criteria: >2 (+1), >3 (+2), >4 

(+3), and >5 (+4). Searches required full cleavage with the enzyme, <4 missed cleavages and 

were performed with the differential modifications of carbamidomethylation on cysteine and 

methionine oxidation.  

 

Phylogenetic Analysis 

 Alignments of VDAC amino acid sequences were generated using multalign 

(http://multalin.toulouse.inra.fr/multalin). Phylogenetic trees and bootstrap values were 

calculated using TreeTop (http://www.genebee.msu.su/services/phtree_reduced.html).  

 

In situ hybridisation 

 In situ hybridization was performed as previously described [42]. DIG-labeled RNA 

probe was synthesized using T7 RNA Polymerase (Promega) and the DIG RNA labeling kit 

(Roche).  

 

 

 



29 
 

Immunostaining 

 HeLa cells were transfected with a C-terminally flag-tagged zebrafish VDAC1 or 

VDAC2 in plasmid pCS2+ using Lipofectamine™ 2000 (Invitrogen). After staining with 

MitoTracker
®
 Orange (Invitrogen) cells were fixed in 3.7% formaldehyde and permeabilized 

with acetone. Immunostaining was performed using primary antibody ANTI-FLAG
®
 M2 (Sigma 

Aldrich) at 1:100 and secondary antibody Anti-Mouse IgG1-FITC (Southern Biotechnology 

Associates) at 1:200. Cells were mounted and counterstained using Vectashield
®
 Hard Set™ 

with DAPI (Vector Laboratories). 

 

Statistics 

 All values are expressed as mean ± SEM. Significance values are calculated by unpaired 

student's t-test unless noted otherwise. 

 

Mitochondria Ca
2+

 uptake assay in HeLa cells 

 HeLa cells were transfected with zebrafish VDAC2 using Lipofectamine™ 2000 

(Invitrogen). 36 hrs following transfection, cells were loaded with 5 µM Rhod2-AM (Invitrogen) 

for 1 hour at 15°C followed by a 30 min de-esterification period at 37°C. Subsequently, cells 

were permeabilized with 100 µM digitonin for 1 min at room temperature. Fluorescence changes 

in Rhod2 (excitation 506 nm, emission 531 nm) immediately after perfusion with Ca
2+

 (final free 

Ca
2+

 concentration of 10 µM) were monitored in internal buffer (in mM): 5 K-EGTA, 20 HEPES, 

100 K-aspartate, 40 KCl, 1 MgCl2, 2 maleic acid, 2 glutamic acid, 5 pyruvic acid, 0.5 KH2PO4, 5 
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mM MgATP, pH adjusted to 7.2 with Trizma base) using a FLUOSTAR plate reader (BMG 

Labtech).  

 

Mitochondria Ca
2+

 uptake assay in VDAC1/VDAC3 double knockout (V1/V3 DKO) MEFs 

 V1/V3 DKO MEFs were cultured as previously described [12]. Efsevin-treated (15 μM 

for 30 min) or mock-treated MEFs were used for measurements of [Ca
2+

]c in suspensions of 

permeabilized cells or imaging of [Ca
2+

]m simultaneously with [Ca
2+

]c in intact single cells. 

Permeabilization of the plasma membrane was performed by digitonin (40 μg/ml). Changes in 

[Ca
2+

] in the cytoplasmic buffer upon IP3 (7.5 µM) addition in the presence or absence of 

ruthenium red (3 μM) was measured by fura2 in a fluorometer [43-44]. To avoid endoplasmic 

reticulum Ca
2+

 uptake 2 µM thapsigargin was added before IP3. For imaging of [Ca
2+

]m and 

[Ca
2+

]c, MEFs were co-transfected with plasmids encoding polycistronic zebrafish VDAC2 with 

mCherry and mitochondria-targeted inverse pericam for 40 hours. Cells were sorted to enrich the 

transfected cells and attached to glass coverslips. In the final 10 min, of the efsevin or mock-

treatment, the cells were also loaded with fura2AM (2.5 μM) and subsequently transferred to the 

microscope stage. Stimulation with 1 μM ATP was carried out in a norminally Ca
2+

 free buffer. 

Changes in [Ca
2+

]c and [Ca
2+

]m were imaged using fura2 (ratio of ex: 340nm to 380nm) and 

mitochondria-targeted inverse pericam (ex: 495nm), respectively [45].  

 

Whole-mount Acridine orange staining and TUNEL staining 

 Two-day-old zebrafish embryos were incubated with 5 μg/ml Acridine orange in embryo 

medium for 15 min at room temperature. TUNEL staining was performed using ApopTag kit 
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(Millipore) as previously described [46]. Embryos were imaged using fluorescence microscopy 

(Zeiss Axioplan2). 
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Figure 2-1.  Efsevin restores rhythmic cardiac contractions in zebrafish tremblor embryos.  

a, Line scans across the atria of GFP-labelled Tg(myl7:GFP) embryonic hearts at 48 hpf. 

Rhythmically alternating systoles and diastoles are recorded from vehicle- (left) or efsevin- 

treated wild type (center left) and efsevin-treated tre (right) embryos, while only sporadic 

unsynchronized contractions are recorded from vehicle-treated tre embryos (center right). b, 

Structure of efsevin. c, Dose-response curve for efsevin. tremblor embryos were treated with 

increasing concentrations of efsevin from 24hpf and cardiac contractions were analyzed at 48hpf. 

d, Atrial fractional shortening (AFS) deduced from the line-scan traces. Similar AFS values were 

observed in vehicle- and efsevin-treated wild-type embryos (37±1 %, n=11 vs. 35±2 %, n=11). 

While cardiac contraction was not observed in tre, treatment with efsevin induced robust 

contractions (AFS=33±2 %, n=15) in tre. e, While efsevin restored a heart rate of 46±2 beats per 

minute (bpm) in tre embryos, same treatment does not affect the heart rate in wild type embryos 

(126±2 bpm in vehicle-treated embryos vs. 123±3 bpm in efsevin-treated wild-type embryos). 

***, p<0.001 by one-way ANOVA. f, In vivo optical maps of Ca
2+

 activation represented by 

isochronal lines every 33 ms recorded from 36 hpf wild type (left), tre (center) and efsevin-

treated tre embryos.   
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Figure 2-2. Efsevin reduces arrhythmogenic events in murine cardiomyocytes.  

a, Increasing concentrations of extracellular Ca
2+

 induced a higher frequency of spontaneous 

propagating Ca
2+

 waves in isolated adult murine ventricular cardiomyocytes. Addition of efsevin 

to the buffer reduced Ca
2+

 waves in a dose-dependent manner. b, Quantitative analysis of 

spontaneous Ca
2+

 waves spanning more than half of the entire cell. In vehicle-treated 

cardiomyocytes we observed 2.0±0.4 (n=41), 8.9±1.2 (n=42), and 11.5±1.2 (n=50) Ca
2+

 waves 

per minute for extracellular Ca
2+

 concentrations of 2, 5, and 10 mM, respectively (black circles). 

Addition of 1µM efsevin reduced Ca
2+

 waves to approximately half, specifically 0.9±0.3 (n=38), 

5.1±1.1 (n=24), and 7.6±1.0 (n=61) Ca
2+

 waves per minute for 2, 5, and 10 mM Ca
2+

ext 

respectively (dark grey triangles). Increasing the concentration of efsevin to 10µM further 

reduced the number of spontaneous Ca
2+

 waves to 0.7±0.3 (n=27), 3.2±0.7 (n=36), and 4.0±0.9 

(n=29) Ca
2+

 waves per minute for 2, 5, and 10 mM Ca
2+

ext respectively (light grey triangles) and 

25µM efsevin almost entirely blocked the formation of Ca
2+

 waves (1.0±0.4 (n=25), 1.0±0.3 

(n=23), and 1.2±0.4 (n=29) Ca
2+

 waves per minute for 2, 5, and 10 mM Ca
2+

ext respectively, 

white triangles). *, p<0.05; **, p<0.01; ***, p<0.001. c, (Upper left) Representative plot of 

mouse EB contraction after 10 days of differentiation showing regular beat-to-beat interval as 

0.94±0.02s. (Upper right) Increased Ca
2+

 concentration induced an irregular contraction pattern 

(1.32±0.38s). (Lower lef) Efsevin treatment restores regular cardiac contractions (0.99±0.08s, 

right). (Lower righ) Quantitative analysis of beat-to-beat interval distributions. d, Confocal 

linescans and deducted intensity plots from vehicle- and 1 µM efsevin treated ventricular 

cardiomyocytes loaded with fluo-4 and paced at 0.5Hz. g, Normalized quantification of Ca
2+

 

transient parameters reveals no difference for transient amplitude (efsevin-treated at 98.6±4.5% 
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of vehicle-treated) and time to peak (95±3.9%), but a significant decrease for the rate of 

inactivation (82.8±4% of vehicle- for efsevin-treated). e, Quantification of Ca
2+

 transient 

parameters reveals no difference for transient amplitude (3.1±0.1 vs 3.1±0.1 for vehicle-treated 

and efsevin-treated respectively) and time to peak (35.9±1.9ms vs 34.1±1.4ms), but a significant 

decrease for the rate of inactivation (τinactivation=209.9±9.5ms vs 173.7±8.5ms).  f, Three-

dimensional representation of typical Ca
2+

 sparks recorded under 2 mM Ca
2+

ext from murine 

ventricular cardiomyocytes without (left) and with (right) treatment with 1µM efsevin. g, No 

differences between vehicle- and efsevin-treated cardiomyoctes were observed for spark 

frequency (101.1±7.7% for efsevin- compared to vehicle-treated), maximum spark amplitude 

(101.6±2.5%) and Ca
2+

 release flux (98.7±2.8%). In contrast, the decay phase of the single spark 

was significantly faster in efsevin treated cells (82.5±2.1% of vehicle-treated). Consequently, 

total duration of the spark was reduced to 85.7±2% and the total width was reduced to 

89.5±1.4% of vehicle-treated cells. 
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Figure 2-3. Mitochondria regulate cardiac rhythmicity through a VDAC dependent 

mechanism.  

a, Affinity agarose beads covalently linked with efsevin (efsevin
LB

) pulled down 2 protein 

species from zebrafish embryonic lysate, whereof one, the 32 kD upper band, was sensitive to 

competition with a 100 fold excess free efsevin
L
 (left gel). The 32 kD band was not detected in 

proteins eluted from beads capped with ethanolamine alone (beads
C
) or beads linked to an 

inactive derivative of efsevin, OK-C19
LB

, but was detected in samples eluted from beads 

attached with a biologically active derivative, OK-C125
LB

 (right gel). Also for OK-C125
LB

 pull-

down the 32kD band was again sensitive to competition with free efsevin. Arrowheads point to 

the 32kD bands. b, In situ hybridization analysis revealed that both VDAC1 and VDAC2 are 

expressed in embryonic hearts at 36 hpf (upper image) and 48 hpf (lower image). Arrowheads 

point to the heart. c, Injection of 25 pg in-vitro synthesized VDAC1 mRNA restored rhythmic 

cardiac contractions in 53.0+-10.2% of embryos (n= 126) compared to 21.8+-5.1% in uninjected 

siblings (n=23/111) on day 1. Similarly, injection of 25 pg in-vitro synthesized VDAC2 mRNA 

restored cardiac contractions in 52.9±12.1% of one-day-old tre embryos (n=78), Error bars 

represent s.e.m.; ***p<0.001; More than 150 embryos were used in each experiment. d, ~20% of  

myl7:VDAC2EcR;NCX1hMO embryos have hearts displaying chaotic movements (n=116), 

whereas 52.3±2.4% of these embryos have rhythmic contractions after TBF induction of VDAC2 

(n=154).  e, On average, 71.2±8.8% efsevin treated embryos have coordinated cardiac 

contractions (n=131). Morpholino antisense oligonucleotide knock-down of VDAC2 (MO
VDAC2

) 

or VDAC1 (MO
VDAC1

) attenuates the ability of efsevin to suppress cardiac fibrillation in tre 

embryos (45.3±7.4% and 46.9±10.7% embryos with coordinated contractions, n=94 and 114, 
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respectively). Knocking down VDAC1/2 simultaneously further suppresses efsevin’s effect 

(30.3±6.3%, n=75). f, Efsevin treatment restores coordinated cardiac contractions in 76.2±8.7% 

NCX1MO embryos, only 54.1±3.6% VDAC2
zfn/zfn

;NCX1MO embryos and 35.7±7.1% 

VDAC2
zfn/zfn

;VDAC1MO;NCX1MO embryos have coordinated contractions (n=250). Error bars 

represent s.e.m.; ***p<0.001; More than 150 embryos were used in each experiment. g, In situ 

hybridization shows that MCU is highly expressed in the developing heart (arrowheads) at 36 

hpf (upper image) and 48 hpf (lower image). h, The ability of VDAC2 to restore rhythmic 

contractions in tre embryos (48.5±3.5% embryos, n=111) is significantly attenuated when MCU 

is knocked down by antisense oligonucleotide (MO
MCU

) (25.6±2.4% embryos, n=115). i, 

Overexpression of MCU is sufficient to restore coordinated cardiac contractions in tre embryos 

(47.1±1.6% embryos as opposed to 18.3±5.3% of uninjected siblings) while this effect is 

significantly attenuated when co-injected with morpholino antisense oligonucleotide targeted to 

VDAC2 (27.1±1.9% embryos, n=135). j, Suboptimal overexpression of MCU (MCU
S
) and 

VDAC2 (VDAC2
S
) in combination is able to suppress cardiac fibrillation in tre embryos 

(42.9±2.6% embryos, n=129). Error bars represent s.d.; ***p<0.001; At least 110 tre mutant 

embryos were analyzed in each experiment.        
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Figure 2-4. Mitochondrial Ca
2+

 uptake.  

a, Representative traces of mitochondrial matrix [Ca
2+

] ([Ca
2+

]m) in digitonin-permeabilized 

HeLa cells detected by Rhod2, a Ca
2+

 sensitive dye compartmentalized in mitochondria. Arrows 

denote superfusion with 10 μM Ca
2+

. Mitochondrial Ca
2+

 uptake was assessed when VDAC2 

was overexpressed (100 or 200 ng/well; left), cells were treated with 1µM efsevin (middle) and 

combination of both at low doses (25 ng/well VDAC2 and 0.1 μM efsevin; right). Control-traces 

with ruthenium red (RuRed) show mitochondrial specificity of the signal. b, Representative 

traces of cytosolic [Ca
2+

] ([Ca
2+

]c) changes upon the application of 7.5 µM IP3 in the presence 

(+) or absence (-) of RuRed in suspensions of permeabilized V1/V3 DKO MEFs. To avoid 

endoplasmic reticulum Ca
2+

 uptake, 2µM thapsigargin (Tg) was added before IP3. Mitochondrial 

Ca
2+

 uptake was assessed by the difference of the – and + RuRed conditions normalized to the 

total release (n=4; mean±SE). c, V1/V3 DKO MEFs overexpressing zebrasfish VDAC2 

(polysyctronic with mCherry), were stimulated with 1 μM ATP in a nominally Ca
2+

 free buffer. 

Changes in [Ca
2+

]c and [Ca
2+

]m were imaged using fura2 (ratio of 340 nm to 380 nm) and 

mitochondria-targeted inverse pericam, respectively. Black and gray traces show the [Ca
2+

]c (in 

nM) and [Ca
2+

]m (F0/F mtpericam) time courses, respectively in two representative single cells in 

the presence or absence of efsevin. Bar charts: Cell population averages for the peak [Ca
2+

]c 

(left), the corresponding [Ca
2+

]m (middle), and the coupling time (time interval between the 

maximal [Ca
2+

]c and [Ca
2+

]m responses) in the presence (black, n=24) or absence (gray, n=28) of 

efsevin.  
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Supplementary Figure 2-1. Efsevin restores rhythmic cardiac contractions in NCX1h 

morphant embryos. 

Injection of a morpholino antisense oligonucleotide against NCX1h (MONCX1h) recapitulated 

the tremblor phenotype (light gray bar). Treatment with 30 μM efsevin (MONCX1h + efsevin) 

restored rhythmic cardiaccontractions in the majority of morphant embryos (striped bar). ***, 

p<0.001. 
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Supplementary Figure 2-2. Derivatives of efsevin.  

a, Two derivatives of efsevin, OK-C125 and OK-C19, werecreated. b, The ability of OK-C125 

and OK-C19 to restore cardiac contractions were analyzed. OK-C125restored rhythmic 

contractions in the majority of tremblor embryos (82%, 37/45 embryos), comparable toefsevin 

(61%, 25/41 embryos), whereas OK-C19 failed to rescue the tremblor phenotype (0%, 0/20 

embryos, tre-controls: 14%, 17/118 embryos). c, We attached linkers to all three compounds 

(indicated by superscript L).d, Compounds with linker were injected into one cell embryos 

together with a morpholino targeting NCX1h(MONCX). Compounds efsevinL and OK-C125L 

retained their ability to restore rhythmic contractions in MONCXinjected embryos (efsevinL: 

81%, 26/32 embryos and OK-C125L: 50%, 21/42 embryos, respectively), while theinactive 

derivative OK-C19L was still unable to induce rhythmic contraction above background levels 

(OKC19L:9%, 3/32 embryos, and background: 26%, 36/138 embryos). 
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Supplementary Figure 2-3. Identification of VDAC2 as the target of efsevin by Mass 

Spectrometry.  

The 32kD band eluted from efsevinL beads shown in Figure. 2-4 was excised and in-gel digested 

prior to analysis by massspectrometry. a, The spectrum shown allowed the identification of the 

VDAC 2 peptide LTFDTTFSPNTGK.Diagnostic b- and y-series ions are shown in red and blue, 

respectively. b, VDAC 2 peptides identified by massspectrometry (underlined) account for 30% 

of the total sequence. The peptide exemplified in (a) is indicated in bold. 
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Supplementary Figure 2-4. Phylogenetic analysis of vertebrate VDAC isoforms.  

A phylogenetic analysisusing the amino acid sequences of (a) full-length and (b) the core 

domain sequence from Homo sapiens (h), Musmusculus (m), Gallus gallus (g), Xenopus laevis 

(x), and Danio rerio (d) confirmed that the 32kDa proteinspecies identified from the pulldown 

assay is isoform 2 of the voltage-dependent anion channel (VDAC2).Accession numbers for 

sequences used are: dVDAC1: AAI60655.1, dVDAC2: AAI64640.1, dVDAC3:NP_998411.1, 

hVDAC1: NP_003365.1, hVDAC2: CAI40911.1, hVDAC3: NP_001129166.1, 

xVDAC1:NP_001016492.1, xVDAC2: NP_001016193.1, xVDAC3: AAH87828.1, mVDAC1: 

NP_035824.1, mVDAC2:NP_035825.1, mVDAC3: NP_001185927.1, gVDAC1: 

NP_001029041.1, gVDAC2: NP_990072.1, gVDAC3:XP_424406.2. 
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Supplementary Figure 2-5. Co-localization of zebrafish VDAC proteins with mitochondria 

in cultured HeLa cells.  

HeLa cells were transfected with a flag-tagged zebrafish VDAC1 (VDAC1flag, top panel) and 

VDAC2 (VDAC2flag, lower panel), immunostained against the flag epitope and counterstained 

for mitochondriawith MitoTracker Orange and for nuclei with DAPI. Co-localization of red and 

green foci in transfected cellsindicates mitochondrial localization of zebrafish VDAC1 and 

VDAC2. 
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Supplementary Figure 2-6. Overexpression of VDAC2 restores rhythmic cardiac 

contractions in NCX1h morphant embryos.  

Injection of a morpholino antisense oligonucleotide against NCX1h (MONCX1h) recapitulated 

the tremblor phenotype (light gray bar). Co-injection of VDAC2 mRNA (MONCX1h + 

VDAC2) significantly restored rhythmic cardiac contractions in NCX1h morphant embryos 

(striped bar). ***, p<0.001 
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Supplementary Figure 2-7. Generation of drug-inducible VDAC2 transgenic fish.  

a, Schematic diagram of myl7:VDAC2EcR construct. b, TBF treatment induces GFP expression 

in the heart of myl7:VDAC2EcR embryos while DMSO treatment does not induce GFP 

expression at all. In situ hybridization verified that VDAC2 expression is significantly 

upregulated in the heart by TBF treatment but not by DMSO treatment. 
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Supplementary Figure 8. Activating VDAC2 does not induce apoptosis in developing 

zebrafish embryos. 

a-c, Live images of control (a), efsevin-treated (b) and VDAC2-overexpressing (c) embryos at 

48 hpf. d-i, Apoptotic cells were visualized by TUNEL assays (d-f) or Acridine orange staining 

(g-i) at 48 hpf and imaged using fluorescence microscopy. Neither efsevin treatment nor VDAC2 

overexpression significantly induce apoptosis in zebrafish embryos. 
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Supplementary Figure 9. Generation of VDAC2 knockout fish.  

a, Diagram of Zinc finger target sites. b, RFLP analysis of wild type (left) and VDAC2 mutant 

(right) embryos. c, VDAC2
zfn/zfn

 carries a 34bp deletion in exon 3 which results in a premature 

stop codon (red asterisk). d, In situ hybridization analysis showing loss of VDAC2 transcripts in 

VDAC2
zfn/zfn

 embryos. 
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Supplementary Table 2-1. Effect of 1µM efsevin on global Ca
2+

 transients in ventricular 

cardiomyocytes. 

  

Amplitude 

 

Time to peak 

Tau 

activation 

Tau 

Inactivation 

 

n 

 (ΔF/F0) (ms) (ms) (ms)  

vehicle 3.13±0.11 35.8±1.9 6.7±0.37 209.8±9.5 78 

efsevin 3.08±0.14 34.1±1.4 6.76±0.4 173.7±8.5*** 57 

***, p<0.01 
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Supplementary Table 2-2. Effect of 1µM efsevin on spontaneous Ca
2+

 sparks in ventricular 

cardiomyocytes. 

  

Frequency 

 

n 

 

Amplitu

de 

 

Release 

flux 

Tau 

Inactivati

on 

Total 

width 

Total 

duration 

 

n 

 (sparks/100µm/1

00s) 

 (ΔF/F0) (ΔF/F0/Δtma

x) 

(ms) (µm) (ms)  

vehicl

e 

2.46±0.18 89 0.9±0.02 96.3±2.3 52.7±1.1 5.06±0.06 106.9±1.8 847 

efsevi

n 

2.49±0.19 75 0.92±0.0

2 

95±2.7 43.6±1.1*

** 

4.53±0.07*

** 

91.6±2.1*

** 

619 

***, p<0.01 
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CHAPTER 3 

Aberrant Ca
2+

 homeostasis leads to proteasome-mediated myofibrillar disarray via the 

calcineurin-FoxO-Trim63 signaling pathway 

 

A. Abstract 

 Abnormal Ca
2+

 homeostasis is associated with multiple cardiac conditions including 

arrhythmias, hypertrophy and myopathy. Here we use the zebrafish as a genetic model to explore 

the regulatory relationship between Ca
2+

 signaling and the sarcomere integrity. In zebrafish, 

deficiency in ncx1h, a cardiac-specific sodium-calcium exchanger gene, disrupts normal Ca
2+

 

transients in cardiomyocytes and causes arrhythmic cardiac contractions and severe myofibril 

disarray. Gene profiling analysis revealed a significant elevation of trim63 expression in ncx1h 

deficient hearts. Overexpression of trim63 disrupts the sarcomere structure in zebrafish 

cardiomyocytes and knock-down of trim63 or inhibiting proteasome activity protects myofibrils 

from degradation in ncx1h deficient embryos, demonstrating a causal relationship between 

trim63 gene expression and the myofibril defects. Molecular analysis showed that elevated Ca
2+

 

level is sufficient to enhance trim63 expression in zebrafish hearts and that inhibiting calcineurin 

activity blocks aberrant Ca
2+

 homeostasis-induced trim63 expression. We next showed that 

calcineurin regulates trim63 expression by determining the subcellular localization of FoxO. In 

tre hearts, FoxO is accumulated in the nucleus. Overexpression of a dominant negative form of 

calcineurin sequesters FoxO in the cytoplasm, suppresses trim63 expression and protects 

sarcomere integrity in tre cardiomyocytes. Furthermore, overexpression of FoxO in the heart 

induces trim63a expression and leads to myofibril disarray, whereas overexpression of a 
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dominant negative form of FoxO protects sarcomere integrity in ncx1h deficient embryos. 

Together, these studies uncovered a novel mechanism by which Ca
2+

 regulates trim63a 

expression in cardiomyocytes. 

 

B. Introduction 

 Ca
2+

 regulates critical biological processes. In the heart, Ca
2+

 plays a central role in 

coordinating electrical signals and cardiac contractions on a beat-to-beat basis [1]. Aberrant Ca
2+

 

homeostasis often leads to contractile dysfunction, arrhythmias and heart failure [2-4]. In 

addition, Ca
2+

 is a critical signaling molecule controlling multiple cellular processes in the heart. 

Key transducers of pathological Ca
2+

 signals include Calmodulin-dependent protein kinase II 

(CaMKII) and calmodulin-dependent protein phosphatase calcineurin (Cn). While mechanisms 

by which CaMKII and Cn mediate pathological Ca
2+

 signaling in hypertrophy have been 

documented [5-8], the involvement of Ca
2+

-dependent transcriptional alteration in other 

pathophysiological conditions requires further investigation.  

The tripartite motif containing protein TRIM63 (also known as MuRF1) is an E3 

ubiquitin ligase expressed in cardiac and skeletal muscles [9-10]. It adds poly-ubitiquin chains to 

sarcomere proteins including myBP-C, tropomyosin and troponin [10-12] and thereby facilitates 

sarcomere disassembly and myofibril disarray through a proteasome-dependent mechanism [13-

14]. TRIM63 is implicated in the control of cardiac cell mass and contractility [10, 15-16] and 

loss-of-function mutations of TRIM63 are associated with hypertrophic cardiomyopathy in 

humans [17]. While TRIM63 deficiency does not cause obvious phenotypes in the mouse model, 

it markedly attenuates transverse aortic constriction (TAC) induced cardiac hypertrophy [18]. 



 69 

However, the causative relationship between TRIM63, sarcomere integrity and cardiac 

hypertrophy requires further investigation at the mechanistic level.  

The Forkhead box O (FoxO) class of transcription factors, whose activity is primarily 

regulated by its subcellular localization, regulates a wide range of gene expression programs and 

cellular processes. Phosphorylated FoxO is sequestered in the cytoplasm whereas 

dephosphorylation leads to nuclear translocation and transcriptional activation of FoxO [19-20]. 

In striated muscles, FoxO mediates various signaling pathways to control muscle cell mass. This 

mechanism is best documented in skeletal muscles. Upon stimulation with growth factors such as 

IGF-1, FoxO is phosphorylated by AKT and sequestered in the cytoplasm, resulting in the 

repression of trim63 transcription and the increase of cell mass [21-22]. In catabolic conditions 

such as glucocorticoid treatment, denervation, long-term immobilization and microgravity, the 

suppression of PI3-Akt pathway facilitates the accumulation of FoxO in the nucleus, leading to 

the induction of trim63 expression and muscle atrophy [23-25]. Whether FoxO-TRIM63 

regulation is also influenced by Ca
2+

 homeostasis has not been directly evaluated.  

 The zebrafish tremblor (tre) mutant lacks functional ncx1h gene, a cardiac-specific ncx1 

gene, resulting in abnormal Ca
2+

 transients in cardiomyocytes and cardiac fibrillation [26-27]. 

Interestingly, the sarcomere structures of the tre mutant heart are severely disrupted [27]. 

Similarly, severe defects in sarcomere integrity have been noted in embryonic NCX1-deficient 

mouse heart [28-29] and NCX1 inhibitor treated adult mouse cardiomyocytes [31]. The 

molecular mechanism underlying the myofibril defects observed in NCX1 deficient hearts is not 

known. NCX1 is a critical Ca
2+

 extrusion molecule in the heart. This raises an attractive 

possibility that aberrant Ca
2+

 signaling induces myofibril disarray in NCX1 compromised 
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cardiomyocytes. Here, we assess the molecular mechanisms by which Ca
2+ 

homeostasis 

influences the integrity of the contractile machinery in the tre heart. By microarray analysis, we 

noted a dramatic increase of trim63 expression in ncx1h deficient hearts. Our genetic and 

pharmacologic analyses further demonstrate a causative relationship between trim63 

upregulation and myofibril disarray. We showed that elevated intracellular Ca
2+ 

levels activates 

calcineurin which dephosphorylates FoxO and promotes the translocation of FoxO from the 

cytoplasm to the nucleus and thereby upregulates expression of trim63. Our results provide the 

evidence that Ca
2+

 functions as a molecular switch required to regulate the stoichiometry of 

cardiac muscle structure via transcriptional regulation. 

 

C. Results 

Loss of function of NCX1h leads to myofibril disarray 

 NCX1h is a cardiac-specific NCX1 gene in zebrafish. NCX1h deficient zebrafish 

embryos (both tre mutant embryos and ncx1h morphants) never initiate persistent cardiac 

contractions [26-27] and the myofibril structures are severely dissembled after three days of 

development [27]. We therefore investigated whether NCX1 activity is required for sarcomere 

assembly. At 30 hours post fertilization (hpf), the overall morphology of the primitive heart tube 

and the cell shape of cardiomyocytes are indistinguishable between wild type and tre mutant 

embryos (Figure 3-1B). In addition, a nascent periodic banding pattern of α-actinin marking the 

Z-line is apparent in tre mutant hearts suggesting that the initiation of sarcomere assembly does 

not require NCX1 activity (Figure 3-1A). By 48 hpf, tre mutant hearts become dysmorphic; the 

ventricle is small and the atrium is collapsed at the inflow end (Figure 3-1A, B). Cardiomyocytes 
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assume a rounded shape and Z-lines are no longer intact as indicated by the sporadic α-actinin 

pattern (Figure 3-1A). The tre heart further deteriorated as development proceeds. By 72 hpf, 

both ventricle and atrium are collapsed, cardiomyocytes are misshaped and α-actinin pattern is 

severely disorganized in tre hearts (Figure 3-1A). Similar myofibril phenotype was observed in 

the ncx1h morphants (Supplementary Figure 3-1). Together, these findings suggest that 

myofibrils are assembled initially but the integrity of sarcomeres is not properly maintained in 

tre mutant hearts. 

 

Elevated trim63 expression in tre mutant hearts 

 To identify molecular pathways underlying the pathogenesis of the myofibril defect, we 

isolated 2-day-old embryonic hearts from wild type and ncx1h deficient embryos. Microarray 

analysis showed a significant increase of trim63 transcripts in ncx1h morphant hearts compared 

to wild type hearts. There are two highly homologous trim63 genes in zebrafish (zgc_86757 and 

zgc_56376, hereafter referred to as trim63a and trim63b, respectively), both of which are 

clustered with mammalian trim63 genes (Figure 3-2A). These genes share a high degree of 

homology and are likely to be a result of genome duplication [31]. Quantitative RT-PCR analysis 

using RNA extracted from 2-day-old ncx1h deficient hearts confirmed an elevated expression of 

both trim63a and trim63b (Figure 3-2B). In situ hybridization analysis showed that both trim63a 

and trim63b are expressed in the skeletal and cardiac muscles in developing zebrafish embryos 

as early as 30 hpf (Figure 3-2C).  Interestingly, elevated expression levels of trim63a and 

trim63b are observed in the heart, but not the skeletal muscles, in ncx1h deficient embryos 

(Figure 3-2C), consistent with the fact that ncx1h is a cardiac-specific gene.  
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Upregulation of trim63 causes myofibril disarray in embryonic zebrafish heart 

 Trim63 regulates cardiomyocyte mass by tagging target proteins with polyubiquitin, 

which leads to a proteasome-dependent degradation process [9-10]. We hypothesized that 

upregulation of trim63 causes myofibrillar disarray in ncx1h deficient hearts. To evaluate this 

possibility, we generated myl7:trim63a-IRES-EGFP transgenic fish in which myl7 promoter 

drives the expression of zebrafish trim63a and the bicistronic EGFP reporter specifically in the 

heart (Figure 3-3A). In these transgenic embryos, trim63a expression is significantly upregulated 

in the heart (Figure 3-3B). Both atrium and ventricle are dilated and cardiac looping is defective 

(Figure 3-3B). The heart rate and fractional shortening are reduced (Figure 3-3C, D). As a result, 

significant blood regurgitation, reduced periphery blood circulation as well as pericardial edema 

were observed in trim63a overexpressing hearts (Figure 3-3B, Supplementary Movie 1, 2).  

Furthermore, the heart in the myl7:trim63a-IRES-EGFP transgenic fish failed to maintain 

sarcomere structure as indicated by disorganized α-actinin pattern and actin filaments (Figure 3-

3E), demonstrating that overexpression of trim63a is sufficient to disrupt myofibril structure in 

the developing heart.  

 We reasoned that if indeed trim63 overexpression causes myofibril disarray in tre hearts, 

downregulation of trim63 should alleviate this defect. We utilized antisense morpholino 

oligonuclotides targeting the translation initiation sites of trim63a and trim63b to knockdown 

these genes. While knockdown of either gene alone did not result in marked differences in tre, 

simultaneous knockdown of both trim63a and trim63b ameliorated the myofibril defect and 

maintained sarcomere structures in tre mutant hearts (Figure 3-3F, G). Furthermore, treatment 

with MG132, a proteasome inhibitor, restored periodic banding of α-actinin in tre 
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cardiomyocytes, as seen in trim63 knockdown cardiomyocytes (Figure 3-3F, G), indicating that 

myofibril defects observed in ncx1h deficient hearts results from a trim63-mediated proteasome-

dependent protein degradation mechanism. Taken together, our gain- and loss-of-function results 

suggest a causative relationship between trim63 overexpression and the myofibril defect 

observed in ncx1h deficient embryos. 

 

Identification of minimum regulatory element of trim63a  

 Loss of function of ncx1 results in Ca
2+

 homeostasis defects [32]. We therefore 

investigated whether trim63a expression is responsive to Ca
2+ 

signaling. A 6.9 kb genomic 

fragment upstream of the trim63a transcription initiation site was used to drive GFP expression 

in zebrafish embryos (Figure 3-4A) and transient GFP expression was observed in cardiac and 

skeletal muscles, a pattern similar to endogenous trim63 expression revealed by in situ 

hybridization (Figure 3-4B). This expression pattern is further confirmed in stable germ-line 

transmitted transgenic embryos (Figure 3-4C). We next generated a series of deletion constructs 

of this 6.9 kb fragment (Figure 3-4A). By transient expression analysis, we found that the 638 bp 

fragment upstream of the trim63a transcription initiation site is sufficient to recapitulate the 

endogenous trim63a expression pattern (Figure 3-4B), suggesting that this fragment contains 

minimum regulatory elements required for trim63a expression.  

 

Ca
2+

 regulates trim63a expression via the Calcineurin signaling pathway 

 To examine whether trim63a expression is responsive to changes in intracellular Ca
2+

 

levels, we transfected HEK293T cells with either trim63a (-6906)-Luc or trim63a (-638)-Luc 
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plasmid and exposed these cells to A23187, a calcium ionophore. After A23187 treatment, 

trim63a (-6906)-Luc and trim63a (-638)-Luc transfected cells have similar levels of induction of 

luciferase activity (Figure 3-4E), indicating that trim63a expression is responsive to elevated 

levels of intracellular Ca
2+

 and that the 638bp trim63a proximal fragment is sufficient to direct 

Ca
2+

-mediated trim63a transcription. 

 We next examined whether Ca
2+

 induces trim63a expression via the calcium/calmodulin-

dependent protein kinase II (CaMKII) axis or the calcineurin (Cn) axis by treating trim63a(-

638)-Luc transfected HEK293T cells with KN62, a chemical inhibitor of CaMKII, or FK506, an 

inhibitor of Cn. We then measured the luciferase activities in response to A23187 treatment. 

While KN62 treatment did not have significant impact on the Ca
2+

-induced trim63a expression, 

FK506 treatment attenuated the Ca
2+

 responsiveness of the trim63a(-638)-Luc reporter (Figure 3-

5A), indicating that the Cn pathway mediates the Ca
2+

 responsiveness of trim63a expression.  

 

FoxO mediates trim63a expression in a Ca
2+

-dependent manner   

 FoxO regulates trim63 expression in cardiac and skeletal muscles [21-25, 33-34]. 

Interestingly, putative FoxO binding sites are detected in the zebrafish trim63a (-638) regulatory 

region (Figure 3-5C). There are seven foxo genes; foxo1a, foxo1b, foxo3a, foxo3b, foxo4, foxo6a 

and foxo6b in zebrafish [35]. In situ hybridization demonstrated that foxo6a is expressed in the 

primitive heart tube at 24 hpf, but this expression is diminished by 48 hpf (Supplementary Figure 

3-2A). All the other zebrafish foxo genes are expressed in the developing heart throughout 

embryogenesis (Figure 3-5D, Supplementary Figure 3-2A). 
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We co-transfected trim63a(-638)-Luc with zebrafish FoxOs into HEK293T cells and 

found that FoxO induces a dose-dependent activation of trim63a transcription (Figure 3-5E, 

Supplementary Figure 3-2B). Interestingly, overexpression of FoxO further enhanced the Ca
2+

 

responsiveness of the 638bp trim63a promoter. Furthermore, overexpression of a dominant-

negative form of FoxO (DN-foxO), which lacks the transactivation domain but harbors an intact 

DNA binding domain of FoxO [36-37], abrogated the Ca
2+

-induced trim63a expression (Figure 

3-5F). Together, these findings indicate that Ca
2+

 signaling regulates trim63a expression via 

FoxO transcription factors.  

 

Calcineurin regulates trim63a expression by dephosphorylating FoxO  

 The subcellular localization of FoxO is determined by post-translational modifications 

[20]. We explored the possibility that Cn regulates trim63a expression by modulating the 

phosphorylation status of FoxO. Since foxo3 has been shown to regulate trim63 expression in the 

cardiac muscle [33-34] and zebrafish foxo3a enhances the Ca
2+

 responsiveness of the trim63a 

promoter (Supplementary Figure 3-2B), we focus our study on foxo3a hereafter. 

Upregulation of Ca
2+

 signaling by overexpression of Cn significantly reduced the level of 

phosphorylated FoxO3 whereas blocking Cn pathway by overexpression of a dominant negative 

form of Cn (DN-Cn) does not have significant effect on the phosphorylation status of FoxO3a 

(Figure 3-6A). Furthermore, overexpression of wildtype Cn enhanced FoxO3a-mediated trim63a 

expression whereas overexpression of DN-Cn significantly blunted FoxO’s ability to enhance 

trim63a expression (Figure 3-6B). Together, these data demonstrate that activation of Cn induces 

trim63a expression by dephosphorylating FoxO.  
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trim63a expression is upregulated by FoxO in the zebrafish heart 

 Our findings suggest that the Cn-FoxO pathway regulates trim63a expression. This 

model predicts that ncx1h deficient embryos, which suffer from Ca
2+

 extrusion defects, would 

have a higher level of FoxO accumulated in the nucleus. To test this hypothesis, we transiently 

expressed FLAG-tagged FoxO3a and compared the subcellular localization of FoxO3a between 

wildtype and tre mutant cardiomyocytes. Confocal microscopy revealed that while the majority 

of FoxO3a is sequestered in the cytoplasm in wild type cardiomyocytes, FoxO3a is preferentially 

localized to the nucleus of cardiomyocytes in tre (Figure 3-7A).  

 We next manipulated Cn and FoxO activities in zebrafish embryos to evaluate their 

impact on trim63a expression. As shown in Figure 3-7B, embryos that received synthetic foxo3a 

mRNA had elevated levels of trim63a expression in the heart. This effect was further enhanced 

by overexpression of a constitutively active form of foxo3a (CA-foxo3a) in which all three 

phosphorylation sites were mutated (T29A, S236A, S299A) [38]. Additionally, overexpression 

of CA-foxo3a resulted in disruption of Z-discs (Figure 3-7C), similar to that observed in ncx1h 

deficient and trim63a overexpression embryos. Furthermore, overexpression of DN-foxo blunted 

trim63a expression (Figure 3-7B) and restored periodic banding pattern of α-actinin in tre mutant 

hearts (Figure 3-7C). Finally, FK506 treatment mimics the effect of DN-foxO on trim63a 

expression both in wildtype and tre embryos (Figure 3-7B). Together, these findings 

demonstrated a regulatory role for FoxO on trim63a expression in developing zebrafish hearts.  
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D. Discussion 

 While Ca
2+

 has long been implicated to induce myofibril disarray in cardiac dysfunction 

[39], underlying molecular mechanisms remain to be explored. Here we use tremblor, a zebrafish 

aberrant Ca
2+

 homeostasis model, to dissect molecular pathways by which Ca
2+

 signaling 

influences the integrity of myofibrils in cardiomyocytes. We showed that the activation of 

calcineurin by Ca
2+

 overload leads to a nuclear accumulation of FoxO, which induces expression 

of trim63 and a proteasome-dependent degradation of sarcomere structure in cardiomyocytes, 

demonstrating a novel Ca
2+

 homeostasis-regulated signaling pathway that controls cardiac 

muscle wasting. 

trim63a expression is elevated at the onset of sarcomere disassembly in tre mutant hearts 

and overexpression of trim63 is sufficient to induce myofibril disarray and atrophy in 

cardiomyocytes. These findings, together with the observation that knocking down trim63 and 

inhibiting ubiquitin-proteosome degradation protect the integrity of sarcomeres in tre hearts, 

demonstrate a causal relationship between the upregulation of trim63 and myofibril disarray. 

This finding is consistent with previously established association between trim63 upregulation 

and muscle atrophy [9, 11-12, 24, 40]. Furthermore, a ~2-fold increase of trim63 expression 

detected in tre and trim63 transgenic hearts is comparable to those detected in heart failure 

patients and in patients that develop muscle atrophy after receiving the placement of a left 

ventricular assist device [40-41]. These findings indicate that a modest elevation of trim63 

expression is sufficient to tilt the balance between protein synthesis and degradation to 

pathological conditions and thus a fine control mechanism for the stoichiometry of cardiac 

muscle structure is required for maintaining the cell mass of cardiomyocytes. Interestingly, while 
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trim63 overexpression accelerates heart failure in the TAC mouse model, trim63 transgenic mice 

do not exhibit obvious ubiquitin-dependent degradation of sarcomeric proteins [42]. Further 

investigation is required to determine whether the differences in trim63’s effects on sarcomere 

integrity between fish and mouse trim63 transgenic models are due to species- or developmental 

stage-specific responses. 

 Cn is a critical downstream effector of Ca
2+

 signaling in normal heart development and in 

pathological conditions [43]. In this study, we present the evidence to support a Cn-mediated 

regulation of trim63 gene expression, which has a critical role in controlling cell mass and 

sarcomere integrity in the heart. Our study showed that aberrant Ca
2+

 homeostasis induces trim63 

expression in cultured cells and in developing zebrafish hearts. This effect is primarily mediated 

by Cn-FoxO signaling pathway as overexpression of FoxO is sufficient to enhance trim63 

expression and blocking Cn activity by pharmacological inhibitor or by overexpression of a 

dominant-negative form of Cn blunted FoxO's effect on trim63. We propose that Cn induces 

trim63 expression by dephosphorylating and promoting nuclear translocation of FoxO. This 

model is supported by a Cn-dependent increase of dephosphorylated FoxO upon stimulation with 

ionophore. In the tre hearts, FoxO is predominantly localized in the nucleus and trim63 

expression is high. Intriguingly, inhibiting Cn activity by dominant-negative Cn blocks nuclear 

translocation of FoxO, blunts trim63 gene expression and protects sarcomere integrity in tre 

mutant hearts. Together these findings indicate a novel Cn-FoxO-TRIM63 pathway mediating 

Ca
2+

-dependent regulation of cardiac cell mass and sarcomere integrity (Figure 3-7D). 

 FoxO transcription factor is a key regulator of trim63 expression. In skeletal muscles, 

FoxO mediates PI3K-AKT signaling-controlled hypertrophy and atrophy responses. Upon 
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stimulation with hormones, such as insulin-like growth factor-1 (IGF-1) and insulin, the 

activation of AKT phosphorylates and sequesters FoxO transcription factors in the cytoplasm to 

prevent the induction of atrophy genes including TRIM63 leading to the increase of cell mass 

[21-22]. Under starvation or denervation, AKT activity is downregulated, promoting the nuclear 

translocation of FoxO and the induction of TRIM63 expression [23-25]. Our finding that FoxO 

regulates trim63 expression in cardiomyocytes as a respond to changes in Ca
2+

 homeostasis adds 

to the growing evidence supporting a critical nodal point for FoxO-Trim63 in controlling the 

growth and atrophy of striated muscles.  

  

E. Materials and Methods 

Zebrafish husbandry and morpholino oligos 

 Zebrafish tremblor (tre
tc318

) heterozygotes were bred in Tg(cmlc2:egfp) background. The 

wildtype lined used in this study is AB. These fish were maintained and bred following standard 

protocols [44]. Embryos were raised at 28.5 °C and were staged as previously described [45]. 

Embryos for in situ hybridization were raised in the presence of 0.2 mM 1-phenyl-2-thiourea 

from ~22 hpf to prevent pigmentation. Embryos were fixed with 4% paraformaldehyde at the 

stage indicated for subsequent analyses.  

 The morpholino-modified antisense oligonucleotides targeting the translation initiation 

sites of trim63a (5’-TTTGACCCGTTTGGATGTCCATTGC-3’) and trim63b (5’-

AAGAGGCAGTTCGCTGAATGTCCAT-3’) were purchased from Gene-Tools. Morpholino 

oligonucleotides (8 ng each) were introduced to 1- to 2-cell stage embryos by microinjection.  
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Pharmacological treatment 

Chemicals used in this study are A23187, FK506, KN62 (Sigma-Aldrich) and MG132 

(CALBIOCHE). All chemicals were prepared in DMSO. For zebrafish embryos, chemicals were 

applied to the embryo media.  

 

Microarray and quantitative PCR 

 For microarray analysis, zebrafish embryonic hearts were isolated at 48 hpf as previously 

described [46]. Total RNA was purified using RNAeasy micro kit (Qiagen). Microarray 

hybridization was performed in triplicate using the Affymetrix Zebrafish GeneChip containing 

15,617 genes. RNA probes were prepared according to the guideline provided by the array 

manufacturer. For quantitative analysis, total RNAs isolated from embryonic hearts were reverse 

transcribed to generate first-strand cDNA using iScript kit (BIORAD) by priming with random 

hexamers. The relative expression levels of trim63a and trim63b in the wild type and tre hearts 

were determined by quantitative PCR using the LightCycler® 480 System (Roche Applied 

Science). GAPDH was served as the internal control for normalization. Primer sequences used in 

this study are listed in Supplementary Table.  

 

Transmission electron microscopy 

 Wild type and homozygous tre mutant embryos at 72 hpf were fixed in 2% 

paraformaldehyde, 2% glutaraldehyde (electron-microscopy grade) at room temperature for 2 h. 

Samples were processed, embedded and sectioned according to the standard procedure and 

examined on a JEOL 100CX or JEM-1230 transmission electron microscope. 
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Construction of expression vectors 

 Full length cDNA fragments were cloned into either pCS2+ or pCS2+3XFLAG vectors 

following amplification from cDNA synthesized from wild-type embryonic mRNA at 1-2 dpf. 

All the point mutations were introduced by PCR-based mutagenesis. Capped mRNAs were 

synthesized by in vitro transcription with the mMESSAGE kit (Ambion).  

 

Determination of transcription start site and identification of putative transcription 

binding motifs 

 5’ RACE was performed using SMART RACE cDNA Amplification Kit (Clontech) to 

determine the transcription start site of trim63a. cDNA was synthesized from mRNA extracted 

from wild-type embryos at 36 hpf. The RACE cDNA fragment was cloned into pCDII-TOPO 

(Invitrogen) for sequencing.  

 The ECR browser (http://ecrbrowser.dcode.org/) [47] was utilized for cross-species 

comparison of the upstream genomic sequences of trim63a. TRANSFAC 6.0 

(www.generegulation.com) [48] and JASPAR (http://jaspar.genereg.net/) [49] were used to 

identify putative transcription factor binding sites. 

 

In vivo GFP reporter assay 

 An approximately 7.0-kb genomic fragment upstream of the zebrafish trim63a gene 

(ranging from –6906 to +80 bp) was amplified from genomic DNA by PCR and cloned into the 

pGL3-Basic vector (Promega). The luciferase gene of this construct was then substituted by the 

http://ecrbrowser.dcode.org/
http://www.generegulation.com/
http://jaspar.genereg.net/
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EGFP gene at the XbaI-NcoI junctions. A deletion series of trim63a-EGFP construct was 

generated using the ERASE-A-BASE system (Promega).  

 For transient expression, each deletion construct was digested with NheI and SalI to 

release the trim63a-EGFP reporter. 80 pg of this DNA fragment was microinjected into 1-cell 

stage embryos. At least 20 EGFP-positive embryos were examined at 1 and 2 days post 

fertilization (dpf) using a Zeiss SV-11 epifluorescence microscope and photographed by 

Axiocam digital camera.   

 

Cell-based luciferase assay 

 A trim63a-luciferase deletion series was generated by replacing the regulatory sequence 

in the trim63a (-6906)-luciferase plasmid with PCR-amplified trim63a upstream elements down 

to 638 bp. Primer sequences are provided in Supplementary Table. HEK293T cells were plated 

into 96-well plates at a density of 32000 cells per well and cultured in Dulbecco’s modified 

Eagle’s medium (DMEM; Cellgro) supplemented with 10% fetal bovine serum (FBS; 

Mediatech) until an approximate confluency of 90% was reached. Transient transfection was 

performed in Opti-Mem (Invitrogen) using Lipofectamine
TM

 2000 (Invitrogen) with 200 ng of 

the firefly luciferase reporter construct and 50 ng of the SV40-Renilla luciferase reporter 

construct. When cells were co-transfected with expression vector(s), the total amount of DNA 

transfected was set constant in the same series of experiment using pCS2+ vector as filler DNA. 

Luciferase activities were determined by the Dual-Glo Luciferase Assay System (Promega). The 

assays were conducted in triplicate at least three times, and the activity of firefly luciferase was 

normalized to that of Renilla luciferase for transfection efficiency and cell viability. When 
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indicated, transfected cells were cultured in the presence of chemical(s) or DMSO (vehicle 

control) for 24 hrs prior to the luciferase assay. Cells were used for assays 40-48 hrs after the 

start of transfection.     

 

Zebrafish transgenesis 

 Zebrafish transgenesis was performed using Tol2kit system developed by the lab of Chi-

Bin Chien [50]. For the cmlc2:trim63a-IRES-EGFP construct, the cardiac-specific cmlc2 

promoter (-870-+34) [51] was amplified from zebrafish genomic DNA and cloned into the 5’ 

Gateway entry vector (p5E). The PCR fragment of the trim63a coding region was cloned into the 

middle entry vector (pENTR-SH). These entry clones and the 3’ entry vector (p3E) containing 

IRES-EGFPpA were subjected to the multisite recombination reaction to the pDestTol2pA2 

destination vector by LR clonase II Plus (Invitrogen) to generate the transgene construct flanked 

by Tol2 sites. Similarly, the cmlc2:FLAG-foxo3a-IRES-EGFP construct was generated using the 

same 5’ and 3’ entry vector, and the middle entry vector containing the FLAG-tagged foxo3a 

gene was amplified from the pCS2+-FLAG-foxo3a construct. Wildtype AB embryos were 

injected at 1-cell stage with 10-20 pg of the transgene plasmid and 20 pg of mRNA encoding 

Tol2 transposase. Transiently transgenic embryos exhibiting cardiac-specific EGFP expression 

were screened and raised to adulthood as founders. Embryos resulting from crosses between each 

of the founder fish and a wild-type fish were screened for cardiac-specific EGFP expression to 

identify germline-transmitting founders.  
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Western blotting 

 HEK293T cells were serum-starved with 0.05% FBS in DMEM for 16 hrs, washed with 

phosphate-buffered saline (PBS) before lysed in RIPA buffer (50 mM Tris-HCl (pH.8.0), 150 

mM NaCl, 1% NP-40, and 0.5% sodium deoxycholate) supplemented with protease and 

phosphatase inhibitors (Complete Mini Protease Inhibitor Cocktail and PhosStop; Roche). The 

whole cell lysates were subjected to SDS-PAGE. Separated proteins were transferred onto a 

nitrocellulose membrane, which was analyzed by immunoblotting with anti-phospho-FoxO1 

(Thr24)/FoxO3a (Thr32) (1:1000, clone 9496, Cell Signaling) or anti-FLAG (1:10000, clone M2, 

Sigma-Aldrich) antibody.    

 

Whole-mount in situ hybridization and immunostaining  

 Whole-mount in situ hybridization was performed as preciously described [52]. The 

antisense RNA probes used in this study (trim63a, trim63b, foxo1a, foxo1b, foxo3a, foxo3b, 

foxo4, foxo5a, and foxo5b) were synthesized from a partial genomic coding fragment (foxo5a) or 

full-length cDNA fragments (all others) and were cloned into the pCS2+ vector. Embryos were 

photographed using Axiocam digital camera. 

 For whole-mount immunefluorescence staining, embryos were permeabilized with 

acetone, blocked with 2% BSA in PBTx (PBS containing 1% TritonX) prior to staining. Both 

primary and secondary staining procedures were performed overnight in the blocking solution 

containing antibodies at 4°C. Staining with Phalloidin (1:50, Sigma-Aldrich) was carried out 

concurrently with secondary staining. The antibodies used in this study are anti-sarcomeric α-
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actinin (1:10000, clone EA53, Sigma) and Zn8 (1:100, Developmental Studies Hybridoma Bank).  

Following staining, the pericardium was carefully removed with fine forceps to expose 

 the heart region and fluorescence images were acquired using LSM 510 confocal microscope 

(Zeiss) with a 40x water objective. 
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Figure 3-1. Myofibrillar structures are not maintained in tre cardiomyocytes.  

(A) Embryos were stained for F-actin (upper panel) and α-actinin (lower panel) at different time 

points during embryogenesis. At 30 hpf, overall cardiac morphology and filamentous network 

are distinguishable between wildtype and tre hearts. Also, nascent sarcomere structures are 

observed both in wildtype and tre hearts as indicated by periodic dots of α-actinin (arrowheads). 

The wildtype heart undergoes looping and ballooning processes as development progresses and 

myofibrils become mature and more organized. In contrast, the tre heart fails to undergo proper 

morphological change and exhibits severe myofibrillar disarray. Insets are same images at higher 

magnification. (B) Embryos were stained with the antibody against Zn8, a cell surface marker. 

Cardiomyosytes in tre mutant display rounded shape as development proceeds. Insets are same 

images at higher magnification. (C) Electron micrographs showing severe myofibrillar disarray 

in tre cardiomyocytes characterized by discontinuous myofilaments. Scale bars in main panel, 50 

μm; in inset, 20 μm. 
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Figure 3-2. trim63 genes are significantly upregulated in the tre mutant heart.  

(A) Phylogenetic tree of vertebrate trim63, 55 and 54 (also known as MuRF1, 2 and 3, 

respectively). The tree was constructed using ClustalX with the neighbor-joining method. 

Zebrafish (z), Human (h), mouse (m), rat (r), chick (g), frog (x). (B) Real-time PCR analysis of 

trim63a and b with SYBR Green. Total RNA was isolated from d2 embryonic hearts. The 

expression levels of trim63a and trim63b are both upregulated in tre hearts. (C) In situ 

hybridization analysis showed significant induction of trim63a and trim63b specifically in the 

heart at 48 and 72 hpf. 
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Figure 3-3. Upregulation of trim63a leads to myofibrillar disarray.  

(A) Transgenic construct for the expression of trim63a specifically in the heart. The trim63a 

followed by an IRES-EGFP fragment is driven by the cardiac specific myl7 promoter. (B) Gross 

cardiac morphology of wildtype and Tg(myl7:trim63a-IRES-EGFP) fish at 72 hpf. Transgenic 

fish exhibit dilated cardiac chambers and lack of cardiac looping with severe pericardial edema 

(upper panel). Inset in the upper panel shows expression of the GFP reporter in the heart that is 

driven bicistronically. In these transgenic fish, trim63a expression is strongly upregulated in the 

heart as revealed by in situ hybridization (lower panel). (C) Representative line-scan images of 

wildtype, tre and Tg(myl7:trim63a-IRES-EGFP) atria at 72 hpf. (D) Heart rate (upper panel) and 

atrial fraction shortening (lower panel) deduced from line-scan images. 
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Figure 3-4. A 638 bp upstream regulatory element recapitulates the endogenous expression 

of trim63a and is activated in response to elevated levels of Ca
2+

.  

(A) Schematic representation of the GFP reporter with deletion series of the trim63a upstream 

sequence. Followed each construct is the presence (+) or absence (-) of the GFP expression both 

in the heart and somites. (B) Representative image of transient GFP expression in the somites 

(left panel) and the heart (right panel) of the 48 hpf embryo. Arrows indicate cardiomyocytes 

expressing GFP. (C) Transgenic zebrafish embryo stably expressing GFP under the control of the 

trim63a (-6906)-GFP promoter. The GFP expression recapitulates the endogenous trom63a 

expression in the somites (left panel) and the heart (right panel). The inset in the left panel shows 

the GFP expression in the somites at a higher magnification. The asterisk denotes auto-

fluorescence from the yolk that is independent of expression of the reporter construct. (D) 

Luciferase assay of the trim63a (-638) reporter. Promoter activities were analyzed in HEK293T 

cells treated with either DMSO or 0.5 uM A23187 for 12 or 24 hours. Values are shown as the 

fold increase in luciferase activity of cells treated with DMSO for 12 hours. Activities of the 

trim63a (-638) promoter were significantly induced by A23187 in a time-dependent manner. (E) 

Comparison of Ca
2+

 responsiveness between trim63a (-638) and trim63a (-6906) promoters 

assessed by luciferase assay. Fold inductions of luciferase activities by treatment with 0.5 mM 

A23187 for 12 or 24 hours were shown.     
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Figure 3-5. Ca
2+

-dependent expression of trim63a mediated by foxO transcription factors.  

(A) HEK293T cells were transiently transfected with the trim63a (-638) luciferase reporter 

construct. After incubation in the presence of DMSO, FK506 or KN62, cells were treated with 

DMSO or A23187. Values are expressed relative to the luciferase activity of cells treated with 

DMSO. (B) Serial deletion fragments of the trim63a (-638) reporter were generated and 

transcriptional activities of these fragments were examined in HEK293T cells. The relative 

position of each deletion construct is shown on the left. Activity of each promoter reporter 

construct is shown relative to that of the empty expression plasmid. (C) Alignment of the 

Trim63/trim63a promoter sequence containing the putative NFAT- and FoxO binding elements 

from zebrafish, medaka, fugu, mouse and human. Putative NFAT- and FoxO-binding sites are 

boxed. Asterisks indicate conserved nucleotides. (D) Whole-mount in situ hybridization 

demonstrating the expression of foxo3a in the heart at 24 and 48 hpf. Cardiac expression of 

foxo3a is comparable between wildtype and tre embryos. (E) HEK293T cells were transiently 

cotransfected with different doses of nfat or foxo3a expression plasmid with the trim63a (-638) 

luciferase reporter plasmid. Values are shown relative to the luciferase activity of cells 

transfected with the trim63a (-638) reporter plasmid alone. (F) Luciferase assay of the trim63a (-

638) reporter plasmid in HEK293T cells cotransfected with wildtype or dominant negative 

foxo3a expression plasmid. Following transfection, cells were stimulated with A23187. The 

luciferase activities in cells transfected with these expression constructs are shown relative to 

that in DMSO-treated cells transfected with an empty expression plasmid. 
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Figure 3-6. FoxO upregulates trim63a expression downstream of the Cn pathway. 

 (A) HEK293T cells transiently coexpressing FLAG-tagged zebrafish foxo3a with wildtype 

zebrafish calcineurin (WT-Cn) or dominant-negative form of zebrafish calcineurin (DN-Cn) 

were stimulated with 5 uM A23187 for 15 minutes. Changes in levels of phosphorylated FoxO3a 

(P-FoxO3a) were analyzed by western blotting with antibodies against p-FoxO3
The32

 (top) and β-

actin (bottom). (B) Luciferase assay of the trim63a (-638) reporter plasmid in HEK293T cells 

cotransfected with wildtype calcineurin (WT-Cn) or dominant-negative form of calcineurin (DN-

Cn). Cells were stimulated with A23187 and then luciferase activities were analyzed. Values are 

expressed relative to the luciferase activity of cells transfected with empty expression vector 

without A23187 stimulation.   
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Figure 3-7. FoxO3a induces the expression of trim63a in the zebrafish heart.  

(A) Immunostaining for the FLAG epitope (red) in 30 hpf wildtype and tre embryos transiently 

expressing FLAG-tagged FoxO3a. DAPI marks nuclei (blue). FoxO3 protein is preferentially 

localized to nuclei in tre cardiomyocytes. Scale bars: 20 um. (B) In situ hybridization of 48 hpf 

embryos with trim63a riboprobe. The expression of trim63a in control (uninjected) embryos is 

compared with that in foxo3a mRNA-injected or FK506-treated embryos. (C) Immunostaining 

for the α-actinin protein in 48 hpf zebrafish embryos. Integrity of cardiac saromeres in control 

(uninjected) embryos is compared with that in mRNA-injected (constitutively active or dominant 

negative form of foxo3a.) embryos. (D) Schematic representation of the model for aberrant Ca
2+

-

induced myofibril disarray in the tre heart. Aberrant Ca
2+

 homeostasis activates the calcineurin 

signaling pathway, leading to phosphorylation FoxO transcription factors. Phosphorylated FoxOs 

are translocated into the nucleus and upregulate MuRF1 expression, resulting in degradation of 

myofibril structures via proteasome-dependent protein degradation system. 
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Supplementary Figure 3-1. Myofibrillar structures are not maintained in the heart of 

ncx1h morphants.  

(A) As seen in the tre heart, ncx1h morphant heart exhibits dysmorphologenesis and develop 

severe myofibrillar disarray. Insets are same images at higher magnification. Scale bars in main 

panel, 50 μm; in inset, 20 μm. 
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Supplementary Figure 3-2. Expression patterns and Ca
2+

 responsiveness of zebrafish foxo 

genes.  

(A) Whole-mount in situ hybridization analysis showing foxo expression in zebrafish embryos. 

While foxo6a expression is diminished by 48 hf, all the other foxo genes examined (foxo1a, 1b, 

3b, 4, 6a and 6b) are expressed in the heart throughout development. (B) Luciferase assay of the 

trim63a (-638) reporter plasmid in HEK293T cells cotransfected with different foxo genes. 

Following transfection, cells were stimulated with A23187. The luciferase activities in cells 

transfected with these expression constructs are shown relative to that in DMSO-treated cells 

transfected with an empty expression plasmid. 
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CHAPTER 4 

FUTURE DIRECTIONS 

 

 Aberrant Ca
2+

 homeostasis in cardiomyocytes is frequently associated with contractile 

dysfunction and arrhythmias, which ultimately lead to heart failure [1-3], a major cause of death 

worldwide. To reveal the molecular mechanism by which Ca
2+

 homeostasis is regulated in 

cardiomyocytes and its implication in normal physiology and diseased states, I used the zebrafish 

tremblor (tre) mutant [4-5] as a model and conducted research using multidisciplinary 

approaches including molecular and cellular analyses, genetics, biochemistry, embryology, 

physiology and optogenetics. My research provides novel insights into the roles for Ca
2+

 

homeostasis and its downstream event in the heart and sheds light on mechanisms underlying a 

variety of cardiac diseases caused by abnormal Ca
2+

 homeostasis. 

 

A. Identification of the molecular mechanism regulating Ca
2+

 homeostasis in 

cardiomyocytes 

 To dissect the molecular network of Ca
2+

 handling in cardiomyocytes, our laboratory 

conducted a chemical suppressor screen on tre embryos and identified a synthetic compound 

named efsevin, which exhibits potent activity to restore rhythmic cardiac contractions by 

potentiating Ca
2+

 uptake activity of mitochondrial Ca
2+

 channel VDAC2. By a series of 

experiments using this compound, my work showed that, in addition to SR, mitochondria play an 
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essential role in modulating Ca
2+

 homeostasis in a VDAC-dependent manner, thereby 

maintaining cardiac rhythmicity.  

 Although beat-to-beat mitochondrial Ca
2+

 transients in cardiomyocytes have been 

reported [6-8], it is currently a matter of debate whether mitochondrial Ca
2+

 uptake affects E-C 

coupling by modulating cytosolic Ca
2+

 transients [9]. My study of the zebrafish tre mutant 

embryo provides genetic and physiologic evidence suggesting a regulatory role of mitochondria 

for cardiac rhythmicity. To further assess the role for mitochondria in the regulation of cardiac 

contractility and/or rhythmicity, it would be interesting to investigate how MCU [10-11] and 

MICU1 [12-13], a mitochondrial inner membrane Ca
2+

 transporter and its regulator, impact on 

embryonic and adult hearts.  

 Accumulating evidence demonstrates that Ca2+ released from the SR is transferred into 

mitochondria and that this process is facilitated by physical interactions between these two 

organelles [14-16]. Recently, several protein complexes have been implicated to tether ER/SR 

and mitochondria in mammalian cells. For instance, mitofusin 2 (MFN2) on the ER forms 

heterotypic and homotypic dimer with mitofusin (MFN) 1 and 2 on the OMM [17], and the 

voltage-dependent anion channel 1 (VDAC1) located on the OMM forms a complex with 

triphosphate receptor (IP3R) on the ER through the chaperone 75 kDa glucose-regulated protein 

(GRP75) [18]. In cardiac cells, RyR2 on the SR was shown to interact with VDAC2 on the 

OMM [19]. Thus, it would be interesting to test whether SR-mitochondria crosstalk serves as a 

critical component of Ca
2+

 handling to regulate cardiac rhythmicity. 

 My work also suggests that efsevin attenuates arrhythmogenic propensity under aberrant 

Ca
2+

 homeostasis by potentiating the Ca
2+

 transporting activity of VDAC2. This mechanism 
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enhances mitochondrial Ca
2+

 uptake and restricts spatiotemporal spread of cytosolic Ca
2+

 near 

the Ca
2+

 microdomains. From a therapeutic perspective, my research suggests that VDAC could 

be an effective therapeutic target for human arrhythmias and efsevin could lead to the 

development of novel anti-arrhythmognic agents. Future studies focusing on the kinetics of 

VDAC-dependent mitochondrial Ca
2+

 uptake as well as pharmacological characterization of 

efsevin will be highly valuable.   

 

B. The role for Ca
2+

 homeostasis in maintaining sarcomeric integrity in cardiomyocytes 

 Although substantial evidence suggests that Ca
2+

-dependent transcription plays a major 

role in several cardiac diseases [20-22], transcriptional alterations caused by pathophysiological 

Ca
2+

 homeostasis has not been completely understood. I utilized the zebrafish tre mutant as a 

model to investigate a downstream consequence of Ca
2+

 mishandling in cardiomyocytes. My 

study demonstrated that an E3 ubiquitin ligase, Muscle-specific RING Finger protein 1 (MuRF1), 

is significantly upregulated in the tre mutant heart. I further demonstrated mechanistically that 

Ca
2+

 overload induces the calcineurin-FoxO signaling pathway to promote MuRF1 expression, 

which leads to proteasome-dependent myofibril degradation in tre hearts. My study revealed a 

causative relationship between pathological Ca
2+

 homeostasis and myofibril disarray, suggesting 

that normal Ca
2+

 homeostasis is required for maintaining stoichiometry of cardiac muscle 

structure via transcriptional regulation.  

 It would be interesting to establish an inducible MuRF1 transgenic line to assess the 

possibility of using it as a model for cardiomyopathy. It is conceivable that this transgenic line 

would facilitate chemical suppressor screens to identify molecular pathways or chemical 
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compounds important for protecting myofibril integrity in the heart, which will provide valuable 

information to develop new diagnostic approaches and novel strategies for human 

cardiomyopathies.  

 

C. References 

 

1. Braunwald E. Research advances in heart failure: a compendium. Circ Res 2013;113(6):633-

45. 

 

2. Lompré AM, Hajjar RJ, Harding SE, Kranias EG, Lohse MJ, Marks AR. Ca
2+

 cycling and 

new therapeutic approaches for heart failure. Circulation. 2010;121(6):822-30.  

 

3. Venetucci L, Denegri M, Napolitano C, Priori SG. Inherited calcium channelopathies in the 

pathophysiology of arrhythmias. Nat Rev Cardiol. 2012;9(10):561-75. 

 

4. Langenbacher AD, Dong Y, Shu X, Choi J, Nicoll DA, Goldhaber JI, Philipson KD, Chen JN. 

Mutation in sodium-calcium exchanger 1 (NCX1) causes cardiac fibrillation in zebrafish. 

Proc Natl Acad Sci U S A. 2005;102(49):17699-704. 

 

5. Ebert AM, Hume GL, Warren KS, Cook NP, Burns CG, Mohideen MA, Siegal G, Yelon D, 

Fishman MC, Garrity DM. Calcium extrusion is critical for cardiac morphogenesis and 

rhythm in embryonic zebrafish hearts. Proc Natl Acad Sci U S A. 2005;102(49):17705-10. 

 

6. Maack C, Cortassa S, Aon MA, Ganesan AN, Liu T, O'Rourke B. Elevated cytosolic Na
+
 

decreases mitochondrial Ca
2+

 uptake during excitation-contraction coupling and impairs 

energetic adaptation in cardiac myocytes. Circ Res. 2006;99(2):172-82. 

 

7. Kohlhaas M, Liu T, Knopp A, Zeller T, Ong MF, Böhm M, O'Rourke B, Maack C. Elevated 

cytosolic Na
+
 increases mitochondrial formation of reactive oxygen species in failing cardiac 

myocytes. Circulation. 2010;121(14):1606-13. 

 

8. Drago I, De Stefani D, Rizzuto R, Pozzan T. Mitochondrial Ca
2+

 uptake contributes to 

buffering cytoplasmic Ca
2+

 peaks in cardiomyocytes. Proc Natl Acad Sci U S A. 

2012;109(32):12986-91.  

 

9. Rizzuto R, Pozzan T. Microdomains of intracellular Ca
2+

: molecular determinants and 

functional consequences. Physiol Rev. 2006;86(1):369-408. 

 



 113 

10. Perocchi F, Gohil VM, Girgis HS, Bao XR, McCombs JE, Palmer AE, Mootha VK. MICU1 

encodes a mitochondrial EF hand protein required for Ca
2+

 uptake. Nature. 

2010;467(7313):291-6.  

 

11. Alam MR, Groschner LN, Parichatikanond W, Kuo L, Bondarenko AI, Rost R, Waldeck-

Weiermair M, Malli R, Graier WF. Mitochondrial Ca
2+

 uptake 1 (MICU1) and mitochondrial 

Ca
2+

 uniporter (MCU) contribute to metabolism-secretion coupling in clonal pancreatic β-

cells. J Biol Chem. 2012;287(41):34445-54.  

 

12. De Stefani D, Raffaello A, Teardo E, Szabò I, Rizzuto R. A forty-kilodalton protein of the 

inner membrane is the mitochondrial calcium uniporter. Nature.2011;476(7360):336-40.  

 

13. Baughman JM, Perocchi F, Girgis HS, Plovanich M, Belcher-Timme CA, Sancak Y,Bao XR, 

Strittmatter L, Goldberger O, Bogorad RL, Koteliansky V, Mootha VK. Integrative genomics 

identifies MCU as an essential component of the mitochondrial calcium uniporter. Nature. 

2011;476(7360):341-5.  

 

14. Szalai G, Csordás G, Hantash BM, Thomas AP, Hajnóczky G. Calcium signal transmission 

between ryanodine receptors and mitochondria. J Biol Chem. 2000;275(20):15305-13. 

 

15. Pacher P, Csordás P, Schneider T, Hajnóczky G. Quantification of calciumsignal 

transmission from sarco-endoplasmic reticulum to the mitochondria. JPhysiol. 2000;529 Pt 

3:553-64. 

 

16. García-Pérez C, Hajnóczky G, Csordás G. Physical coupling supports the local Ca
2+

 transfer 

between sarcoplasmic reticulum subdomains and the mitochondria inheart muscle. J Biol 

Chem. 2008;283(47):32771-80. 

 

17. de Brito OM, Scorrano L. Mitofusin 2 tethers endoplasmic reticulum to mitochondria. Nature. 

2008;456(7222):605-10. 

 

18. Szabadkai G, Bianchi K, Várnai P, De Stefani D, Wieckowski MR, Cavagna D,Nagy AI, 

Balla T, Rizzuto R. Chaperone-mediated coupling of endoplasmic reticulum and 

mitochondrial Ca
2+

 channels. J Cell Biol. 2006;175(6):901-11. 

 

19. Min CK, Yeom DR, Lee KE, Kwon HK, Kang M, Kim YS, Park ZY, Jeon H, Kim do H. 

Coupling of ryanodine receptor 2 and voltage-dependent anion channel 2 is essential for Ca
2+

 

transfer from the sarcoplasmic reticulum to the mitochondriain the heart. Biochem J. 

2012;447(3):371-9. 

 

20. Luo M, Anderson ME. Mechanisms of altered Ca²⁺ handling in heart failure. Circ Res. 2013 

Aug 30;113(6):690-708.  

 



 114 

21. Marks AR. Calcium cycling proteins and heart failure: mechanisms and therapeutics. J Clin 

Invest. 2013;123(1):46-52. 

 

22. Venetucci L, Denegri M, Napolitano C, Priori SG. Inherited calcium channelopathies in the 

pathophysiology of arrhythmias. Nat Rev Cardiol. 2012;9(10):561-75. 

 

 




