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ABSTRACT 

It is known that sarcoplasmic reticulum (SR) Ca2+ 
release in cardiac muscle is initiated 

via cardiac ryanodine receptor (RyR2) through a mechanism called Ca2+-induced Ca2+ release. 

However, how the SR Ca2+ 
release is terminated is undetermined. The objective of the current 

study is to understand the molecular basis and regulation of RyR2-mediated Ca2+ release 

termination and its role in the pathogenesis of cardiac diseases.  

Based on recent 3D structural analyses, the NH2-terminal region of RyR2 interacts with 

the channel domain via the central domain and undergoes dynamic conformational changes 

during channel gating. It has also been discovered that the NH2-terminal region consists of three 

distinct domains. HEK293 cell studies on domain deletions and disease mutations demonstrate 

that the different domains play different roles in RyR2 function. The NH2-terminal region is a 

major determinant of Ca2+ release activation and termination. 

Enhanced luminal Ca2+ activation of RyR2 has been linked to catecholaminergic 

polymorphic ventricular tachycardia (CPVT). However, in addition to CPVT, many RyR2 

mutations can also cause cardiomyopathies. Knock-in mouse models harboring cardiomyopathy- 

associated RyR2 mutations have been generated to investigate the causal mechanisms of 

cardiomyopathies. The exon-3 deletion mouse model exhibited markedly reduced RyR2 

expression level and no characteristic phenotype. The RyR2-R420W mouse model showed 

enhanced susceptibility to CPVT and altered cytosolic Ca2+ transient properties, suggesting that 

the abnormal cytosolic Ca2+ transient may be a key factor in the pathogenesis of 

cardiomyopathies. 

Calmodulin (CaM) is a regulatory protein that binds and inhibits RyR2 in the presence of 

cytosolic Ca2+. The inhibitory effect depends on the affinity of CaM for Ca2+ and RyR2. CaM 

mutations affecting either aspect may result in aberrant regulation of RyR2 activity, hence 

abnormal Ca2+ release termination. Indeed, arrhythmogenic mutations and most newly 

discovered CaM variants delayed Ca2+ release termination while others enhanced it, indicating 

that CaM is a major modulator of RyR2-mediated Ca2+ release termination.  

Overall, Ca2+ release termination is an intrinsic property of RyR2 that can be regulated by 

modulators such as CaM. Altered Ca2+ release termination is critically involved in the 

pathogenesis of cardiac diseases.  
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CHAPTER 1    INTRODUCTION 

1.1   Cardiac excitation-contraction coupling and Ca2+ homeostasis 

The heart works as a pump for the circulation of blood throughout the body. Rhythmic 

contraction of the heart is key to its function, and it is governed by the excitatory electrical 

signal. As a ubiquitous messenger, Ca2+ is critical in the coupling between excitation and 

contraction. Abnormal Ca2+ handling in the heart has been implicated in a variety of pathological 

conditions including cardiac arrhythmias, cardiomyopathies, and heart failure [1-3]. 

Ca2+ signaling and handling in cardiac muscle is a cycling process that involves the 

cooperative changes in extracellular Ca2+, cytosolic Ca2+, and Ca2+ stored in organelles such as 

the sarcoplasmic reticulum (SR) and mitochondria. During the process of an action potential 

(AP), Ca2+ influx through the L-type Ca2+ channel activates the cardiac ryanodine receptor 

(RyR2) located at the SR membrane, leading to a large reinforcing Ca2+ release from the SR. 

This process is termed Ca2+-induced Ca2+ release (CICR). The combination of Ca2+ through 

influx and efflux from the SR raises the level of cytosolic free Ca2+. This transient increase in 

cytosolic free Ca2+ is named Ca2+ transient and plays a pivotal role in cardiac contraction. Ca2+ 

binds to troponin C in myofilaments and causes a cascade of structural rearrangements in the 

troponin complex, allowing for cardiac muscle contraction. After each contraction, the cytosolic 

Ca2+ level reduces as a large portion of Ca2+ is taken back into the SR by the sarco/endoplasmic 

reticulum Ca2+-ATPase (SERCA). The remainder of the Ca2+ is mainly extruded to extracellular 

space through the Na+/Ca2+ exchanger (NCX) and the plasma membrane Ca2+-ATPase (PMCA). 

A small portion is taken into the mitochondria via the Ca2+ uniporter. Resting cytosolic Ca2+ is 

maintained at a low level (~100nM) to ensure that no aberrant contraction can occur [1] (Fig. 1). 

The major processes and modulators involved in Ca2+ handling during this   
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Fig. 1   Ca2+ cycling in ventricular myocytes 

This figure shows the process of Ca2+ cycling during a cardiac cycle. The t-tubule, which is a 

deep invagination of the sarcolemma, is essential for EC-coupling. The inset (bottom, middle) 

shows the time course of an action potential, Ca2+ transient and contraction measured in a 

rabbit ventricular myocyte at 37°C. NCX, Na+/Ca2+ exchanger; ATP, ATPase; RyR, ryanodine 

receptor; PLB, phospholamban; SR, sarcoplasmic reticulum. (Taken from “Cardiac excitation-

contraction coupling” by Donald M. Bers. Nature. 2002 [1]) 

   



 

 3 

excitation-contraction (EC) coupling process are discussed in the following sections. 

1.1.1   Ca2+ influx through L-type Ca2+ channel 

Voltage-gated Ca2+ channels that respond to membrane depolarization are predominantly 

responsible for Ca2+ influx across the plasma membrane. Other types of Ca2+ channels, such as 

stretch-activated or store-operated channels, also mediate Ca2+ influx but are not essential for the 

initiation of EC coupling [4]. 

Five types of voltage-gated Ca2+ channels have been identified, two of which (L- and T-

type) are abundantly expressed in cardiomyocytes. L-type Ca2+ channels are ubiquitously 

expressed in atrial and ventricular tissues while T-type channels are enriched in pacemaker and 

conducting cell system. The L-type Ca2+ channel is critical for initiation of CICR because of its 

large single channel conductance (~25 pS in 110 mM Ba), long opening time, and slow voltage- 

and Ca2+-dependent inactivation [5]. After membrane depolarization during an AP, the L-type 

Ca2+ channel is activated. The resultant Ca2+ influx increases the Ca2+ level within a restricted 

area between the sarcolemma and the SR where RyR2 is located. In this restricted area, which is 

termed a “junctional zone” or “dyadic cleft”, free Ca2+ concentration can rise from resting 

100nM to as high as 10µM [6], facilitating the activation of RyR2. Inactivation of the L-type 

Ca2+ channel is mediated prominently by Ca2+ but also membrane repolarization [7]. When the 

cytosolic Ca2+ increases, the free Ca2+ binds to calmodulin (CaM), which is a modulator of 

multiple protein targets including the L-type Ca2+ channel and RyR2. The Ca2+-bound CaM 

interacts with the COOH-terminal region of the L-type Ca2+ channel and causes inactivation of 

the channel [8, 9]. Therefore, the Ca2+-dependent inactivation allows for effective auto-

regulation and terminates the Ca2+ influx via the L-type Ca2+ channel.  
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1.1.2   Ca2+ release from the SR 

Muscle cells contain a specialized endoplasmic reticulum (ER) system called the SR. The 

SR is the main intracellular Ca2+ storage organelle which plays a pivotal role in intracellular Ca2+ 

handling and muscle contraction. As the influx of Ca2+ through the L-type Ca2+ channel during 

AP is not sufficient to trigger the myofilament rearrangement that leads to contraction, a larger 

amount of Ca2+ release from the SR is therefore required to increase the cytosolic free Ca2+ level 

and to activate the contractile machinery [1].   

1.1.2.1   Ca2+ release channels in the SR 

Inositol trisphosphate receptor (IP3R) and ryanodine receptor (RyR) are the two 

predominant forms of Ca2+ release channels located in the SR. They share certain structural 

homology and functional similarities [10]. However, the activation of IP3R requires not only 

Ca2+ but also inositol trisphosphate (IP3), which is dependent on the phospholipase C pathway, 

while the activation of RyR requires Ca2+ only [11, 12]. IP3Rs are expressed in a wide variety of 

tissues including cardiac tissue and are involved in numerous physiological processes such as 

synaptic signal transmission [13], smooth muscle contraction and relaxation [14], and apoptosis 

[15]. The contribution of IP3R to cardiac muscle contraction does not appear to be critical and 

will not be specifically examined. 

Conversely, RyR is activated by a local increase in Ca2+ level and results in a large Ca2+ 

release from the SR, contributing to the initiation of muscle contraction. Altered RyR function 

disturbs Ca2+ homeostasis and could cause aberrant EC coupling. The structure and function of 

RyR2 will be introduced in detail in the following sections. 

1.1.2.2   Activation of SR Ca2+ release 

It is now known that the L-type Ca2+ influx is the major trigger for cardiac SR Ca2+ 
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release. The moderate increase in dyadic Ca2+ activates RyR2 and results in a much larger Ca2+ 

release from the SR [16], leading to an elevated Ca2+ concentration in the cytosol that allows for 

muscle contraction. 

1.1.2.2.1   The CICR paradox 

The RyR2-mediated Ca2+ release from the SR is activated by a modest increase in the 

cytosolic Ca2+ level, which is the fundamental process of CICR [17]. The small Ca2+ signal 

carried by the Ca2+ influx through the L-type Ca2+ channel is therefore amplified by the much 

larger RyR2-mediated SR Ca2+ release. The RyR2s are clustered primarily in the terminal SR, 

opposing the L-type Ca2+ channels located in the plasma membrane. These two principal 

components couple together and form a functional unit called a couplon or Ca2+ release unit 

(CRU) [18, 19], which ensures robust conduction and amplification of the Ca2+ signal. 

Theoretically, once the RyR2s are activated by nearby Ca2+ influx, the RyR2-mediated Ca2+ 

release begins. The Ca2+ release through activated RyR2s should activate more adjacent RyR2s, 

leading to a positive feedback loop of SR Ca2+ release. However, voltage-clamp and single cell 

Ca2+ imaging studies revealed that SR Ca2+ release in a healthy heart is graded and tightly 

controlled by the amplitude and duration of the L-type channel Ca2+ current [20]. These 

observations raise an intriguing question: how can the amplification of L-type channel Ca2+ 

influx by RyR2-mediated SR Ca2+ release be graded despite the theoretically continuous positive 

feedback of adjacent RyR2 activation?  

1.1.2.2.2   The “local control” theory of CICR 

A “local control” theory has been put forward to explain the tight control of SR Ca2+ 

release triggered by Ca2+ influx [21-25]. In the proposed model, a group of 10-25 L-type Ca2+ 

channels and a co-localized cluster of ~100 RyR2s are considered as one CRU. The RyR2s in 



 

 6 

each CRU are likely activated merely by the Ca2+ influx via the L-type Ca2+ channels within the 

same CRU, and the activation does not spread to nearby CRUs [18, 19]. Under this condition, the 

SR Ca2+ release could be graded and tightly controlled by the Ca2+ influx.  

The discovery of “Ca2+ sparks" has provided compelling evidence for the existence of 

individual CRUs. Using confocal microscopy, local Ca2+ release events called “Ca2+ sparks” 

were first visualized in quiescent cardiomyocytes loaded with a cytosolic Ca2+ indicator [26]. 

Further studies revealed that the depolarization-triggered Ca2+ sparks are identical to 

spontaneous Ca2+ sparks regarding major spatial and temporal properties, indicating that 

depolarization-triggered and spontaneous Ca2+ sparks may share a similar structural and 

functional basis. Additionally, these Ca2+ sparks occur mainly along the Z-lines of sarcomere 

where the CRUs are located, suggesting that CRUs are the origins of Ca2+ sparks. Under 

physiological conditions, these Ca2+ sparks are independent Ca2+ release events without 

interfering with each other [26-29]. During an AP, ~20,000 CRUs in one cardiomyocyte could 

be simultaneously activated, which results in a synchronized global (whole cell) Ca2+ transient 

[6].   

These findings support the “local control” theory that Ca2+ sparks are elementary Ca2+ 

events initiated from individual CRUs and that the spatial-temporal summation of these 

independent events leads to global Ca2+ transients. Thus, it is believed that the graded SR Ca2+ 

release induced by Ca2+ influx occurs by recruiting various numbers of Ca2+ sparks [19, 28].  

1.1.2.3   Termination of SR Ca2+ release 

The “local control” theory might satisfactorily explain the initiation and graded 

regulation of SR Ca2+ release by the Ca2+ influx, but it does not provide any insight into the 

termination of Ca2+ release. Although the exact number of RyR2s initially activated in a given 



 

 7 

CRU is not clear [30-33], it is believed that all RyR2s in this specific CRU are activated because 

of the robust positive feedback of CICR. Therefore, the SR Ca2+ release in each activated CRU is 

expected to be sustained until the depletion of the SR Ca2+ store. However, unlike this 

anticipated all-or-none response, investigators from different groups reported that during Ca2+ 

sparks or global Ca2+ transients, the SR Ca2+ store was only partially depleted [34-37]. Therefore, 

a robust mechanism accounting for the termination of SR Ca2+ release is present. The 

termination of SR Ca2+ release may be critical to muscle relaxation, the maintenance of cardiac 

rhythm and even the reservoir of cardiac function [20]. 

Different theories have been suggested to explain the mechanism of SR Ca2+ release 

termination.  

1.1.2.3.1   The stochastic attrition [20] and coupled gating [38, 39] theory 

According to the stochastic attrition theory, the opening and closing of a given number of 

RyRs in a CRU are stochastic during CICR. There is a possibility that all the RyRs in the same 

CRU are closed at the same time, leading to reduction of the cytosolic Ca2+ to a level below the 

activation threshold for SR Ca2+ release and breaking the positive feedback loop of CICR. This 

theory may work for a limited number of RyRs. However, with a realistic number of RyRs, the 

probability of all channels closing simultaneously becomes extremely low.  

Alternatively, coupled gating theory overcomes this limitation. In this theory, nearby 

RyRs are mechanically linked through physical interactions in the presence of FK506 binding 

proteins. The coupled RyRs exhibit coupled function by affecting the opening and closing of 

their neighbors and increasing the chance of synchronized closing of multiple RyRs in the same 

CRU [39]. However, this physical and functional interaction between nearby RyRs is yet to be 

confirmed. Even if the RyRs are coupled, this theory may account for the subsequent closing of 
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the RyRs near a closed one while the initiation of RyR closing in the CRU remains a mystery. 

Thus, additional mechanisms responsible for the initial decrease in the RyR open probability are 

required. 

1.1.2.3.2   RyR2 adaptation theory 

According to this theory, the activity of RyR2 spontaneously and gradually decreases 

after activation. Open probability reduces in both adapted and inactivated RyR2s, but the adapted 

RyR2s can still respond to subsequent stimuli. Adaptation of RyR2 was reported at single 

channel level following a rapid increase in cytosolic Ca2+ level, induced by photolysis of caged 

Ca2+ [40-42]. However, the presence of RyR2 adaptation at the cellular level is still in question. 

Moreover, the adaptation process takes hundreds of milliseconds or even seconds, which is 

significantly slower than the robust termination of SR Ca2+ release (within tens of milliseconds) 

[28]. As a result, this theory is not an acceptable explanation for SR Ca2+ release termination. 

1.1.2.3.3   Cytosolic Ca2+-dependent inactivation theory 

It has been suggested that elevated cytosolic Ca2+ level can lead to the closing of RyR2 

[43]. Although a high concentration of cytosolic Ca2+ (hundreds of µM) causes inactivation of 

RyR2 in artificial lipid bilayers, the physiological range of cytosolic Ca2+ concentration 

(~100nM to 10µM) may not be sufficient to cause RyR2 channel inactivation. No evidence has 

been provided on cytosolic Ca2+-dependent inactivation in intact cardiomyocytes.  

1.1.2.3.4   Regulatory proteins 

Regulatory proteins of RyR2 such as CaM and sorcin may play a critical role in the 

termination of SR Ca2+ release. CaM is known to bind to RyR2 in the presence of cytosolic Ca2+ 

and inhibits RyR2 activity [29, 44-46]. Human carriers of disease-associated CaM mutations 

exhibit defective SR Ca2+ release [47]. Therefore, it is suggested that CaM is a major modulator 
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of RyR2-mediated SR Ca2+ release. However, ablation or aberrant function of CaM only causes 

altered termination of SR Ca2+ release rather than completely abolishing it [48], indicating that 

CaM may play a regulatory role. 

Sorcin is a 21.6 kDa Ca2+-binding protein that has been shown to inhibit both the 

spontaneous Ca2+ sparks and triggered Ca2+ transients [49, 50]. Therefore, sorcin is suggested as 

one of the candidates in controlling SR Ca2+ release termination. The exact mechanism for this 

inhibition and the role of sorcin in the termination of SR Ca2+ release is largely unknown. 

However, it may work as a RyR2 function modulator like CaM. 

1.1.2.3.5   Local depletion of Ca2+ and luminal Ca2+-dependent deactivation theory 

In addition to cytosolic Ca2+, SR luminal Ca2+ has also been suggested to play a critical 

role in Ca2+ release termination as a decreased luminal Ca2+ level during CICR deactivates 

RyR2. A recent breakthrough in understanding the luminal Ca2+-dependent termination of SR 

Ca2+ release comes from the development and application of a low affinity luminal Ca2+ 

indicator, Fluo-5N, to directly monitor luminal Ca2+ dynamics [51]. The correlating events of 

Ca2+ sparks on the luminal side, called “Ca2+ blinks”, were detected as small and rapid reductions 

in luminal Ca2+ level. Interestingly, Ca2+ release during Ca2+ blinks accounts for a reduction of 

~54% of free SR Ca2+ and liberation of ~28% of the calsequestrin (CASQ)-bound Ca2+, 

suggesting the SR luminal Ca2+ is only partially depleted [51]. Another group has also found in 

rabbit myocytes that SR Ca2+ release terminates at a fixed level of SR luminal Ca2+ (~60% of 

resting SR luminal Ca2+ level) called the termination threshold. This termination threshold 

appears to be independent of resting SR luminal Ca2+ level, the magnitude of Ca2+ release, or the 

level of cytosolic Ca2+ [37]. All these observations suggest that the termination threshold may be 

an intrinsic property of RyR2. Additional studies on single RyR2 channels consistently show that 
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a decrease in luminal Ca2+ significantly reduces the open probability of RyR2 [35, 36, 52-54]. It 

is likely that the partial depletion of SR luminal Ca2+ itself contributes prominently to the 

termination of SR Ca2+ release. However, the mechanism and molecular basis of Ca2+ release 

termination are not clear and further studies are required to solve this mystery.  

1.1.3   Cardiac muscle contraction 

Ca2+ release activation and termination are both critical in Ca2+ homeostasis and muscle 

contraction, because they cooperatively determine the amount of Ca2+ released from SR and the 

further increase in cytosolic Ca2+ level. The SR Ca2+ release, together with Ca2+ influx across the 

plasma membrane, contributes to the initiation of muscle contraction.  

Contractile myofilaments consist of myosin-containing thick filaments and thin filaments 

composed of actin polymers and troponin/tropomyosin regulatory units [55]. At rest, as the 

cytosolic Ca2+ level is low, tropomyosin prevents direct interaction between actin and myosin 

head. As cytosolic Ca2+ level increases, Ca2+ binds to troponin and in turn causes a shift of 

tropomyosin, revealing the binding site for myosin head on actin. This myofilament 

rearrangement allows myosin to interact with actin and enhances the activity of myosin ATPase. 

The chemical energy stored in ATP is converted into mechanical energy for myosin head 

movement and muscle shortening. Upon cytosolic Ca2+ reduction and muscle relaxation, Ca2+ is 

released from troponin, resulting in the detachment of the myosin head from actin [56]. In 

addition to muscle contraction, the myofilament complex also serves as the cytosolic Ca2+ buffer, 

as troponin can bind ~50% of Ca2+ released from the SR [1]. Alterations in Ca2+ binding 

properties of the myofilaments, such as affinity, sensitivity, and dissociation rate, would 

markedly affect Ca2+ homeostasis in cardiomyocytes. For instance, studies on mouse models 

harboring myofilament disease mutations have shown either increased or decreased myofilament 
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Ca2+ sensitivity [57-60].  

1.1.4   Ca2+ removal 

The reduction of the cytosolic Ca2+ level that results in muscle relaxation is mediated 

mainly by NCX, SERCA, and to a small extent, PMCA [61]. Mitochondria [62] and numerous 

cytosolic Ca2+ binding proteins also act as Ca2+ buffers that decrease cytosolic free Ca2+.  

1.1.4.1   NCX 

NCX plays an essential role in the regulation of Ca2+ homeostasis and cardiac muscle 

contractility by mediating electrogenic counter transportation of three Na+ for one Ca2+ across 

the plasma membrane. The direction of the Ca2+ movement could be either in the Ca2+ efflux 

mode (forward mode) or the Ca2+ influx mode (reverse mode). The determinants of direction are 

the Na+ and Ca2+ gradients, and membrane potential: high intracellular Ca2+ level favors Ca2+ 

efflux, resulting in an inward current (INa/Ca), while positive membrane potential and high 

intracellular Na+ level favor Ca2+ influx and outward INa/Ca [63]. 

Under physiological conditions, the primary function of NCX in the heart is to extrude 

Ca2+, reduce the cytosolic Ca2+ level and contribute to muscle relaxation. The proper function of 

NCX also relies on the Na+ gradient across the membrane maintained by Na+-K+-ATPase. The 

functional relevance of the reverse mode of NCX in EC coupling is debatable. It is suggested 

that the reverse mode of NCX also contributes to the Ca2+ entry upon membrane depolarization. 

However, the efficacy to trigger RyR2-mediated SR Ca2+ release by Ca2+ entry through NCX has 

been shown to be lower compared to that through the L-type Ca2+ channel. Though the role of 

NCX-mediated Ca2+ entry under physiological conditions is still controversial, it is accepted that 

the reverse mode of NCX is commonly present under pathological conditions [64-67]. For 

example, in failing hearts the prolonged AP, increased intracellular Na+ level, or reduced SR 
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Ca2+ release could promote the reverse mode of NCX [63]. Moreover, the expression level of 

NCX is markedly increased and the function in both forward and reverse modes are enhanced 

and become more predominant in failing cardiomyocytes together with defective SR function 

[68]. 

1.1.4.2   SERCA and its modulators 

SERCA is the ATPase located at the SR/ER membrane that pumps Ca2+ from cytosol to 

the lumen of the SR/ER. It is a typical P-type ATPase as there are two different conformations 

(E1 and E2) during the process of Ca2+ transportation [69]. In the E1 state, SERCA has a high 

affinity for cytosolic Ca2+. Upon binding of Ca2+, it converts into the E2 state by hydrolyzing 

ATP and phosphorylating itself. In the E2 state, the reduced Ca2+ affinity of SERCA promotes 

release of the bound Ca2+ into the lumen of the SR/ER [70]. There are more than ten isoforms of 

SERCA, and among them, SERCA2a is the most prominently expressed isoform in the heart and 

plays an essential role in the clearance of cytosolic Ca2+ and maintenance of SR Ca2+ store [71].  

SERCA2a transports Ca2+ with a fast turnover rate and high capacity compared to PMCA 

and NCX. With the hydrolysis of one ATP, two Ca2+ ions can be pumped into the SR, while the 

stoichiometry of PMCA to transport Ca2+ across the plasma membrane is 1:1 for Ca2+ and ATP. 

The transportation of Ca2+ via NCX does not directly require ATP as energy, but its proper 

function is dependent on the Na+ gradient maintained by Na+-K+-ATPase with the ratio of 3Na+: 

2K+: 1ATP, which accounts for the net ratio of one ATP per Ca2+ transported [72]. Therefore, 

SERCA2a works in the most cost-effective manner in the heart, which best serves the function of 

quick removal of Ca2+ from the cytosol and replenishing the SR Ca2+ store during muscle 

relaxation. 

Though the extent of SERCA Ca2+ uptake contributing to Ca2+ cycling varies among 
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species, this remains the most prominent mechanism for Ca2+ removal. During muscle 

relaxation, 92% of cytosolic Ca2+ returns to the SR store in rat and mouse ventricular myocytes, 

while 7% is extruded by NCX and 1% via PMCA and mitochondria. In humans and some other 

mammals such as rabbits and dogs, SERCA contributes to 70% of Ca2+ removal, 28% by NCX 

and 2% via PMCA and mitochondria [1].  

The activity of SERCA2a is regulated by a variety of factors such as cytosolic Ca2+, SR 

Ca2+ content, ATP, and pH. It is also modulated by two protein regulators: phospholamban 

(PLB) and sarcolipin (SLN). PLB is a single transmembrane protein that binds to and inhibits the 

activity of SERCA2a. The inhibitory effect of PLB is present in three steps of the SERCA2a 

function: the binding of the first Ca2+ ion, subsequent conformational change of SERCA2a and 

the binding of the second Ca2+ ion [73]. The inhibition can be relieved by an increase in cytosolic 

Ca2+, which induces dissociation of PLB from SERCA2a [74]. The dissociation of PLB from 

SERCA2a can be enhanced by β-adrenergic stimulation induced phosphorylation of PLB via 

protein kinase A (PKA) or Ca2+/CaM-dependent protein kinase II (CaMKII) and subsequent 

conformational changes [75]. Some PLB mutations display phosphorylation-insensitive 

inhibition of SERCA either by changing the conformation or disrupting the phosphorylation of 

PLB [76, 77]. Conversely, dephosphorylation of PLB via type 1 phosphatase (PP1) promotes the 

binding of PLB and inhibition of SERCA [78]. Additionally, recent studies on the pentamers of 

PLB revealed that pentameric PLB may also function as an ion channel that is involved in the 

balance of charges during Ca2+ uptake [79].  

SLN was first discovered to inhibit SERCA1 in skeletal muscle and it was later 

confirmed that it is also abundantly expressed in the heart [80, 81]. Both PLB and SLN inhibit 

SERCA2a activity by reducing the Ca2+ binding affinity, and β-adrenergic stimulation relieves 
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the inhibitory effect. The sequences of PLB and SLN share significant homology whereas SLN 

has a conserved COOH-terminal luminal tail, suggesting that PLB and SLN have similar but 

independent regulatory effects on SERCA2a activity. Further studies have shown that the 

inhibitory effect of SLN is diminished by removing the tail, while adding the tail to PLB results 

in super-inhibition of SERCA [82]. Therefore, SLN and PLB adopt different mechanisms to 

regulate SERCA activity. 

As the major contributor of cardiac Ca2+ removal, defective SERCA2a function has been 

linked to cardiac disease conditions. In human patients and animal models with heart failure 

(HF), the expression and activity of SERCA2a have been shown to reduce dramatically. 

Moreover, naturally occurring disease mutations in SERCA2a are very rare. Some SERCA2a 

mutations have been found to be embryonically lethal in mouse models [83]. These disease 

mutations may cause severe alterations in SERCA function that directly result in mortality, 

further suggesting that SERCA2a is a critical player in cardiac function in both health and 

disease.  

1.2   Ryanodine receptors 

The SR serves as the major intracellular Ca2+ store of myocytes and therefore is critical in 

muscle contraction and the maintenance of Ca2+ homeostasis. Two functionally prominent and 

efficient proteins are expressed in the SR membrane of cardiomyocytes: SERCA2a for SR Ca2+ 

uptake and RyR2 for SR Ca2+ release. The ryanodine receptor (RyR) is named after a plant 

alkaloid ryanodine, a ligand that specifically binds and modulates RyR activity [84-86]. Using 

this ligand, RyRs are purified from the SR membrane and recognized as the SR Ca2+ release 

channel [87-91].  
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1.2.1   Expression and localization of RyR2 

Three isoforms of RyRs (RyR1, RyR2, and RyR3) have been identified in mammalian 

tissues [92]. Among them, RyR2 is the predominant isoform expressed in the heart while RyR1 

is abundant in skeletal muscle [93, 94]. The level of RyR2 expression varies during development 

and under different physiological and pathological conditions [95]. 

In cardiomyocytes, there are two structurally and functionally independent SR membrane 

regions: longitudinal SR and terminal cisterna. Terminal cisterna is the main Ca2+ release site 

enriched with clusters of RyR2. It opposes the T-tubule, which is the invagination of the plasma 

membrane, with close proximity (~12nm). In cardiac muscle, the junctional site between T-

tubule and the adjacent terminal SR is called the dyad. This subcellular junctional structure 

allows for rapid and precise communication between the L-type Ca2+ channel and RyR2. Though 

the arrangement of the L-type Ca2+ channel and opposing RyR2 in cardiac muscle is not as rigid 

as that of the L-type Ca2+ channel with RyR1 in skeletal muscle, the functional CRU still exists. 

As mentioned previously, a cluster of ~100 RyR2s and the nearby group of 10-25 L-type Ca2+ 

channels form the CRU capable of generating Ca2+ sparks [27]. 

1.2.2   The structure of RyR2 

RyRs are homotetrameric channels consisting of four subunits, each of which has ~5000 

amino acids. Recent breakthroughs on the 3D structure of RyR1 and RyR2 have provided 

valuable insights into the structural-functional relevance of RyRs. In the recently resolved 3D 

structure, each RyR2 subunit contains a cytoplasmic region including the NH2-terminal region 

and the central domain. In the side views, these two parts and the channel domain are at the 

center of the channel and build up a structure called the “central tower”. In the central tower, the 

NH2-terminal region is on “top”, and the channel domain is at the “bottom” with the connecting 
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central domain in the middle [96] (Fig. 2A and C). The channel domain in each subunit contains 

six transmembrane helices with a cytoplasmic O-ring that consists of elongation of the S6 

segment, a zinc finger in the COOH-terminal region and a small voltage sensor-like domain 

between S2 and S3. The central domain contains a U-motif that interacts with the O-ring 

structure by hooking into it. At the same time, the concave face of the central domain wraps 

around the O-ring to enhance this interaction (Fig. 2B). The convex side of the central domain 

directly interacts with the NH2-terminal regions from two neighboring subunits (Fig. 2C) [97]. 

These findings suggest that the central domain may act as the signal transducer that connects and 

conducts the conformational changes of the cytoplasmic region (especially the NH2-terminal 

region) caused by a variety of stimuli to the gating of the channel domain [96, 98]. During 

channel opening, the NH2-terminal region of RyR2 undergoes an upwards and counterclockwise 

rotation when viewed from the cytoplasmic side [97] (Fig. 2D). Therefore, the conformational 

changes in the NH2-terminal region may help regulate channel gating. 

The NH2-terminal region of RyR2 consists of three distinct domains: A (residues 1-217), 

B (residues 218-409), and C (residues 410-631) [96, 97, 99]. Domain A and domain B of the 

four subunits form the central ring structure that sits on the top of the cytoplasm of RyR2 and 

communicates with the channel domain via the central domain. Domain C is connected to and 

interacts with peripheral cytoplasmic domains, such as the handle domain and the helical domain 

[100, 101] (Fig. 3A). Besides the structural relevance, many NH2-terminal region mutations have 

been linked with a broad range of cardiac diseases including cardiac arrhythmias and 

cardiomyopathies. Interestingly, most of these disease mutations are located at domain-domain 

interfaces within the NH2-terminal region or the interface between the NH2-terminal region and 

the neighboring domains [101] (Fig. 3B), indicating that the disturbed stability of interfaces may   
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Fig. 2   The central tower structure of RyR2 

A, the side view of the central tower consisting of the NH2-terminal region (green), the central 

domain (orange and red), and the channel domain (cyan). The U-motif of the central domain is 

indicated in red. B, the interaction between the central domain and the channel domain via the 

U-motif (red) in the central domain and O-ring structure of the channel domain. C, the top 

view of the central tower. D, conformations of the NH2-terminal region in the open (green) and 

closed (red) state of RyR2 (Structure based on PDB 5GO9, Peng et al., Science, 2016 [97]).  
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Fig. 3   The NH2-terminal domains and disease mutations 

A, the NH2-terminal region consists of three domains: A (green), B (magenta), and C (yellow). 

Domains A and B from all four subunits form the central ring structure that interacts with the 

central domain (orange) while domain C interacts with the handle domain (pink) and the helical 

domain (blue). B, mutations (red) in the NH2-terminal region are located at domain-domain 

interfaces. Left, viewed from the side of domain A and B; right, viewed from the side of domain 

A and C (Structure based on PDB 5GO9, Peng et al., Science, 2016 [97]).   
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cause altered RyR2 function and cardiac diseases. These findings suggest that the NH2-terminal 

region plays a critical role in the gating of RyR2. Therefore, it is anticipated that the NH2-

terminal region is a major determinant of RyR2 activity. 

1.2.3   Regulation of RyR2 

The activity of RyR2 can be regulated by various modulators, including physiological 

agents and messengers (such as Ca2+ and Mg2+), kinases (such as PKA and CaMKII), small 

regulating proteins (such as CASQ and CaM), and various pharmacological agents (such as 

ryanodine and caffeine) [102]. 

1.2.3.1   Cytosolic Ca2+ 

Since cytosolic Ca2+ is the major activator of RyR2 during the process of CICR, the basic 

mechanism of Ca2+ sensing by RyR2 has been extensively studied. It has been shown that in the 

absence of Mg2+, RyR2 activation exhibits a bell-shaped dependence of Ca2+ concentration, 

suggesting that Ca2+ activates and inactivates RyR2 in a concentration-dependent manner. RyR2 

is thereby activated by low cytosolic Ca2+ binding to its high affinity site and inhibited by high 

cytosolic Ca2+ binding to its low affinity site. Cytosolic Mg2+ is also able to bind to the RyR2 

Ca2+ binding sites, especially to the low affinity inhibitory site, and inhibits the channel [103, 

104]. The inhibition of RyR2 by Mg2+ can be markedly relieved by elevating cytosolic Ca2+. 

During EC coupling, the physiological range of cytosolic Ca2+ can fully open the RyR2 channels 

and cause subsequent SR Ca2+ release.  

Application of mutagenesis strategies has provided some evidence regarding the possible 

Ca2+ activation and inactivation binding sites in RyR2. RyR3 mutation E3885A has been shown 

to form a functional channel without alteration of regulation by other modulators except for a 

~10,000-fold decrease in Ca2+ sensitivity [105]. The corresponding E4032A mutation in RyR1 is 
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also critical to channel function as it abolishes caffeine activity of the channel and Ca2+-

dependent [3H]ryanodine binding [106]. Consistent with the critical glutamate, E3987 residing at 

the central domain of RyR2 is proposed to play a significant role in cytosolic Ca2+ activation of 

RyR2. Indeed, the E3987A mutation abolishes caffeine response and causes more than 1000-fold 

decrease in Ca2+-dependent [3H]ryanodine binding [107], indicating that the E3987 residue is 

critical to cytosolic Ca2+ activity.  

Recent structural studies on the RyR1 has also revealed that the putative cytosolic Ca2+ 

coordination site is between residues E3893, E3967 from the central domain and T5001 from the 

COOH-terminal domains [99].The location is close to the E4032 residue which has been shown 

to be critical in the Ca2+-dependent [3H]ryanodine binding. It has also been suggested that the 

E4032 residue forms an interface between the COOH-terminal domains and permits Ca2+ 

binding. These observations further indicate that the corresponding residue E3987 in RyR2 may 

play an important role in the regulation of Ca2+ binding and the cytosolic Ca2+-dependent 

activation of RyR2. 

1.2.3.2   Luminal Ca2+ 

The level of SR Ca2+ store is maintained by the balance between Ca2+ uptake via 

SERCA2a and Ca2+ release via RyR2. The intra-SR Ca2+ buffering protein CASQ2 allows the 

SR to store up to ~20mM Ca2+ while the free SR Ca2+ level remains at ~1mM. The presence of 

bound Ca2+ enables the efficient storage and release of large amount of Ca2+ within the relatively 

small SR luminal space (3.5% of total cell volume) [1]. 

The physiological role of luminal Ca2+ has been substantially characterized. In addition to 

the role in Ca2+ release termination, luminal Ca2+ may also be a key player in SR Ca2+ release 

activation. Single channel recordings in artificial lipid bilayers from different groups consistently 
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show that luminal Ca2+ directly regulates the activity of RyR2. Increased luminal Ca2+ level 

enhances RyR2 activity while decreased luminal Ca2+ level leads to a reduction of RyR2 activity 

[108-110]. A growing body of evidence suggests that the increased SR Ca2+ level promotes 

RyR2 function and SR Ca2+ release while decreased SR Ca2+ content inhibits SR Ca2+ release in 

cardiomyocytes [35, 52-54].  

Defective luminal Ca2+ regulation has been linked to the pathogenesis of various cardiac 

diseases. As early as 1972 it was demonstrated that increased SR Ca2+ load could lead to 

propagating Ca2+ waves and spontaneous contractions in skinned muscle fibers [111]. This 

spontaneous Ca2+ release event is induced by the overload of SR Ca2+ store and is different from 

depolarization-triggered CICR. Therefore, it is termed store overload-induced Ca2+ release 

(SOICR) to differentiate from the physiological CICR. The resultant severe SR Ca2+ spillover 

can lead to abnormal activity and triggered arrhythmias. A number of catecholaminergic 

polymorphic ventricular tachycardia (CPVT)-associated RyR2 mutations have been shown to 

enhance luminal Ca2+ activation by reducing the SOICR threshold, and promote the genesis of 

triggered arrhythmias. Similarly, the loss-of-function CASQ2 mutations, which reduce the 

binding and buffering capacity for luminal Ca2+, cause an increase in the SR free Ca2+ level and 

enhance the propensity for SOICR and triggered arrhythmias [3]. These findings suggest that the 

increased luminal Ca2+ activation of RyR2 may be a common defect of cardiac diseases such as 

CPVT. 

Conversely, a unique RyR2 mutation A4860G associated with idiopathic ventricular 

fibrillation (IVF) abolishes luminal Ca2+ activation, indicating that decreased luminal Ca2+ 

sensitivity of RyR2 can also cause cardiac disease [112].  

Though the SR luminal Ca2+ content clearly plays a pivotal role in the function of RyR2, 
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the molecular basis of the luminal Ca2+ regulation is not well understood. A “feed-through” 

regulatory mechanism has been proposed, suggesting that luminal Ca2+ flowing through an open 

RyR2 channel binds to the cytosolic activation and inhibition sites of RyR2 and regulates the 

channel function [113, 114]. However, this "feed-through" mechanism requires the initial Ca2+ 

release from the SR to the cytosol to have a flow of Ca2+ that acts on the cytosolic regulatory 

sites. Furthermore, studies on single channels in lipid bilayers held at both positive and negative 

membrane potentials showed that increased luminal Ca2+ concentration (1 µM to 10 mM) 

enhances channel activity despite the various membrane potentials that promote or inhibit the 

Ca2+ flow [109, 114-116]. These observations suggest that the luminal to cytosol flow of Ca2+ is 

not an essential contributor to the regulation of RyR2 by luminal Ca2+. 

Alternatively, it is possible that luminal Ca2+ binds directly to a luminal site of RyR2 and 

regulates the channel function. Single channel studies further prove that the cytosolic and 

luminal Ca2+ activation can be specifically regulated [110]. Similarly, the RyR2 mutation 

E3987A diminishes cytosolic Ca2+ activation of the channel without altering the luminal Ca2+ 

activation [107]. Therefore, the selective effect of Ca2+-dependent activation suggest that the 

luminal Ca2+ activation is distinct from the cytosolic Ca2+ activation of RyR2. There should be a 

binding and regulatory site on the luminal side that regulates the function of RyR2. 

The putative luminal Ca2+ binding site has not been determined. Recent studies revealed a 

residue E4872 located at the helix bundle crossing is critical for luminal Ca2+ regulation. The 

E4872Q mutation completely abolishes luminal, but not cytosolic, Ca2+ activation [116]. 

However, recent studies on RyR2 3D structure have shown that E4872 is located at the cytosolic 

side of the RyR2 channel pore though close to the luminal side. These studies also suggest that 

E4872 may form an intersubunit salt bridge with R4874 and contribute to the formation of a 
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cation binding pocket that is involved in luminal Ca2+ activation of RyR2 [97]. Therefore, it is 

possible that E4872 regulates the luminal activation of RyR2 by forming salt bridges and 

facilitating the formation of Ca2+ binding pocket.  

1.2.3.3   Phosphorylation 

1.2.3.3.1   PKA 

Protein kinase A (PKA) is a key player in the β-adrenergic signaling pathway. 

Stimulation of the β-adrenergic receptor activates adenylyl cyclase and increases the level of 

cAMP, which in turn activates PKA. There are several major protein targets in cardiomyocytes 

for PKA, including the L-type Ca2+ channel, RyR2, and PLB. Phosphorylation of these proteins 

leads to increased Ca2+ influx, enhanced SR Ca2+ release, elevated SR Ca2+ content and increased 

contractility and cardiac output [117].  

Two phosphorylation sites on RyR2, S2030 and S2808, have been identified and widely 

accepted [118, 119]. Additional functional studies revealed that PKA phosphorylation of RyR2 

enhances luminal Ca2+ activation and reduces the SOICR threshold [118]. As the residue S2808 

is substantially phosphorylated under basal conditions, the functional effect of PKA activation is 

mainly dependent on the phosphorylation of S2030. In a failing heart the residue S2808, which is 

also a Ca2+/calmodulin-dependent protein kinase II (CaMKII) site, is hyperphosphorylated under 

basal conditions [119]. However, the basal phosphorylation of S2030 is not enhanced in failing 

rat hearts and could be markedly increased upon β-adrenergic stimulation [118]. These 

observations suggest that the increased basal PKA phosphorylation of S2808 is a defect in heart 

failure. Moreover, altered Ca2+ handling to myofilaments due to S2030 phosphorylation could 

further contribute to cardiac arrhythmias in failing hearts [118].   
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1.2.3.3.2   CaMKII 

In addition to PKA, CaMKIIδC, which is the predominant isoform expressed in the heart, 

also phosphorylates and regulates the function of several target proteins. Upon the elevation of 

cytosolic Ca2+, Ca2+ binds to CaM, and the resultant Ca2+-CaM complex binds to the regulatory 

site of CaMKII and activates it. The activated CaMKII phosphorylates the L-type Ca2+ channel, 

RyR2, and PLB and generates various functional alterations. CaMKII also phosphorylates other 

targets that are not directly related to Ca2+ handling, such as Na+ and K+ channels, and regulates 

their functions [120, 121]. 

Aside from S2808, S2814 is another identified CaMKII site of RyR2. Numerous studies 

have shown that the abnormal phosphorylation of RyR2 due to altered CaMKIIδC expression and 

activity contributes to the pathogenesis of cardiac disease conditions including HF and cardiac 

arrhythmias [122]. For instance, a transgenic CaMKII mouse develops HF [123] whereas mice 

overexpressing CaMKII inhibitor or deficient CaMKII are protected from developing HF [124, 

125]. Further, S2814D mutant mice mimicking constitutively phosphorylated S2814 are 

susceptible to ventricular tachycardia (VT) without changes in heart structure [126]. However, 

even after decades of studies, the pathogenic mechanism of abnormal CaMKII phosphorylation 

of RyR2 remains controversial [127-130]. 

1.2.3.4   CaM 

CaM is a major modulator of a wide range of cellular processes. It is a 16.7 kDa cytosolic 

protein with four EF-hand Ca2+ binding sites that form two symmetrical domains (N- and C-

domain) connected by a flexible α-helix (Fig. 4A). The N-domain contains two low affinity Ca2+ 

binding sites (Kd ~12 µM) while the C-domain contains two high affinity Ca2+ binding sites (Kd 
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~1 µM) [131]. Binding of Ca2+ alters the interhelical angle in the EF-hand motifs, resulting in a 

conformational change that exposes the hydrophobic binding site and allows CaM to wrap 

around its target proteins.   

In cardiomyocytes, CaM affects the cardiac EC coupling by modulating the function of a 

variety of ion channels including the L-type Ca2+ channel, IP3R, and RyR2. CaM regulates 

RyR2 not only through CaM-CaMKII pathway but also by direct interaction between CaM and 

RyR2. CaM is able to bind to RyR2 in both the Ca2+-CaM (Ca2+ bound form of CaM) and 

apoCaM (Ca2+ unbound form of CaM) forms and inhibit RyR2 activity [132]. With saturating 

cytosolic Ca2+, both the N- and C-domains bind to RyR2, while the C-domain can bind RyR2 at 

resting cytosolic Ca2+ [133-135]. 

Therefore, it is speculated that the C-domain of CaM is mainly responsible for inhibition 

of RyR2 at low cytosolic Ca2+, while both the N- and C-domains can sense elevated Ca2+ level 

and increase the inhibitory effect on RyR2. Single channel studies have demonstrated that CaM 

effectively reduces the open probability at a Ca2+ concentration lower than 10 µM, while at a 

Ca2+ concentration higher than 10 µM the inhibition of CaM is less efficient. This result suggests 

that the inhibitory effect of CaM is insignificant during the active phase of SR Ca2+ release due 

to the high local cytosolic Ca2+. As soon as the Ca2+ level drops to a certain range, CaM initiates 

the inhibition on RyR2 and helps with the termination of SR Ca2+ release. 

CaM binds to RyR2 channels with a maximum ratio of four per channel via the RyR2 

CaM-binding domain (Arg3581 – Pro3607) [135-138]. This domain is located at the boundary of 

three domains according to the recently resolved RyR2 3D structure [97]. Recently some CaM 

mutations linked to a variety of cardiac arrhythmias, such as CPVT, long QT syndrome (LQTS) 

and IVF have been shown to alter the function of RyR2 [47, 139]. Location of these mutations   
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Fig. 4   CaM structure, disease-associated mutations, and newly discovered variants 

A, CaM consists of N-domain (yellow) and C-domain (orange). Each domain contains two EF-

hand Ca2+ binding motifs (cyan) (bound Ca2+ ions are indicated as green spheres). The CaM 

binding domain of RyR2 is indicated in green. B, the locations of mutations in the N-domain 

(top) and C-domain (bottom). Locations of mutations linked to LQTS and both LQTS and CPVT 

(magenta), CPVT (purple) and IVF (pink), and the newly discovered variants (gray) are 

indicated (Structure based on PDB 2BCX, Maximciuc et al., Structure, 2006 [134]).  
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suggests that the mechanism of the resultant alterations is complex (Fig. 4B). Some mutations 

located at the EF-hand motifs have been shown to alter the properties of Ca2+ binding and 

therefore affect the function of RyR2 [47, 139]. Engineered CaM variants that abolish Ca2+ 

binding also lead to altered RyR2-mediated SR Ca2+ release [48]. However, the exact pathogenic 

mechanism of each type of arrhythmia and the effects of disease-associated CaM mutations on 

RyR2 function remain to be determined. 

1.2.3.5   Pharmacological agents 

In addition to physiological modulators in cardiac cells, RyR2 is also regulated by 

pharmacological agents such as ryanodine and caffeine. 

1.2.3.5.1   Ryanodine 

Ryanodine is a natural plant alkaloid discovered in a South American plant called Ryania 

Speciosa and was originally used as an insecticide. The name of ryanodine receptor originates 

from the specific, high affinity binding of this compound [1]. Equilibrium binding assays suggest 

that a maximum of four ryanodine molecules could bind to each RyR channel with various 

affinities [140, 141]. It is believed that at nM to µM range, ryanodine "locks" the channel in a 

mainly open state by binding to the high affinity binding site. However, at higher concentrations 

(0.3–2 mM), ryanodine inhibits the channel activity by binding to the low affinity site [103, 140, 

142]. 

In vitro, high affinity binding of ryanodine is affected by temperature, ion concentration, 

pH and various modulators of RyR2 function. Ligands that open the channel promote the binding 

of ryanodine. Among them, Ca2+ is the most common one to increase the ryanodine binding to 

RyR. In other words, ryanodine binding is Ca2+-dependent. Caffeine is also found to facilitate 

ryanodine binding to RyR2 [143]. Therefore, ryanodine binds preferentially to open RyR2 
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channel and can be used as an open channel enhancer and a probe for channel gating. 

1.2.3.5.2   Caffeine 

Caffeine has long been used as a pharmacological agonist for RyR2-mediated Ca2+ 

release. It is believed that caffeine sensitizes the channel to cytosolic Ca2+ and increases the open 

probability [144, 145]. However, when the luminal Ca2+ level is below the threshold for 

activation, no SR Ca2+ release could be induced by caffeine [146-148], suggesting that luminal 

Ca2+ also plays a role. Further studies confirmed that caffeine sensitizes RyR2 to luminal Ca2+ 

and reduces the SOICR threshold, which is similar to the effect of CPVT-associated RyR2 

mutations [149]. Therefore, the mechanism of caffeine activation on RyR2 is that caffeine 

sensitizes the channel to both cytosolic and luminal Ca2+. The termination of SR Ca2+ release via 

RyR2 also delays upon the stimulation of caffeine [146-148]. Thus, caffeine can be used to 

induce SR Ca2+ release without changing the cytosolic or luminal Ca2+ level, and to determine 

the expression of RyR2 and the content of SR Ca2+ store.  

1.3   RyR2-associated cardiomyopathies 

1.3.1   RyR2-associated cardiac diseases 

 Given the significance of RyR2 function in EC coupling, it is expected that altered RyR2 

function would contribute to abnormalities in the Ca2+ signaling pathway and cardiac diseases. A 

number of naturally occurring RyR2 mutations have been linked to a specific type of cardiac 

arrhythmia named CPVT [150, 151]. Besides the manifestation of cardiac arrhythmia, mutations 

in RyR2 have also been associated with abnormalities in cardiac structure and muscle contractile 

disorder called cardiomyopathies. To date, there are three types of RyR2-associated 

cardiomyopathies: hypertrophic cardiomyopathy (HCM) [152, 153], dilated cardiomyopathy 

(DCM) [153-155]} and arrhythmogenic right ventricular dysplasia type 2 (ARVD2) [151, 156].  
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CPVT is a cardiac arrhythmic disorder manifesting as syncope episodes and sudden 

cardiac death (SCD) in response to physical or emotional stress, with a structurally normal heart. 

Treadmill exercise test with ECG recording usually reveals the characteristic bidirectional or 

polymorphic VTs. The causal mechanism for CPVT has been proposed based on a series of 

studies [157, 158]. Under physiological conditions, the cardiac SR Ca2+ release is initiated by the 

depolarization of membrane potential, the opening of the L-type Ca2+ channels and CICR. 

However, spontaneous Ca2+ waves or Ca2+ transients could occur without physiological 

stimulations. These spontaneous activities are initiated by overloading the SR Ca2+ store and 

therefore termed SOICR. Various conditions, such as β-adrenergic stimulation, digitalis 

intoxication, increased extracellular Ca2+, and fast pacing could all lead to SR Ca2+ overload and 

SOICR in cardiac cells. The elevated cytosolic Ca2+ promotes the activity of NCX, resulting in 

an inward current that depolarizes the membrane potential after the progression of AP. This 

depolarization termed delayed afterdepolarization (DAD) could activate the Na+ channel and 

induce triggered activity, which leads to triggered arrhythmia. A common defect of RyR2-

associated CPVT mutations is the enhanced sensitivity of RyR2 to luminal Ca2+ and the reduced 

activation threshold for SOICR. The reduced SOICR threshold would enhance SOICR activity 

and result in DADs and triggered arrhythmia [3, 159-163]. 

Other types of cardiac arrhythmias are also related to abnormal RyR2 function. LQTS 

manifests as a prolonged QT interval on ECG and delayed repolarization of the membrane 

potential that leads to a number of arrhythmogenic disorders, including torsades de pointes and 

eventually ventricular fibrillation (VF), resulting in fainting and SCD [164]. IVF is an 

uncommon ventricular fibrillation that is not related to any known cardiac disease condition or 

disturbance of homeostasis. The mechanism of IVF is not clear thus termed “idiopathic” [165]. 
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However, studies on an IVF-associated RyR2 mutation A4860G have shown that it reduces 

luminal Ca2+ activation of RyR2 [112]. Recently, a number of arrhythmogenic CaM mutations 

have been discovered and linked to various cardiac arrhythmias. These arrhythmia-associated 

CaM mutations may exert abnormal regulatory effects on a variety of protein targets, adding up 

to the different phenotypes in human patients. Among them, the altered regulation of RyR2 

activity could be a prominent contributor. 

Interestingly, CPVT-associated RyR2 mutations cause arrhythmias only, while other 

RyR2 mutations are linked to both cardiac arrhythmia and cardiomyopathies. The contribution of 

cardiomyopathy-associated RyR2 mutations in the development and progression of 

cardiomyopathies is still a mystery. 

Eleven cardiomyopathy-associated RyR2 mutations have been reported so far, including 

two DCM mutations exon-3 deletion and R3570W [154, 155], seven ARVD2 mutations A77V 

[166], double mutation R176Q/T2504M [167], R420W [167-169], L433P [170], compound 

heterozygous G1885E/G1886S [171], N2386I [170], and Y2392C [168], and 2 HCM mutations 

A1107M and G2367R [152, 153]. Human carriers of these mutations are heterozygotes, 

suggesting that one mutant allele is sufficient for manifesting the disease phenotypes. Most of 

these mutations are located at the NH2-terminal region of RyR2. Exon-3 deletion is a large in-

frame deletion of 35 amino acids in the NH2-terminal region of RyR2. This deletion mutant 

exhibits a broad spectrum of clinical phenotypes, such as CPVT, sinoatrial node dysfunction, 

atrial fibrillation, atrioventricular block, left ventricular non-compaction, and left ventricular 

dilation, which is the hallmark of DCM [154, 155]. Moreover, some point mutations in the NH2-

terminal region, including A77V, double mutation R176Q/T2504M, R420W and L433P are 

associated with ARVD2, manifesting as fat or fiber infiltration of the right ventricle and 
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CPVT. Missense mutations in the NH2-terminal region are also linked to HCM. Recent HEK293 

cell studies on these NH2-terminal cardiomyopathy-associated RyR2 mutations showed that 

these mutations altered Ca2+ release termination and in turn fractional Ca2+ release that 

determines the magnitude of the cytosolic Ca2+ transient, while mutations linked to CPVT only 

did not cause any dramatic change in the fractional Ca2+ release [172]. These findings shed light 

on the mechanisms underlying cardiomyopathies caused by RyR2 dysfunction. However, further 

studies are required to determine the effects of these mutations in vivo.  

1.3.2   SR Ca2+ handling and cardiomyopathies 

As the cardiomyopathy-associated RyR2 mutations alter the properties of SR Ca2+ release 

and affect the cytosolic Ca2+ transients, it is likely that these changes would lead to the 

development of cardiomyopathies. In addition to RyR2 mutations, various sarcomeric protein 

mutations have been linked to DCM or HCM. Aside from the contractile function, sarcomeric 

proteins in the myofilaments also serve as a major cytosolic Ca2+ buffer system that affects the 

properties of cytosolic Ca2+ transients. Most HCM-associated sarcomeric mutations decrease the 

Ca2+ sensitivity of myofilaments [56, 59] whereas most of the DCM-associated sarcomeric 

mutations increase it [173, 174]. Studies on mouse models harboring the HCM- and DCM-

associated sarcomeric mutations further confirmed these alterations [174-181]. Altered 

myofilament Ca2+ sensitivity would affect the properties of cytosolic Ca2+ transients. 

Alterations in other components of SR Ca2+ handling are also involved in 

cardiomyopathies. In a mouse model harboring an HCM-associated mutation in the α-myosin 

heavy chain, the expression levels of CASQ2 and RyR2 decrease dramatically [57, 182]. In 

another HCM mouse model, Ca2+ uptake into the SR is reduced due to lower expression of 

SERCA2a and hypophosphorylation of PLB [183]. Transgenic mouse harboring a DCM-
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associated PLB mutation has demonstrated a reduction in the phosphorylation of PLB and, in 

turn, enhances the inhibition of SERCA2a activity [184]. Conversely, ablation of PLB is able to 

rescue a variety of phenotypes of another DCM mouse model [182], suggesting that SR Ca2+ 

handling could be one of the therapeutic targets for DCM. Therefore, abnormal expression and 

function of Ca2+ handling proteins seem to be the common defects in both HCM and DCM, 

indicating the disturbed SR Ca2+ homeostasis is pivotal to the development and progression of 

cardiomyopathies. 

1.3.3   Fundamental mechanism of cardiomyopathies 

As discussed above, mutations in the sarcomeric protein, PLB, and RyR2 are associated 

with various forms of cardiomyopathies. Myofilaments represent a pool of cytosolic Ca2+ 

buffering, while PLB and RyR2 are responsible for SR Ca2+ handling. These contributors of Ca2+ 

homeostasis cooperate with each other and shape the cytosolic Ca2+ transient in each cardiac 

cycle, which is a critical determinant in the development of cardiomyopathies. It is possible that 

mutations in different proteins lead to cardiomyopathies through the same mechanism. 

Since myofilaments act as the major cytosolic Ca2+ buffering system, altering the Ca2+ 

sensitivity of myofilaments may change the amplitude and decay of cytosolic Ca2+ transients 

[59]. The increased Ca2+ sensitivity would result in a decreased amplitude and prolonged decay 

while the decreased Ca2+ sensitivity would result in an increased amplitude and faster decay of 

cytosolic Ca2+ transients [57-60, 185]. A defective cytosolic Ca2+ transient would then trigger 

subsequent signaling pathways related to cardiac remodeling and cardiomyopathies [186-189].  

Similarly, altered termination of SR Ca2+ release or altered SERCA2 Ca2+ uptake due to 

mutations in RyR2 or PLB would also lead to defective cytosolic Ca2+ transients. Delayed 

termination of SR Ca2+ release or decreased SERCA2a activity would result in increased 
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cytosolic Ca2+ transient and prolonged decay, whereas premature termination of SR Ca2+ release 

or enhanced SERCA2a activity would result in decreased cytosolic Ca2+ transient and faster 

decay. The altered cytosolic Ca2+ transient could then affect the formation of Ca2+-CaM complex 

and activate the signaling pathways, including the calcineurin/NFAT pathway [186, 188], 

HDAC/MEF2 pathway [187], and apoptotic pathway [189]. These pathways are suggested to be 

critical to the development of HCM, DCM, and ARVD2 (Fig. 5). 

Calcineurin is a Ca2+-CaM-dependent phosphatase which binds CaM with high affinity 

and can be activated during low Ca2+ plateaus. Therefore, a moderately elevated Ca2+-CaM level 

is able to activate calcineurin, leading to the dephosphorylation of nuclear factor of activated T-

cells (NFAT) [186]. The dephosphorylated NFAT then translocates from the cytosol to the 

nucleus and works cooperatively with cardiac-restricted zinc finger-containing transcription 

factor-4 (GATA4) to activate transcription of genes related to cardiac hypertrophy [190]. 

Ca2+-CaM also activates CaMKIIδB, resulting in the phosphorylation and dissociation of histone 

deacetylase (HDAC) from transcription factors such as myocyte enhance factor-2 (MEF2) [187]. 

Activated MEF2 results in the transcription of hypertrophy associated genes and acts as the end 

point of this signaling pathway in the myocardium [191, 192]. With the calcineurin/NFAT 

pathway and the HDAC/MEF2 pathway synergizing each other, hypertrophic remodeling of the 

heart is initiated. On the other hand, activation of CaMKIIδc by Ca2+-CaM induces a series of 

downstream signaling events, including phosphorylation of proteins involved in apoptotic 

pathways. The apoptosis of cardiomyocytes likely contributes to both DCM and ARVD2 [187]. 

It has been shown that p53, a tumor suppressor protein, is critical in the signaling of 

cardiomyocyte apoptosis in a DCM mouse model [189]. However, the specific components and 

cascades in this pathway are still not identified.  
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Fig. 5   Ca2+-dependent pathways leading to cardiomyopathies 

Increased cytosolic Ca2+ binds to CaM, in turn, activates calcineurin or CaMKII. Activation of 

phosphatase calcineurin leads to the dephosphorylation of NFAT and together with GATA4 activates 

the transcriptional pathway. Activation of CaMKII leads to phosphorylation and dissociation of HDAC 

from transcription factors including MEF2 in the nucleus. These pathways result in hypertrophy. On the 

other hand, activation of CaMKII results in activation of apoptotic pathways and leads to cell loss and in 

turn, DCM and ARVD2. 
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All the findings on the signaling pathways suggest that the mechanisms for the 

development of distinct types of cardiomyopathies through altered cytosolic Ca2+ transients are 

complex because of various signaling proteins and pathways. Nonetheless, the altered cytosolic 

Ca2+ transient is a key player in the pathogenesis of cardiomyopathies.  

1.4   Research objects and specific aims 

The objective of this study is to understand the molecular basis and regulation of Ca2+ 

release termination and its role in the pathogenesis of cardiomyopathies. The working 

hypotheses are that (1) the NH2-terminal region of RyR2 is a major determinant of Ca2+ release 

termination; (2) RyR2 mutations that alter Ca2+ release termination are linked to 

cardiomyopathies; and (3) CaM is a major modulator of RyR2-mediated Ca2+ release 

termination. To test these hypotheses, three specific aims are outlined as follows. 

1.4.1   Determining the role of the NH2-terminal region of RyR2 in Ca2+ release 

termination 

Despite its critical role in cardiac function, little is known about the molecular basis of 

Ca2+ release termination. The NH2-terminal region of RyR2 has been suggested to play a crucial 

role in channel gating, but its role in Ca2+ release termination has yet to be determined. Recently 

resolved 3D structure of the NH2-terminal region revealed that it consists of three distinct 

domains. Therefore, the function of each domain in the NH2-terminal region is also of great 

interest. Our lab has established a simple assay to assess Ca2+ release termination of RyR2 

expressed in HEK293 cells. By taking advantage of this simple system, the effect of engineered 

domain deletions and disease-associated mutations in the NH2-terminal region on Ca2+ release 

termination could be assessed. These results indicate that the NH2-terminal region is a critical 

determinant of Ca2+ release termination. 
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1.4.2   Determining the role of Ca2+ release termination in cardiomyopathies 

Many cardiomyopathy-associated RyR2 mutations are located in the NH2-terminal 

region, suggesting that these mutations may alter Ca2+ release and lead to cardiomyopathies. 

Indeed, recently published studies on HEK293 cells expressing these mutations have shown 

markedly altered activation and termination thresholds of RyR2-mediated Ca2+ release. However, 

no evidence of these changes has been provided in cardiomyocytes. To further test this link 

between cardiomyopathies and altered Ca2+ release termination, knock-in mouse models 

harboring cardiomyopathy-associated RyR2 mutations, exon-3 deletion, and R420W, have been 

characterized for CPVT susceptibility and abnormality in Ca2+ handling. The results are hard to 

interpret due to some difficulties in characterizing both mouse models. However, a population of 

mice exhibited some alterations that might represent the phenotypes of the RyR2-R420W mutant 

and suggested that abnormal Ca2+ release termination may result in changes in cytosolic Ca2+ 

transients that lead to cardiomyopathies. 

1.4.3   Determining the effect of CaM on Ca2+ release termination 

It is widely accepted that CaM is a regulator of RyR2 function. An increasing body of 

evidence also indicates that CaM predominantly affects the termination of RyR2-mediated Ca2+ 

release. A number of arrhythmogenic CaM mutations have been discovered, and some of them 

are assessed for the binding properties for Ca2+. However, the exact causal effects of CaM 

mutations on various targets are not well understood. Therefore, a systematic study on the effects 

of arrhythmogenic CaM mutations on RyR2-mediated Ca2+ release, which is a prominent 

contributor to cardiac arrhythmias, have been carried out. The data obtained from current studies 

and published work all suggest that CaM is a key modulator of RyR2-mediated Ca2+ release 

termination. 
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These studies have provided new information about the molecular basis and regulation of 

Ca2+ release termination and shed light onto the mechanisms of how altered Ca2+ release 

termination is linked to cardiomyopathies.  
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CHAPTER 2    EXPERIMENTAL PROCEDURES AND METHODS 

2.1   Site-directed mutagenesis  

All RyR2 deletions and mutations were kindly generated and provided by Ruiwu Wang 

in Dr. Chen’s lab. Briefly, fragments of RyR2 murine cDNA were obtained using PCR site-

directed mutagenesis. The fragments were digested with specific restrictive enzymes and used to 

substitute the corresponding fragments in the RyR2-WT cDNA. These mutant RyR2 DNAs were 

then further digested and inserted into pcDNA5 for expression and function studies. 

All human CaM mutations were provided by Dr. Mads Sondergaard. Similarly, the full-

length CaM cDNA containing the intended mutations were generated by PCR site-directed 

mutagenesis, digested and inserted into expression plasmid pcDNA5. 

The sequences of all mutations and PCR products were confirmed by DNA sequencing 

analysis. 

2.2   HEK293 cell culture and DNA transfection  

To express the WT and mutant RyRs, a human embryonic kidney (HEK) 293 cell line 

was used. The HEK293 cell line has been extensively used as an expression system for the 

functional and biochemical studies of ion channel proteins, as well as the expression of RyRs. It 

is important to note that there is no detectable expression of RyR in HEK293 cells at either the 

protein or the functional levels. HEK293 cells were maintained in standard Dulbecco's modified 

eagle medium (DMEM) with 0.1 mM minimum Eagle's medium nonessential amino acids, 4 

mM L-glutamine, 100 units of penicillin/ml, 100 μg of streptomycin/ml, and 10% fetal bovine 

serum at 37°C in a 5% CO2 atmosphere. The cells were grown to 95% confluence in a 75cm2 

flask, split with phosphate buffered saline (PBS) (137 mM NaCl, 8 mM Na2HPO4, 1.5 mM 

KH2PO4, and 2.7 mM KCl, pH 7.4), and plated in 100 mm tissue culture dishes at ~10% 
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confluence for 18 h or until the cells reach ~40% confluence before transfection. A Ca2+-

phosphate precipitation protocol was employed for transfection. Briefly, 12 μg of DNA was 

diluted to a final volume of 500 μl of a solution containing 248 mM CaCl2. This solution was 

then added drop-wise to 500 μl of 2× HEPES buffer containing 274 mM NaCl, 1.8 mM 

Na2HPO4, and 50 mM HEPES, pH 7.04. The mixture was thoroughly mixed, incubated for 1 min 

at room temperature (23°C), and then added to the cells.  

2.3   Caffeine-induced Ca2+ release measurements  

Measurements of free cytosolic Ca2+ concentrations in transfected HEK293 cells 

expressing RyR2-WT or mutants using the fluorescent Ca2+ indicator Fluo-3, AM were carried 

out as follows. The cells grown for 18-20 h after transfection were washed four times with PBS 

and incubated in Krebs-Ringer-HEPES (KRH) buffer (125 mM NaCl, 5 mM KCl, 1.2 mM 

KH2PO4, 6 mM glucose, and 25 mM HEPES, pH 7.4) at room temperature (23°C) for 40 min 

and then at 37°C for 40 min. After detachment from culture dishes by pipetting, cells were 

collected and centrifuged at 1,000 rpm for ~5 min in a Beckman TH-4 rotor. Cell pellets were 

washed twice with KRH buffer containing 1.2 mM MgCl2 and 2 mM CaCl2 (KRH++) and 

loaded with 10 μM Fluo-3, AM, 0.1 mg/ml BSA and 250 μM sulfinpyrazone in KRH++ buffer at 

room temperature (23°C) for 60 min. After loading, cells were washed with KRH++ buffer three 

times, centrifuged and suspended in 150 μl KRH++ buffer with 0.1 mg/ml BSA and 250 μM 

sulfinpyrazone. The Fluo-3-loaded cells were added to 2 ml (final volume) KRH buffer and 

challenged with various concentrations of caffeine (0.025-5 mM) or ryanodine (25 μM) in a 

cuvette. The fluorescence intensity of Fluo-3, AM at 530 nm emission was measured in an SLM-

Aminco series 2 luminescence spectrometer with 480 nm excitation at 25 °C (SLM Instruments, 

Urbana, IL). The amplitude of each caffeine-induced Ca2+ release was determined and 
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normalized to the highest peak (100%) induced by caffeine during each experiment. 

2.4   Generation of stable, inducible HEK293 cell lines expressing RyR2 WT and mutants  

Stable, inducible HEK293 cell lines expressing RyR2-WT or mutants were generated 

using the Flp-In T-REx Core Kit from Invitrogen. Flp-In T-REx-293 cells were co-transfected 

with the inducible expression vector pcDNA5/FRT/TO containing the RyR2-WT or mutant 

cDNAs and the pOG44 vector encoding the Flp recombinase in 1: 4 ratios (2 μg RyR cDNA and 

8 μg pOG44 per culture dish) using the Ca2+-phosphate precipitation method. After 24 h of 

transfection, cells were washed with PBS followed by a change into fresh DMEM for 24 h. The 

cells were washed again with PBS, harvested, and plated onto new culture dishes. After the cells 

had attached (~4 h), the DMEM was replaced with a selection medium containing 200 μg/ml 

hygromycin B (Invitrogen). The selection medium was changed every 3-4 days afterward until 

the cells grew into sizable colonies. The hygromycin-resistant cells were harvested, aliquoted, 

and frozen at -80 °C. These cells are believed to be isogenic because the integration of RyR2 

cDNA is at a single FRT site. 

2.5   Western blotting  

HEK293 cell lines expressing RyR2-WT or mutants were induced for certain periods of 

time, washed with PBS plus 2.5 mM EDTA and harvested by centrifugation for ~10 min at 2000 

rpm. The cells were then washed with PBS and centrifuged again at 2000 rpm for ~10 min. The 

cells were then solubilized in a lysis buffer with 25 mM Tris/50 mM HEPES (pH 7.4), 137 mM 

NaCl, 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.5% 

soybean phosphatidylcholine, 2.5 mM dithiothreitol (DTT) and a mixture of protease inhibitors 

(1 mM benzamidine, 2 μg/ml leupeptin, 2 μg/ml pepstatin A, 2 μg/ml aprotinin and 0.5 mM 

PMSF) on ice for 1 h. Cell lysates were obtained by centrifuging twice at 16,000 × g at 4°C for 
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30 min to remove the unsolubilized materials. The protein concentrations were measured using 

the Bradford protein assay (Bio-Rad). Mouse hearts were crushed by a Wollenberger clamp pre- 

cooled in liquid nitrogen. The crushed heart tissues were stored at -80°C until use. Frozen heart 

tissues were pulverized in liquid nitrogen and homogenized immediately in 6 volumes of 

homogenizing buffer containing 30 mM KH2PO4 (pH 7.0), 40 mM NaF, 5 mM EDTA, 300 mM 

sucrose, 4 µM leupeptin, 1 mM benzamidine, 100 µM PMSF, and 0.5 mM DTT, aliquoted, 

frozen in liquid nitrogen and stored at -80°C until use. Aliquots of homogenates were solubilized 

in a final 500 µl of solubilizing buffer containing 50 mM Tris-HCl (pH 7.4) plus 3% SDS for 1 h 

at room temperature (23°C) and then incubated at 55°C for 10 min. The insoluble materials were 

removed by centrifugation at 12,000 × g for 10 min. The protein concentration of the supernatant 

was determined using a BioRad detergent-compatible protein assay kit. After the concentration 

determination, 50 μl of lysates from cell or heart was mixed with 50 μl of 2× Laemmli sample 

buffer including 5 % β-mercaptoethanol and boiled for 10 min. A calculated volume of boiled 

sample containing ~15 μg of proteins was loaded onto a SDS-polyacrylamide gel for 

electrophoresis (SDS-PAGE). 

The RyR2 proteins were separated using the 6% SDS-PAGE and transferred to 

nitrocellulose membranes at 100 V for 2 h at 4ºC in the presence of 0.01% SDS. For β-actin, the 

proteins were separated using the 15% SDS-PAGE and transferred at 120V for 1 h. The 

nitrocellulose membranes with the transferred proteins were blocked for 30 min with PBS 

containing 0.5% Tween-20 and 5% skimmed milk powder. The blocked membrane was 

incubated with rabbit anti-β-actin primary antibody (1:5000) and secondary anti-rabbit IgG 

conjugated to horseradish peroxidase (1:20000) for β-actin detection. For RyR2 detection mouse, 
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anti-RyR2 antibodies (34c) (1:1000) and then the secondary anti-mouse IgG (H&L) antibodies 

conjugated to horseradish peroxidase (1:20000) were used for incubation. After three washes (15 

min each), the bound antibodies were detected using an enhanced chemiluminescence kit from 

Pierce.  

2.6   Single-cell Ca2+ imaging (cytosolic Ca2+) of HEK293 cells  

Cytosolic Ca2+ 
dynamics in stable, inducible HEK293 cells expressing RyR2-WT or 

mutant channels were monitored using the fluorescent Ca2+ indicator dye Fura-2, AM and single-

cell Ca2+ imaging. Cells were split and plated for 18-20 h before induction. The regular DMEM 

was then changed to an induction medium containing 1 µg/ml tetracycline (Sigma). After 

induction for ~20-24 h, cells were loaded with 5 μM Fura-2, AM in modified KRH (Krebs-

Ringer-HEPES) buffer (125 mM NaCl, 5 mM KCl, 6 mM glucose, 1.2 mM MgCl2 and 25 mM 

HEPES, pH 7.4) with 0.02% pluronic F-127 (Molecular Probes) and 0.1 mg/ml BSA at room 

temperature (23°C) for 20 min. The coverslips with loaded cells were then mounted in a 

perfusion chamber (Warner Instruments, Hamden, CT, U.S.A.) and placed on an inverted 

microscope (Nikon TE2000-S). The cells were perfused continuously with KRH buffer 

containing elevated extracellular Ca2+ concentrations (0, 0.1, 0.2, 0.3, 0.5, 1 and 2 mM). At the 

end of each experiment, 10 mM of caffeine was applied to confirm the expression of functional 

RyR2 channels. The optimum excitation wavelength changes from 380nm to 340nm upon Ca2+ 

binding to Fura-2 and the maximum emission wavelength is 510 nm. Therefore, the fluorescence 

of Fura-2 was captured every 4 seconds with excitation at 340 or 380 nm and emission at 510 nm 

through a Fluor 20× objective and a Chroma filter set (Photon Technology International, 

Lawrenceville, NJ). The Ca2+ signal was determined as the ratio of the emission intensities when 

excited at 340nm and 380nm. Only cells that responded to caffeine stimulation were analyzed 
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using the Compix Simple PCI 6 software (Compix Inc.).  

2.7   Single-cell Ca2+ 
imaging (luminal Ca2+) of HEK293 cells  

Luminal Ca2+ dynamics in HEK293 cells expressing RyR2-WT and mutant or RyR2-WT 

with CaM-WT or mutants were monitored using the fluorescence resonance energy transfer 

(FRET)-based endoplasmic reticulum (ER) luminal Ca2+-sensitive chameleon protein D1ER and 

single cell Ca2+ imaging as described previously [193, 194]. The stable, inducible HEK293 cell 

lines were transfected with D1ER cDNA with or without CaM using the Ca2+-phosphate 

precipitation method for 24 h and induced by tetracycline afterward. Experiments were 

performed at ~20-24 h after induction. 

In intact cell studies, cells were perfused at room temperature (23°C) with modified KRH 

buffer containing elevated concentrations of CaCl2 (0, 1, and 2 mM) to induce SOICR, tetracaine 

(1 mM) to inhibit RyR2 [195] and caffeine (20 mM) to deplete the ER Ca2+ stores. Images were 

captured with Compix Simple PCI 6 software every 2 s using an inverted microscope (Nikon 

TE2000-S) with a Fluor 20× objective. The filters used for D1ER imaging were λex = 436 ± 20 

nm for CFP, λex = 500 ± 20 nm for YFP, λem = 465 ± 30 nm for CFP, and λem = 535 ± 30 nm for 

YFP with a beam splitter (500 nm). The signal intensity of FRET was determined from the ratio 

of the emission at 535 and 465 nm for YFP and CFP. The level of activation (FSOICR) was 

determined by averaging the values of the last Ca2+ plateau before the tetracaine treatment. The 

level of termination (Ftermi) was determined by the lowest level of the last Ca2+ release before the 

tetracaine treatment. Similarly, the maximum level (Fmax) was determined by averaging the 

values of the Ca2+ plateau during the tetracaine treatment while the minimum level (Fmin) was 

determined by the lowest level upon the caffeine treatment. In permeabilized cells studies, the 

cells were first permeabilized with 50 µg/ml saponin [196] in incomplete intracellular-like 
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medium (ICM-) (125 mM KCl, 19 mM NaCl, and 10 mM HEPES, pH 7.4 with KOH) at room 

temperature (23°C) for 3–4 min. After permeabilization, the cells were washed briefly with ICM- 

and switched to complete intracellular-like medium (ICM+) (ICM- plus 2 mM ATP, 2 mM 

MgCl2, 0.05 mM EGTA, and 100 nM free Ca2+, pH7.4 with KOH) perfusion for 5–6 min to 

remove saponin. The permeabilized cells were then perfused with ICM+ containing various 

concentrations of free Ca2+ (0.1, 0.2, 0.4, 1, and 10 µM) to induce Ca2+ release, followed by 

tetracaine (1 mM) to inhibit the channel and caffeine (10 mM) to deplete the ER Ca2+ stores. The 

ER Ca2+ levels when perfused with different concentrations of free Ca2+ were determined by 

averaging the values at the end of each steady state. Only cells that displayed ER Ca2+ release 

(reduction of FRET ratio) when perfused with Ca2+ were selected for analyses.  

2.8    [3H]ryanodine binding  

HEK293 cells were grown to ~95% confluence in a 75 cm2 flask, washed and detached 

with PBS and plated in tissue culture dishes at ~10% confluence for 18-20 h and then transfected 

with RyR2-WT or mutant cDNAs. 24 h after transfection, cells were harvested and solubilized in 

a lysis buffer containing 25 mM Tris/50 mM HEPES (pH 7.4), 137 mM NaCl, 1% CHAPS, 

0.5% soybean phosphatidylcholine, 2.5 mM DTT and a mixture of protease inhibitors (1 mM 

benzamidine, 2 μg/ml leupeptin, 2 μg/ml pepstatin A, 2 μg/ml aprotinin and 0.5 mM PMSF) on 

ice for 1 h. Unsolubilized materials were removed by centrifugation twice at 4°C for 30 min 

each. Equilibrium [3H]ryanodine binding to cell lysates was carried out as described previously 

[136] with certain modifications. [3H]Ryanodine binding assay was performed in a total volume 

of 300 μl solution containing 30 μl of cell lysate, 100 mM (for RyR2-G230C) or 500 mM (for 

RyR2-G357S) KCl, 25 mM Tris/50 mM HEPES (pH 7.4), 5 nM [3H]ryanodine, EGTA and 

CaCl2 to set free [Ca2+] at pCa 9.89 to pCa 4, and a protease inhibitor mix at 37°C for 2 h. The 
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Ca2+/EGTA ratio was calculated using the computer program Maxchelator. After 2 h, the binding 

mix was diluted with 5 ml ice-cold washing buffer containing 25 mM Tris/HCl, pH 8.0, and 250 

mM KCl, and immediately filtered through Whatman GF/B filters presoaked with 1% 

polyethyleneimine. The filters were washed three times with the washing buffer, and the 

radioactivity indicating the bound [3H]ryanodine was determined by liquid scintillation counting. 

Non-specific binding was determined by measuring [3H]ryanodine binding in the presence of 50 

μM unlabelled ryanodine. Maximum [3H]ryanodine binding was determined by measuring 

binding in the presence of 100 μM free Ca2+, 2.5 mM ATP, and 2.5mM caffeine. All binding 

assays were performed in duplicate.  

2.9    Generation of knock-in mouse models harboring RyR2 mutations exon-3 deletion and 

R420W 

The knock-in (KI) vectors were kindly generated by Ruiwu Wang in our lab and sent out 

for generation of KI mouse models at UCSD Moores Cancer Center Transgenic Core. Briefly, a 

genomic DNA phage clone with a part of the mouse RyR2 gene was isolated from the lambda 

mouse 129-SV/J genomic DNA library (Stratagene) and applied in the construction of the RyR2 

exon-3 deletion (Ex3-del) or the RyR2-R420W KI targeting vector. This genomic DNA 

fragment was released from the lambda vector by specific restriction enzyme digestion and 

subcloned into pBluescript to generate the RyR2 genomic DNA plasmid. PCR-based site-

directed mutagenesis was performed to construct a DNA fragment containing the Ex3-del or the 

R420W mutation using this RyR2 genomic DNA plasmid as a template. More restriction enzyme 

sites were added to the DNA fragment to facilitate the insertion. The modified DNA fragment 

was then subcloned into the targeting vector containing a neomycin selection cassette flanked by 

FRT sites using the corresponding restriction enzymes. DNA sequences of all PCR fragments 
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used for generating the KI targeting vectors were confirmed by DNA sequencing. The vectors 

were linearized and electroporated into R1 embryonic stem (ES) cells. 

G418-resistant ES clones were screened for homologous recombination by Southern 

blotting using an external probe. Briefly, genomic DNAs were extracted from G418-resistant ES 

cell clones. ES cell DNAs were digested, separated on a 0.8% (wt/vol) agarose gel, and 

subsequently blotted onto a nitrocellulose membrane. A specific DNA probe (~700bp) was 

generated by PCR from mouse genomic DNA. The probe was subsequently radiolabeled with 

[32P]dCTP by random priming (Invitrogen). DNA blots were hybridized with the radiolabeled 

probe and visualized by autoradiography. Positive ES cells were microinjected into blastocysts 

from C57BL/6J mice to generate male chimeras. Male chimeras were used to breed with female 

129sve mice and generate germline transmitted heterozygous Ex3-del or R420W neo knock-in 

mice. Male mice with the positive selectable marker (the neomycin resistant gene, neo) were 

bred with female mice expressing Flp recombinase to remove neo. The genotypes from the F1 

generation without neo were determined by PCR on DNA from tail tissue using the DNeasy 

Tissue Kit from Qiagen and the DNA primers flanking the FRT sites or specially designed. 

All animal studies were approved by the Institutional Animal Care and Use Committees 

at the University of Calgary and performed following NIH guidelines. RyR2-WT and mutant 

mice (1.5–9 months of age) were used for all experiments.  

2.10   ECG stress test on knock-in mice 

Ex3-del and R420W mutant mice and their WT littermates, including iRyR2flox/Ex3-del and 

iRyR2flox/flox mice, were assessed for their CPVT susceptibility using the ECG stress test [197]. 

Briefly, mice were anesthetized with vaporized isoflurane (0.5 – 1%) in the presence of 95% O2. 

Anesthetized mice were placed facing up on a heating pad (27ºC). Needle electrodes were 
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inserted subcutaneously into the right upper limb and left lower abdomen to continuously record 

ECG (BIOPAC MP System, Goleta, CA). The ECG was continuously monitored until the heart 

rate became stable. Baseline ECG was recorded for 5–10 min before further treatment. 

Afterward, the mice were intraperitoneally injected with a mixture of epinephrine (1.6 mg/kg) 

and caffeine (120 mg/kg) to mimic stress and induce possible tachycardia. ECG was then 

recorded for 30 min after the injection of triggers. 

2.11   Laser-scanning confocal Ca2+ imaging of intact hearts  

RyR2-R420W mutant mice and WT littermates were sacrificed by cervical dislocation. 

Their hearts were quickly removed and retrogradely perfused using the Langendorff perfusion 

system. The hearts were then loaded with 4.4 µM Rhod-2, AM (Biotium, Inc., Hayward, CA) in 

oxygenated Tyrode's buffer (118 mM NaCl, 5.4 mM KCl, 25 mM NaHCO3, 1 mM MgCl2, 0.42 

mM NaH2PO4, 11.1 mM glucose, 10 mM taurine, and 5 mM creatine, pH 7.4) with 1.8 mM 

CaCl2 via the Langendorff perfusion system at 25°C for 45 min [198]. After loading, the heart 

was perfused with Tyrode’s buffer containing 1.8 mM CaCl2 and 5 µM blebbistatin (Toronto 

Research Chemicals, Toronto, ON) and the temperature was increased and kept at 35°C 

throughout the experiment. The Langendorff-perfused hearts were placed in a recording chamber 

mounted onto the Nikon A1R microscope for in situ confocal imaging (line scan) of Ca2+ signals 

from epicardial ventricular myocytes. The pixel size of the resulting line-scan images ranged 

between 1.8 and 2 ms in the temporal dimension and between 0.1 and 0.4 µm in the spatial 

dimension. Ca2+ alternans in the mice hearts was induced by rapid electrical stimulation of the 

hearts at increasing frequencies (5–20 Hz, 6 V).   

2.12   Statistical analysis  

All values shown are mean ± SEM unless indicated otherwise. To test the significance 
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between groups, Student's t-test (2-tailed) was used. A p < 0.05 was considered statistically 

significant.   
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CHAPTER 3    ROLES OF THE NH2-TERMINAL REGION OF RYR2 IN CA2+ 

RELEASE TERMINATION 

3.1   INTRODUCTION 

Many naturally occurring RyR2 mutations are linked to cardiac diseases such as 

arrhythmias and cardiomyopathies. These mutations are clustered in three hot spots in the linear 

sequence of RyR2: the NH2-terminal region, the central region, and the COOH-terminal region 

[158, 199]. Though some mutations have been extensively studied regarding their effects on Ca2+ 

release activation, the molecular basis underlying these changes is not clear due to the lack of 

knowledge on the structure of RyR2. Moreover, the roles of most mutations in the termination of 

Ca2+ release have not been determined. Since termination is also a critical parameter for RyR2-

mediated Ca2+ release, knowing the impact of disease mutations on it would benefit the 

understanding of different disease mechanisms.  

The recently resolved 3D structures of RyRs have provided valuable insights into the 

structure-function relationship of the NH2-terminal region of RyR2. The NH2-terminal region of 

RyR2 consists of three distinct domains: domains A (residues 1-217), B (residues 218-409), and 

C (residues 410-631) [96, 97, 101] (Fig. 3A). Interestingly, the structure of the RyR2 NH2-

terminal region shares striking similarity with that of IP3Rs. The NH2-terminal region of IP3R 

also consists of three domains: the suppressor domain (SD) (residues 1-223), IP3 binding core-β 

(IBC-β) (residues 224-436), and IBC-α (residues 437-604), which correspond to domains A, B, 

and C in RyR2 [200-202]. Functional studies demonstrated that the three domains in the NH2-

terminal region of IP3R serve different roles: IBC-α and IBC-β together form the IP3 binding 

pocket while the SD inhibits IP3 binding and IP3R function [200-204]. Given the similarities in 

3D structures, it would be interesting to assess the functional role of each domain in the NH2-
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terminal region of RyR2. It is reasonable to hypothesize that the NH2-terminal domains also play 

distinct roles in RyR2 channel function.  

Moreover, the NH2-terminal region is at the top of the cytoplasmic assembly of RyR2. It 

interacts with the central domain via the central ring structure formed by domains A and B. 

Domain C connects with peripheral cytoplasmic domains and transduces signals carried by 

various cytosolic stimuli [101]. When viewed from the cytoplasmic side, the NH2-terminal 

region is shown to rotate upwards and counterclockwise upon channel opening [97, 100] (Fig. 

2D).Therefore, it is speculated that the NH2-terminal region is involved in the RyR2-mediated 

Ca2+ release activation and termination.  

Further, disease mutations in the NH2-terminal region are primarily located at domain-

domain interfaces [101], suggesting that these mutations may interrupt the stability of the NH2-

terminal region structure, resulting in alterations of Ca2+ release activation and termination. To 

gain a better understanding, two CPVT-associated mutations RyR2-G230C and RyR2-G357S 

were selected and assessed. RyR2-G230C is at the interface between domain A and B while 

RyR2-G357S locates at the interface between domain B and the central domain [101, 205, 206] 

(Fig. 3B). RyR2-G230C was first reported in a 50-year-old Caucasian male with repeated 

syncopal episodes after exercise. Treadmill tests diagnosed this patient with CPVT. Single 

channel studies suggest that RyR2-G230C enhances cytosolic Ca2+ sensitivity while has little 

effect on luminal Ca2+ activity, which is unexpected for a CPVT-associated RyR2 mutation 

[205]. More studies are required to resolve this discrepancy. RyR2-G357S was discovered in a 

large family of 1404 individuals with multiple cases of CPVT and 36 SCDs during youth. The 

disease penetrance of this specific mutation is considerably low and varied since few carriers 

exhibited severe CPVT or SCD while many of them survived past the age of fifty, which is 
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different compared to common CPVT-associated RyR2 mutations. It has also been suggested 

that the RyR2-G357S mutation is able to exhibit enhanced Ca2+ release activation only under 

conditions mimicking catecholaminergic stress. Little information has been provided on the 

termination of Ca2+ release [206]. Further studies on the molecular and cellular defects of the 

RyR2-G357S mutation may provide some clue to the various penetrance of CPVT in this large 

family. Given the locations of these two mutations and previous studies on CPVT-associated 

RyR2 mutations [3], it is highly possible that these mutations would have effects on activation 

and termination of RyR2-mediated Ca2+ release.  

By defining the role of each domain and the effects of disease mutations in the NH2-

terminal region on the activation and termination of Ca2+ release, the current studies would shed 

light on the functional significance of the NH2-terminal region of RyR2.  

3.2   Results 

3.2.1   Roles of NH2-terminal domains on Ca2+ release activation and termination 

3.2.1.1   Construction and expression of NH2-terminal domain deletions 

One approach to studying the roles of individual NH2-terminal domains is to delete them 

individually or in combination in the full-length RyR2 and investigate the effects of these 

deletions on channel function. Therefore, Domain A (residues 1-217), B (residues 218-409), C 

(residues 410-631), AB (residues 1-409) or ABC (residues 1-631) were deleted in the full-length 

RyR2 by site-directed mutagenesis (Fig. 6A). The deletion constructs were expressed in HEK293 

cells. The boundaries of these domains were determined based on the recently resolved 3D 

structure of the NH2-terminal region [96, 97, 101, 207]. Immunoblotting to determine the 

expression of each construct showed that deletion A (Del-A) significantly reduced RyR2 

expression level, whereas deletion B (Del-B) increased the expression level. The expression level 
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of deletion AB (Del-AB) and WT were comparable. In contrast, deletion C (Del-C) and deletion 

ABC (Del-ABC) dramatically reduced the expression level compared to WT (less than 20% of 

RyR2-WT) (Fig. 6B and C). Therefore, the deletion of domain C remarkably impaired the RyR2 

protein expression. 

3.2.1.2   NH2-terminal domain deletions form caffeine and ryanodine-sensitive Ca2+ 

release channels 

All the NH2-terminal domain deletions were screened to see whether they are functional. 

RyR2-WT, Del-A, Del-B, Del-C, Del-AB or Del-ABC were transfected into HEK293 cells. The 

transfected cells were loaded with Fluo-3, AM, a cytosolic fluorescent Ca2+ dye, afterward, the 

cytosolic Ca2+ signal was monitored before and after adding caffeine or ryanodine using a 

luminescence spectrometer. Cells expressing the RyR2-WT or one of the NH2-terminal domain 

deletions were first sensitized with 0.1 or 0.25 mM caffeine and then treated with 25 μM 

ryanodine. The ryanodine-treated cells were further activated repetitively by 1mM caffeine. As 

shown in Fig. 7, the RyR2-WT expressing cells that were not treated with ryanodine (-ryanodine) 

responded to repeated stimulation by submaximal concentrations of caffeine, yielding partial 

Ca2+ release each time (Fig. 7A, top panel), which is known as quantal Ca2+ release [146, 149]. 

In contrast, HEK293 cells expressing RyR2-WT treated with ryanodine (+ryanodine) only 

responded to the first stimulation by caffeine after ryanodine treatment (Fig. 7A, bottom panel). 

Ryanodine is known to bind only to the open RyR channels and convert them into a mainly fully 

open state [208]. Under the condition with ryanodine treatment, the caffeine-activated channels 

would be converted by ryanodine into a fully open state, causing depletion of the intracellular 

Ca2+ store. Thus, the subsequent additions of 1mM caffeine resulted in little or no Ca2+ release 

after ryanodine treatment. HEK293 cells expressing Del-A, Del-B, Del-C, Del-AB or Del-ABC   
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Fig. 6   Construction and expression of NH2-terminal domain deletions 

A, the RyR2-WT and deletions are indicated as constructs 1-6. The boundaries of each 

deletion are shown as solid lines around rectangles. B, immunoblotting of RyR2 and β-actin of 

HEK293 cell lines expressing RyR2-WT or deletions. C, normalized expression levels of 

deletions to that of RyR2-WT. Data shown are mean ± SEM (n = 3). (*, p<0.05, **, p,0.01 vs. 

RyR2-WT; NS, not significant) (Taken from Liu et al., J Biol Chem, 2015 [209]). 
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Fig. 7   NH2-terminal domain deletions form caffeine and ryanodine-sensitive Ca2+ 

release channels 

Fluo-3 was used to measure fluorescence continuously in HEK293 cells transfected with 

RyR2-WT (A), Del-A (B), Del-B (C), Del-C (D), Del-AB (E), and Del-ABC (F) after addition 

of 0.1 or 0.25 mM caffeine, DMSO, or 25µM ryanodine followed by three doses of 1 mM 

caffeine (caff) (n = 3-4). Arrows indicate the response of cells after additions of three 

subsequent doses of 1 mM caffeine (Taken from Liu et al., J Biol Chem, 2015 [209]). 
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also exhibited quantal Ca2+ release in response to a submaximal concentration of caffeine 

without ryanodine treatment (Fig. 7B-F, top panels). Treatment with ryanodine resulted in 

depletion of the Ca2+ store during the first subsequent caffeine addition and no response to 

repeated addition of caffeine (Fig. 7B-F, bottom panels). All deletions showed responses similar 

to that of RyR2-WT. The immediate drop of fluorescence after the addition of caffeine is due to 

dilution or fluorescent quenching by caffeine [105, 210]. These data suggest that all NH2-

terminal domain deletions form caffeine- and ryanodine-sensitive channels.  

3.2.1.4   Effect of NH2-terminal domain deletions on caffeine activation 

After confirming the expression and function of NH2-terminal domain deletions, caffeine 

response of RyR2 was assessed. HEK293 cells were transfected with RyR2-WT or NH2-terminal 

domain deletions and loaded with Fluo-3, AM. The response of every NH2- terminal domain 

deletion to increasing concentrations of caffeine was measured. The amplitudes of Ca2+ release 

induced by different doses of caffeine were determined by normalizing to the maximum peak. 

The normalized curve of amplitude is not strictly a dose-response curve for EC50 calculation 

because it is a continuous instead of single dose assay. However, at a given ER Ca2+ store, the 

extent of activation and depletion of the ER Ca2+ store can be evaluated by looking at the 

normalized curve of amplitude (Fig. 8G). For instance, as shown in Fig. 8A and G, elevating 

concentrations of caffeine (up to 0.5 mM) triggered increased amplitude of Ca2+ release in 

RyR2-WT expressing cells. The response started to decrease with further additions of caffeine 

(1.0-5.0 mM) likely due to intracellular Ca2+ store depletion caused by the previous caffeine-

induced Ca2+ release. The response of cells expressing Del-A was comparable to that of RyR2-

WT (Fig. 8B and G). RyR2 mutations with enhanced caffeine activation would result in a higher 

normalized peak amplitude in the beginning of the caffeine response curve (i.e. at lower caffeine   
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Fig. 8   Effect of NH2-terminal domain deletions on caffeine activation 

Fluo-3 was loaded into HEK293 cells transfected with RyR2-WT (A), Del-A (B), Del-B (C), 

Del-C (D), Del-AB (E), and Del-ABC (F) and was used to continuously monitor the 

fluorescent changes induced by additions of increasing concentrations of caffeine (0.025-5 

mM). G, normalized Ca2+ release- caffeine concentration relationship in HEK293 cells 

transfected with RyR2-WT and NH2-terminal domain deletions. The amplitude of each 

caffeine peak was normalized to the maximum peak. Data shown are mean ± SEM (n = 7) (*, 

p < 0.05 vs RyR2-WT) (Taken from Liu et al., J Biol Chem, 2015 [209]). 
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concentrations) and faster depletion of ER Ca2+ store at higher caffeine concentrations due to 

increased quantal Ca2+ release [211]. Del-B resulted in a significant leftward shift (Fig. 8C and 

G), which is consistent with the observations on RyR2 mutations with enhanced caffeine 

activation. Whereas Del-C (Fig. 8D and G) and Del-ABC (Fig. 8F and G) caused a significant 

rightward shift in caffeine response, similar to the RyR2 mutations with suppressed caffeine 

activation [116, 212]. Del-AB also resulted in a slight rightward shift of caffeine response (Fig. 

8E and G). These observations suggest that Del-A does not significantly alter the activation of 

RyR2 by caffeine, Del-B enhances it, and Del-C inhibits it.  

3.2.1.5   NH2-terminal domain deletions affect the SOICR propensity 

Many disease mutations located in the NH2-terminal region enhance the SOICR 

propensity [172]. However, it is unclear whether the NH2-terminal domain deletions also alter 

the propensity for SOICR. To this end, stable, inducible HEK293 cell lines expressing RyR2-

WT, Del-A, Del-B, Del-C, Del-AB or Del- ABC were generated. The cells were loaded with a 

cytosolic Ca2+ indicator Fura-2, AM, and perfused with elevated extracellular Ca2+ (0-2 mM) to 

induce SOICR [3, 159]. The activated cells exhibited periodic cytosolic Ca2+ changes called Ca2+ 

oscillations indicated by changes in the Fura-2 signal. The Ca2+ signal changes resulting from 

SOICR were then monitored using single cell Ca2+ imaging. The SOICR propensity was 

calculated as the percentage of oscillating cells at different concentrations of Ca2+ to the total 

number of caffeine-activated cells (100%). As shown in Fig. 9, Del-A (Fig. 9B) and Del-AB 

(Fig. 9E) cells exhibited a similar percentage of oscillating cells compared to RyR2-WT (Fig. 9G 

and H). Conversely, cells expressing Del-B (Fig. 9C) showed an increased percentage of 

oscillating cells (p < 0.01) compared to RyR2-WT (Fig. 9G). On the contrary, Del-C (Fig. 9D) 

and Del-ABC (Fig. 9F) mutations completely abolished SOICR (Fig. 9H), although these cells   
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Fig. 9   NH2-terminal domain deletions affect the SOICR propensity 

Stable, inducible HEK293 cell lines expressing RyR2-WT (A), Del-A (B), Del-B (C), Del-C 

(D), Del-AB (E), Del-ABC (F) were loaded with Fura-2 and perfused with KRH buffer 

containing elevated concentrations of extracellular Ca2+ (0-2 mM). SOICR activity was 

monitored using single cell Ca2+ imaging. G and H, the percentage of RyR2-WT (248 cells), 

Del-A (256 cells), Del-B (298 cells), Del-C (214 cells), Del-AB (287 cells), and Del-ABC 

(225 cells) cells that exhibited SOICR activity at different concentrations of extracellular Ca2+ 

concentrations. Data shown are mean ± SEM. (n = 3-4) (*, p < 0.01 vs RyR2-WT). Caff, 

caffeine (Taken from Liu et al., J Biol Chem, 2015 [209]). 
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Fig. 10   Increased SOICR activity of Del-B and reduced SOICR activity of Del-C and 

Del-ABC are not due to altered RyR2 expression levels 

A and B, immunoblotting of RyR2 in stable, inducible HEK293 cell lines induced for certain 

periods of time (8, 14, or 18 h). C, percentages of RyR2-WT (8 or 18 h) and Del-B (14 h) cells 

that exhibited Ca2+ oscillations at different extracellular Ca2+ concentrations. Del-C and Del-

ABC exhibited no SOICR after 18 h of induction. Data shown are mean ± SEM. (n = 3) (*, p < 

0.05 vs RyR2-WT at 18 h). WB, western blot (Taken from Liu et al., J Biol Chem, 2015 

[209]). 
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were responsive to caffeine and ryanodine.  

It should be noted that the increased SOICR activity in Del-B expressing cells is not due 

to increased expression level of RyR2 because this enhanced SOICR activity is still observed in 

HEK293 cells expressing Del-B at a level lower than RyR2-WT (Fig. 10A and C). The 

completely abolished SOICR in Del-C and Del-ABC is not due to the reduced expression level 

of these deletions either since SOICR occurred in RyR2-WT even when the expression level of 

RyR2-WT was reduced to similar or less than that of Del-C or Del-ABC (Fig. 10B and C). These 

data indicate that Del-A has little effect on SOICR propensity, Del-B enhances it, while Del-C 

completely abolishes SOICR activity. 

3.2.1.6   Establishment of experimental models to study luminal Ca2+ dynamics in 

HEK293 cells 

An efficient way to study the luminal Ca2+ dynamics is to directly monitor the SR Ca2+ 

changes during AP and abnormal activities. However, currently available SR luminal Ca2+ 

probes, such as Fluo-5N, have not been successful in loading or detecting SR luminal Ca2+ in 

mouse cardiomyocytes. This limitation greatly hampers the studies of the effect of RyR2 

mutations on luminal Ca2+ activities. An alternative approach is required to obtain information 

on luminal Ca2+ release dynamics, especially on Ca2+ release termination. 

To directly assess the luminal Ca2+ handling, stable, inducible HEK293 cell lines expressing 

RyR2-WT or mutants were transfected with a FRET-based luminal Ca2+ probe called D1ER, 

which is a cameleon protein based on CaM, CaM-binding peptide and fluorescent proteins CFP 

and YFP (Fig. 11A). The ER-retention sequence KDEL ensures that the probe is expressed in the 

ER of HEK293 cells [193] (Fig. 11B). Upon Ca2+ binding, CaM changes its conformation and 

binds to CaM-binding peptide, bringing YFP and CFP close to each other to promote FRET. By 
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exciting the probe at the single excitation wavelength of CFP, the emission of energy by excited 

CFP would excite YFP and result in YFP emission (Fig. 11A). When the Ca2+ level drops, CaM 

and CaM-binding peptide dissociate from each other, separating YFP and CFP further and 

reducing FRET signal. The ER luminal Ca2+ dynamics could be reflected as the changes in the 

ratio between YFP and CFP fluorescence emissions (Fig. 11C). A representative response of 

HEK293 cells expressing RyR2-WT is shown in Fig. 11C. Elevating extracellular Ca2+ from 0-2 

mM induced Ca2+ oscillations (SOICR activities) in HEK293 cells expressing RyR2-WT (shown 

as a downward deflection of the YFP/CFP ratio). SOICR initiates when ER luminal Ca2+ content 

reaches a threshold level (the activation threshold, FSOICR) and terminates when the ER luminal 

Ca2+ content reduces to another threshold level (the termination threshold, Ftermi). By treating the 

cells with 1 mM tetracaine, RyR2 was inhibited to attain the maximum level of Ca2+ content 

(Fmax), and by adding 20 mM caffeine, the ER Ca2+ content was depleted to obtain the minimum 

level (Fmin). In HEK293 cells expressing RyR2-WT, the SOICR activity initiates at ~93% of the 

store capacity (Fmax-Fmin) and terminates at ~60% of the store capacity (Fig. 11C). This model 

could also be applied to the studies of luminal Ca2+ dynamics of different RyR2 mutants. 

It should be noted that SOICR was not present in HEK293 cells without RyR2 expression 

or affected by the IP3R inhibitor xestospongin C [172], both of which suggest that SOICR is 

mediated by RyR2. Furthermore, this HEK293 expression system lacks other major Ca2+ 

handling components in cardiomyocytes, such as L-type Ca2+ channels, CASQ and PLB. Thus, 

the results obtained from studies on the HEK293 cell system primarily reflect the intrinsic 

properties of RyR2.  
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Fig. 11   Establishment of experimental model to study luminal Ca2+ dynamics in 

HEK293 cells 

A, the structure of the FRET-based ER Ca2+ probe D1ER with CaM (purple), CaM-binding 

peptide (red) and fluorescent proteins YFP (yellow) and CFP (cyan) and the mechanism of 

Ca2+ detection. B, the expression of transfected D1ER in stable, inducible HEK293 cell lines 

induced for 24 h. C, luminal Ca2+ changes during SOICR induced by elevated extracellular 

Ca2+ concentrations (0-2 mM), followed by 1 mM tetracaine to inhibit RyR2 activity to obtain 

the maximum Ca2+ level (Fmax) and 20 mM caffeine to deplete the ER Ca2+ store and to obtain 

the minimum Ca2+ level (Fmin). The activation and termination thresholds were determined 

using the equations shown in C. FSOICR depicts the Ca2+ level at which SOICR initiates while 

Ftermi represents the Ca2+ level at which SOICR terminates. D, the indication of activation and 

termination thresholds and fractional Ca2+ release during SOICR. Store capacity is determined 

by Fmax - Fmin. Data shown are mean ± SEM (n = 3). 
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3.2.1.7   Effect of NH2-terminal domain deletions on SOICR activation and 

termination  

To further study the impact of NH2-terminal domain deletions on SOICR activities, 

HEK293 cell lines expressing RyR2-WT or domain deletions were transfected with D1ER and 

perfused with elevated extracellular Ca2+ (0-2 mM). ER luminal Ca2+ dynamics were monitored 

using D1ER and single cell Ca2+ imaging. Similar to RyR2-WT, HEK293 cells expressing Del-

A, Del-B or Del-AB also showed ER luminal Ca2+ oscillations (Fig. 12B, C, and D). In 

particular, Del-A and Del-AB cells exhibited a dramatically reduced SOICR termination 

threshold (35% in Del-A and 38% in Del-AB versus 59% in RyR2-WT) (p < 0.01) but showed 

no significant effect on the SOICR activation threshold. As a result, the fractional Ca2+ release 

(activation threshold - termination threshold) in Del-A or Del-AB cells also significantly 

increased (59% in Del-A and 55% in Del-AB versus 34% in RyR2-WT) (p < 0.01) (Fig. 12E, F, 

and G). Consistent with the enhanced SOICR propensity (Fig. 9), HEK293 cells expressing Del-

B showed markedly reduced SOICR activation threshold (80% versus 93% in RyR2-WT) (p < 

0.01). It reduced the termination threshold for SOICR more substantially (42% versus 59% in 

RyR2-WT) (p < 0.01). Therefore, the fractional Ca2+ release was increased in Del-B cells 

compared to RyR2-WT (38% versus 34% in RyR2-WT) (p < 0.01) (Fig. 12E, F, and G). There 

were no significant differences between the store capacity (Fmax - Fmin) of NH2-terminal domain 

deletions and that of RyR2-WT (Fig. 12H). HEK293 cells expressing Del-C and Del-ABC 

showed no ER luminal Ca2+ oscillation (Fig. 13), which is consistent with the lack of SOICR 

activity (Fig. 9). The reduced store capacity of Del-C and Del-ABC revealed by tetracaine and 

caffeine treatment may be due to reduced caffeine activation of both mutants. Therefore, deletion 

of domain A delays termination while deletion of domain B enhances activation and delays   



 

 64 

 
Fig. 12   Effect of NH2-terminal domain deletions on SOICR activation and termination 

Stable, inducible HEK293 cell lines expressing RyR2-WT (A), Del-A (B), Del-B (C), or Del-AB 

(D) were transfected with the FRET-based ER Ca2+ probe D1ER. Elevated Ca2+ concentrations 

(0-2 mM) were used to induce SOICR. The ER luminal Ca2+ changes were monitored using 

single cell Ca2+ imaging (40–75 cells each). Tetracaine (1 mM) was used to obtain the maximum 

Ca2+ level (Fmax) while 20 mM caffeine was applied to obtain the minimum Ca2+ level (Fmin). The 

activation threshold (E), termination threshold (F), fractional Ca2+ release (G), and store capacity 

(H) of RyR2-WT and deletions were determined accordingly. Data shown are mean ± SEM (n = 

3) (*, p < 0.01 vs. RyR2-WT; NS, not significant) (Taken from Liu et al., J Biol Chem, 2015 

[209]).  
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Fig. 13   Del-C and Del-ABC abolish SOICR activity 

Stable, inducible HEK293 cell lines expressing Del-C (A) or Del-ABC (B) were transfected with 

D1ER and induced for 24 h before experiments. Elevated extracellular Ca2+ concentrations from 

0 to 2 mM were not able to induce SOICR in Del-C or Del-ABC cells (56 cells for Del-C and 83 

cells for Del-ABC). Caffeine (20 mM) induced a reduction of Ca2+ level indicated as a decrease 

in FRET signal (n = 3).   
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termination for SOICR. In contrast, deletion of domain C completely abolishes SOICR activity. 

3.2.1.8   Effect of NH2-terminal domain deletions on the cytosolic Ca2+ regulation of 

Ca2+ release 

To assess the effects of NH2-terminal domain deletions on cytosolic Ca2+-regulated 

Ca2+release, HEK293 cell lines expressing RyR2-WT or deletions were transfected with D1ER, 

permeabilized and perfused with elevated cytosolic Ca2+ (0.1-10 μM) to induce Ca2+ release. The 

steady-state ER Ca2+ level was measured. The steady-state ER Ca2+ level likely represents the 

equilibrium between the release and the uptake of ER Ca2+. As shown in Fig. 14, elevated 

cytosolic Ca2+ decreased ER steady state Ca2+ level in permeabilized cells expressing RyR2-WT 

in a concentration-dependent manner. This response is probably due to the enhanced cytosolic 

Ca2+ activation and ER Ca2+ release brought by the increased cytosolic Ca2+ level (Fig. 14A and 

G). Del-A cells exhibited a similar response to cytosolic Ca2+ compared to RyR2-WT cells (Fig. 

14B and G). On the other hand, HEK293 cells expressing Del-B showed a remarkably reduced 

steady-state ER Ca2+ level at resting cytosolic Ca2+ (100 nM) compared to that in RyR2-WT cells 

(42% versus 73% RyR2-WT) (p < 0.001). Similar to the RyR2-WT response, elevating cytosolic 

Ca2+ concentration from 100 nM to 200 nM reduced the steady-state ER Ca2+ level in Del-B 

cells. However, further increases in cytosolic Ca2+ concentration (0.4–10 μM) resulted in an 

increase in the steady-state ER Ca2+ level in Del-B cells in contrast to the reduction seen in 

RyR2-WT cells (Fig. 14C and G). Del-AB cells showed decreased steady-state ER Ca2+ level at 

200 nM cytosolic Ca2+ while the steady-state ER Ca2+ level increased at 1 and 10 μM cytosolic 

Ca2+ compared to RyR2-WT cells (Fig. 14D and G). Del-C or Del-ABC cells did not respond to 

cytosolic Ca2+ in this range (0.1–10 μM) and only reduced the steady-state ER Ca2+ level slightly 

with the stimulation of caffeine (Fig. 14E, F, and G). These observations indicate that deletion of   
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Fig. 14   Effect of NH2-terminal domain deletions on the cytosolic Ca2+ regulation of Ca2+ 

release 

Stable, inducible HEK293 cell lines expressing RyR2-WT (A), Del-A (B), Del-B (C), Del-C (D), 

Del-AB (E), and Del-ABC (F) were transfected with D1ER, induced and permeabilized with 

saponin before experiments. The permeabilized cells were perfused with increasing 

concentrations of free Ca2+ (0.1–10 µM) in ICM+. FRET signals of representative cells are 

showed (59 - 91 cells each). The steady state ER Ca2+ level was determined as defined in panel 

A. Fmax is determined as the maximum FRET signal after 1 mM tetracaine treatment while Fmin is 

showed as the minimum FRET signal after 10 mM caffeine treatment. G, the steady state ER 

Ca2+ level-cytosolic Ca2+ concentration relationships of RyR2-WT and NH2-terminal domain 

deletions. Data shown are mean ± SEM (n = 3-4) (*, p < 0.05 vs. RyR2-WT; #, p < 0.05 vs. 200 

nM cytosolic Ca2+ in Del-B) (Taken from Liu et al., J Biol Chem, 2015 [209]).  
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domain A has little effect on the cytosolic Ca2+ regulated Ca2+ release, deletion of domain B 

enhances both cytosolic Ca2+-dependent activation and inactivation of RyR2, and deletion of 

domain C diminishes the cytosolic Ca2+ response. (This research was originally published in J 

Biol Chem, 2015. 290(12): p. 7736-7746. © the American Society for Biochemistry and 

Molecular Biology.). 

3.2.2   Effect of NH2-terminal region disease mutations on Ca2+ release activation 

and termination 

Though the studies on domain deletions have provided information on the roles of the 

NH2-terminal region and individual domains, these deletions are engineered and could result in 

disturbance of the normal conformation of RyR2. To avoid the structural disturbance and verify 

the findings of domain deletions, it is critical to study some naturally occurring NH2- terminal 

region mutations. Studies on RyR2 disease mutations located in domain A (A77V, R176Q, 

E189D, and exon-3 deletion) and domain C (R420W and L433P) have exhibited altered 

termination of Ca2+ release [101] while no mutation in domain B has been characterized. 

Therefore, it would be necessary to assess some mutations in domain B to better understand the 

functional significance of the NH2-terminal region. 

3.2.2.1   Effect of RyR2-G230C and RyR2-G357S on the propensity for SOICR 

It has previously been demonstrated in HEK293 cell studies that CPVT-associated RyR2 

mutations enhance the propensity for SOICR [3]. As two CPVT-associated mutations located in 

domain B, RyR2-G230C and G357S may also enhance SOICR and exhibit specific effects on the 

activation and termination of Ca2+ release. Stable, inducible HEK293 cell lines expressing RyR2-

WT, RyR2-G230C or RyR2-G357S were generated and assessed for their effects. The cells were 

loaded with the fluorescent Ca2+ indicator Fura-2, AM and perfused with elevated extracellular 
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Ca2+ (0–2 mM) to induce SOICR [3, 159]. The SOICR activity was then monitored by single cell 

Ca2+ imaging. As shown in Fig. 15, SOICR occurred in RyR2-G230C cells at a lower 

concentration of extracellular Ca2+ and the percentage of oscillating cells, especially at 0.2 mM 

and 0.3 mM, was significantly higher compared to RyR2-WT cells (56% at 0.2 mM and 83% at 

0.3 mM versus 3% at 0.2 mM and 19% at 0.3 mM in RyR2-WT) (p < 0.001) (Fig. 15C). The 

expression level of RyR2-G230C was comparable to that of RyR2-WT (Fig. 15D). Therefore, it 

is concluded that the RyR2-G230C mutation enhances the SOICR propensity compared to 

RyR2-WT, which is consistent with the effect of other CPVT-associated RyR2 mutations. 

Conversely, HEK293 cells expressing RyR2-G357S exhibited a similar fraction of 

oscillating cells at low concentrations of extracellular Ca2+ (0–0.3 mM) compared to RyR2-WT 

and increased with the elevated extracellular Ca2+ level. As the extracellular Ca2+ level increased 

further (0.5–2 mM), the percentage of oscillating RyR2-G357S cells kept steady without 

increasing, resulting in a lower fraction of oscillating cells compared to RyR2-WT. At 2 mM 

extracellular Ca2+, the percentage of oscillating RyR2-G357S cells was 48%, which is 

significantly lower compared to 65% in RyR2-WT cells (p < 0.01) (Fig. 16C). Therefore, unlike 

most of the CPVT-associated RyR2 mutations, the RyR2-G357S reduced the maximal fraction 

of HEK293 cells that exhibited SOICR and did not seem to enhance SOICR propensity. 

Since the occurrence of SOICR in HEK293 cells also depends on the expression of RyR2 

[172], the reduced maximal fraction may result from impaired expression of RyR2-G357S. This 

possibility was tested by immunoblotting. Indeed, the expression level of RyR2-G357S was 

dramatically reduced compared to RyR2-WT (34% of RyR2-WT) (Fig. 17A and B). 

[3H]ryanodine binding in the presence of 2.5 mM caffeine, 2.5 mM ATP and 100 μM Ca2+ was 

carried out to determine the functional RyR2 levels in RyR2-WT or RyR2-G357S cells.   
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Fig. 15   Effect of RyR2-G230C on the propensity for SOICR 

Stable, inducible HEK293 cell lines expressing RyR2-WT (A) or RyR2-G230C (B) were 

loaded with Fura-2 and perfused with elevated extracellular Ca2+ (0-2 mM) to induce SOICR. 

C, the percentages of RyR2-WT (358 cells) and G230C (390 cells) cells that exhibit Ca2+ 

oscillations at different extracellular Ca2+ concentrations. Data shown are mean ± SEM (n = 7) 

(*, p < 0.001 vs RyR2-WT). D, immunoblotting on RyR2 and β-actin using RyR2-WT or 

RyR2-G230C HEK293 cell lines induced for 24 h (n = 3) (Taken from Liu et al., Biochem J, 

2013 [213]).  
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Fig. 16   Effect of RyR2-G357S on the propensity for SOICR 

Stable, inducible HEK293 cell lines expressing RyR2-WT (A) or RyR2-G357S (B) were 

loaded with Fura-2 and perfused with elevated extracellular Ca2+ (0-2 mM) to induce SOICR. 

C, the percentages of RyR2-WT (898 cells) and G357S (846 cells) cells that exhibit Ca2+ 

oscillations at different extracellular Ca2+ concentrations. Data shown are mean ± SEM (n = 7) 

(*, p < 0.01 vs RyR2-WT; NS, not significant).  
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Fig. 17   RyR2-G357S markedly reduced the RyR2 expression level in HEK293 cell line 

A, immunoblotting on RyR2 and β-actin using RyR2-WT or RyR2-G230C HEK293 cell lines 

induced for 24 h. B, normalized expression levels of RyR2 to that of RyR2-WT. C, maximal 

ryanodine binding determined using 5 nM [3H]ryanodine in the presence of 500 mM KCl, 100 

µM Ca2+, 2.5 mM ATP and 2.5 mM caffeine. The value was normalized to that of RyR2-WT. 

Data shown are mean ± SEM (n = 3) (*, p < 0.05 vs RyR2-WT). 
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Consistent with the immunoblotting result, the total [3H]ryanodine bound to the RyR2-G357S 

cell lysate is 43% of that to the RyR2-WT cell lysate (Fig. 17C). These data demonstrated that 

RyR2-G357S remarkably decreased the expression of RyR2. Therefore, the impaired expression 

of RyR2-G357S may account for the reduced maximum SOICR activity compared to RyR2-WT.  

3.2.2.2   The RyR2-G230C and RyR2-G357S mutations alter both activation and 

termination thresholds for SOICR 

Given the locations of RyR2-G230C and RyR2-G357S, it is likely that they both have an impact 

on the activation and termination of SOICR as suggested by the functional role of domain B. To 

test this possibility, stable, inducible HEK293 cell lines expressing RyR2-G230C or RyR2-

G357S were transfected with D1ER [193, 194] to monitor the ER luminal Ca2+ dynamics. Cells 

were perfused with elevated extracellular Ca2+ (0-2 mM) to induce SOICR, resulting in a 

decrease in ER Ca2+ store shown as a downward deflection in YFP/CFP ratio. SOICR occurs 

when ER Ca2+ content reaches the level of activation (FSOICR) and terminates when the ER 

luminal Ca2+ drops to another level (Ftermi). The activation and termination thresholds were 

calculated as described in Fig. 18A and Fig. 19A. The fractional Ca2+ release, representing the 

fraction of Ca2+ released during SOICR, was calculated as activation threshold – termination 

threshold. HEK293 cells expressing RyR2-G230C or RyR2-G357S showed a significantly 

reduced activation threshold for SOICR compared to cells expressing RyR2-WT (84% in RyR2-

G230C, 90% in RyR2-G357S versus 93% in RyR2-WT) (p < 0.01) (Fig. 18C and Fig. 19C). 

Furthermore, both the RyR2- G230C and RyR2-G357S mutations markedly reduced the SOICR 

termination threshold compared to RyR2-WT (45% in RyR2-G230C, 50% in RyR2-G357S 

versus 59% in RyR2-WT) (p < 0.01) (Fig. 18D and Fig. 19D). As a result, both mutations 

significantly increased the fractional Ca2+ release (39% in RyR2-G230C, 40% in RyR2-G357S   
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Fig. 18   Effect of RyR2-G230C on the activation and termination of SOICR 

Stable, inducible HEK293 cell lines expressing RyR2-WT (A) or RyR2-G230C (B) were 

transfected with the FRET-based ER Ca2+ probe D1ER. Elevated Ca2+ concentrations (0-2 

mM) were used to induce SOICR. The ER luminal Ca2+ changes were monitored using single 

cell Ca2+ imaging (53 cells for RyR2-WT and 84 cells for G230C). Tetracaine (1 mM) was 

used to obtain the maximum Ca2+ level (Fmax) while 20 mM caffeine was applied to obtain the 

minimum Ca2+ level (Fmin). The activation threshold (C), termination threshold (D), fractional 

Ca2+ release (E), and store capacity (F) of RyR2-WT and G230C were determined 

accordingly. Data shown are mean ± SEM (n = 5-6) (*, p < 0.05 vs. RyR2-WT; NS, not 

significant) (Taken from Liu et al., Biochem J, 2013 [213]).  
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Fig. 19   Effect of RyR2-G357S on the activation and termination of SOICR 

Stable, inducible HEK293 cell lines expressing RyR2-WT (A) or RyR2-G357S (B) were 

transfected with the FRET-based ER Ca2+ probe D1ER. Elevated Ca2+ concentrations (0-2 

mM) were used to induce SOICR. The ER luminal Ca2+ changes were monitored using single 

cell Ca2+ imaging (72 cells for RyR2-WT and 77 cells for G357S). Tetracaine (1 mM) was 

used to obtain the maximum Ca2+ level (Fmax) while 20 mM caffeine was applied to obtain the 

minimum Ca2+ level (Fmin). The activation threshold (C), termination threshold (D), fractional 

Ca2+ release (E), and store capacity (F) of RyR2-WT and G357S were determined accordingly. 

Data shown are mean ± SEM (n = 5-6) (*, p < 0.05 vs. RyR2-WT; NS, not significant). 
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versus 34% in RyR2-WT) (p < 0.01) (Fig. 18E and Fig. 19E). Consistent with the effect of most 

CPVT-associated RyR2 mutations, RyR2-G230C and RyR2-G357S enhance SOICR activation. 

They also delay the Ca2+ release termination. 

3.2.2.3   Effect of RyR2-G230C and RyR2-G357S on Ca2+-dependent activation of 

[3H]ryanodine binding 

Since previous studies on CPVT-associated RyR2 mutations revealed little or no change 

in the Ca2+-dependent activation of [3H]ryanodine binding [3, 159], it is of great interest to assess 

these two new mutations. To this end, RyR2-WT, RyR2-G230C or RyR2-G357S cell lysates 

were collected and [3H]ryanodine binding was performed in the presence of a range of cytosolic 

Ca2+ concentrations (~0.2 nM-0.1 mM). As shown in Fig. 20, the RyR2-G230C mutation caused 

a leftward shift of the binding curve and a significant reduction in EC50 of Ca2+ dependent 

[3H]ryanodine binding compared to RyR2-WT (0.26 μM versus 0.50 μM in RyR2-WT) (p < 

0.05). In contrast, RyR2-G357S showed indistinguishable Ca2+-dependent [3H]ryanodine binding 

compared to RyR2-WT with similar EC50 values and almost superimposed binding curves (Fig. 

21). These results indicate that RyR2-G230C enhances cytosolic Ca2+ activation of RyR2, while 

RyR2-G357S has little effect on it. 

3.2.2.4   The RyR2-G357S mutation has little effect on the cytosolic Ca2+ regulation of 

Ca2+ release 

HEK293 cells expressing RyR2-WT or RyR2-G357S were transfected with D1ER, 

permeabilized and perfused with elevating concentrations of cytosolic Ca2+ (0.1–10 μM) to 

induce Ca2+ release. ER steady state Ca2+ level was measured to reflect Ca2+ release caused by 

different cytosolic Ca2+ concentrations. As shown in Fig. 22, both RyR2-WT and RyR2-G357S 

cells exhibited reduced ER steady state Ca2+ level in a Ca2+-dependent manners. Moreover, ER   
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Fig. 20   Effect of RyR2-G230C on Ca2+-dependent activation of [3H]ryanodine binding 

[3H]ryanodine binding using lysates from RyR2-WT or RyR2-G230C transfected HEK293 cells 

was carried out with 5 nM [3H]ryanodine in the presence of 100 mM KCl and various 

concentrations of free Ca2+ (~0.2 nM-0.1 mM). The amount of bound [3H]ryanodine was 

determined using scintillation counting and normalized to the maximum level of binding. Data 

points shown are mean ± SEM (n = 6) (*, p < 0.05 vs. RyR2-WT) (Taken from Liu et al., 

Biochem J, 2013 [213]).
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Fig. 21   Effect of RyR2-G357S on Ca2+-dependent activation of [3H]ryanodine binding 

[3H]ryanodine binding using lysates from RyR2-WT or RyR2-G357S transfected HEK293 cells 

was carried out with 5 nM [3H]ryanodine in the presence of 500 mM KCl and various 

concentrations of free Ca2+ (~0.2 nM-0.1 mM). The amount of bound [3H]ryanodine was 

determined using scintillation counting and normalized to the maximum level of binding. Data 

points shown are mean ± SEM (n = 3).  
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Fig. 22   The RyR2-G357S mutation has little effect on the cytosolic Ca2+ regulation of Ca2+ 

release 

Stable, inducible HEK293 cell lines expressing RyR2-WT (A) or RyR2-G357S (B) were 

transfected with D1ER, induced and permeabilized before experiments. The permeabilized cells 

were perfused with elevated free Ca2+ (0.1-10 µM) in ICM+. FRET signals of representative cells 

are shown (89 cells for RyR-WT and 87 cells for G357S). The steady state ER Ca2+ level was 

determined as defined in panel A. Fmax is determined as the maximum FRET signal after 1 mM 

tetracaine treatment while Fmin is shown as the minimum FRET signal after 10 mM caffeine 

treatment. C, the steady state ER Ca2+ level–cytosolic Ca2+ concentration relationships of RyR2-

WT and G357S. Data shown are mean ± SEM (n = 4-6).  
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steady state Ca2+ levels in HEK293 cells expressing RyR2-G357S were not significantly 

different compared to those of RyR2-WT. Therefore, the RyR2-G357S mutation has little effect 

on cytosolic Ca2+-dependent regulation of RyR2. (Studies on RyR2-G230C have been published 

in Biochem J, 2013. 454(1): p. 123-131.Studies on RyR2-G357S have been submitted to PLoS 

One.) 

3.3   Summary 

The NH2-terminal region of RyR2 is known as one of the hot spots of natural disease 

mutations associated with cardiac arrhythmias and cardiomyopathies [158, 199]. Previous studies 

on some disease-associated NH2-terminal region mutations have demonstrated alterations in the 

activation and termination of Ca2+ release [172]. The molecular basis accounting for these 

changes is not clear. Recently resolved 3D structure reveal that the NH2-terminal region of RyR2 

encompasses three distinct domains: domains A (residues 1- 217), B (residues 218 - 409), and C 

(residues 410 - 631) [96, 97, 101]. Each domain may play distinct role in the RyR2 function. The 

NH2-terminal region has also been shown to interact with the channel domain via the central 

domain and changes its conformation substantially during the gating of the RyR2 channel [100, 

101]. Thus, the NH2-terminal region of RyR2 may play a major role in the activation and 

termination of Ca2+ release. 

The NH2-terminal domains were deleted individually or in combination in the full-length 

RyR2 to test their roles in RyR2 function. Deletion of domain A markedly reduced the SOICR 

termination threshold without altering activation or cytosolic Ca2+ regulation, whereas deletion 

of domain B reduced both the SOICR activation and termination thresholds and enhanced 

cytosolic Ca2+ activation and inactivation. Deletion of domain C reduced the RyR2 expression 

and abolished SOICR and cytosolic Ca2+ activation.  
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Two CPVT-associated mutations in domain B were assessed to obtain more information 

on the functional significance of the NH2-terminal region. Interestingly, the RyR2-G357S causes 

significant reduction of RyR2 expression, which may have something to do with the low 

penetrance of disease phenotypes [206]. Both RyR2-G230C and RyR2-G357S reduced the 

SOICR activation threshold as suggested by the common defect of CPVT-associated mutations. 

Both mutations also reduced the termination threshold for SOICR and increased the fractional 

Ca2+ release. RyR2-G230C showed enhanced cytosolic Ca2+ activation while RyR2-G357S did 

not exhibit any major difference. Therefore, these two mutations enhance SOICR activity by 

reducing the activation threshold and delaying the termination of Ca2+ release. Further, the 

RyR2-G230C mutation also enhances cytosolic Ca2+-dependent activation of RyR2. These data 

are consistent with the results obtained from deletion of domain B. 

Therefore, different domains in the NH2-terminal region play distinct roles in the function 

of RyR2. Disease mutations in the NH2-terminal region alter activation and termination of Ca2+ 

release. The NH2-terminal region of RyR2 is a major determinant of Ca2+ release activation and 

termination.  
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CHAPTER 4    CHARACTERIZATION OF KNOCK-IN MOUSE MODELS 

HARBORING THE NH2-TERMINAL REGION CARDIOMYOPATHY-ASSOCIATED 

MUTATIONS 

4.1   INTRODUCTION 

Since the RyR2 NH2-terminal region is a major determinant of Ca2+ release activation 

and termination, it would be intriguing to know the phenotypic effects of NH2-terminal region 

disease mutations on the function of the heart. To date, more than 20 disease mutations have 

been identified in the NH2-terminal region, and most of them are associated with stress-induced 

arrhythmias and SCD with normal heart structure [158]. These mutations are responsible for the 

abnormal SR Ca2+ release, which is a well-known cause of arrhythmias and SCDs [214, 215]. It 

has previously been demonstrated that enhanced Ca2+ release activation would lead to 

arrhythmias such as CPVT [3]. On the other hand, some NH2-terminal region mutations are 

associated with cardiomyopathies in addition to cardiac arrhythmias [158]. The definitive 

association between RyR2 mutations and cardiomyopathies is not well established due to the 

small number of RyR2 mutation carriers and the variation in their phenotypes. Emerging 

evidence suggests that altered termination of Ca2+ release may cause alterations in cytosolic Ca2+ 

transients [162, 216, 217] hence cardiac remodeling [186, 188] and cardiomyopathies [57, 59, 

83]. Moreover, the sarcomeric mutations leading to cardiomyopathies also affect cytosolic Ca2+ 

transients by altering myofilament Ca2+ sensitivity [173, 174]. Recent HEK293 cell studies on a 

number of NH2-terminal cardiomyopathy-associated RyR2 mutations showed that these 

mutations markedly altered Ca2+ release termination and the fractional Ca2+ release while 

mutations linked to CPVT (only) did not cause such remarkable change in the fractional Ca2+ 

release [172]. These findings further indicate that the NH2-terminal region is a major determinant 
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of Ca2+ release activation and termination. The effects of these mutations on the cardiac function 

in vivo has yet to be determined. 

Genetically engineered mouse models have been widely used to study the mechanism and 

phenotypes of a variety of diseases. Many KI mouse models harboring CPVT-associated RyR2 

mutations have been generated and characterized [160, 163, 197, 218-222]. These models have 

provided valuable insights into the mechanism of CPVT. On the contrary, very few mouse 

models are available to study the pathogenesis of cardiomyopathies. 

To this end, a KI mouse model harboring cardiomyopathy-associated NH2-terminal 

region mutation exon-3 deletion (Ex3-del) was generated. The deletion of exon-3 is a DCM-

associated RyR2 mutation identified in several unrelated families [153, 154, 223]. It is a large 

genomic deletion of the exon-3 in the RYR2 gene that results in deletion of 35 amino acid 

residues (Asn57–Gly91) in the NH2-terminal region of RyR2 [101, 172, 224]. Individuals who 

carry this mutation manifest various clinical phenotypes including CPVT, sinoatrial node 

dysfunction, atrial fibrillation, atrioventricular block, left ventricular non-compaction and dilated 

left ventricular chamber [153, 154]. HEK293 cell studies showed that this exon-3 deletion 

mutation reduced activation and termination thresholds of Ca2+ release and increased fractional 

Ca2+ release [172].  

Another NH2-terminal region mutation RyR2-R420W was first reported in families with 

juvenile sudden death [168] and was later confirmed to be associated with ARVD2 [169], which 

manifests as fat or even fiber infiltration of the right ventricle and stress-induced arrhythmias 

[166]. HEK293 cell studies revealed that RyR2-R420W enhanced activation and delayed 

termination of Ca2+ release, and increased the fractional Ca2+ release as well. Recently, one group 

of researchers has generated and characterized their RyR2-R420W KI mouse model [225]. Given 
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the early onset and the severity of the phenotypes in human carriers, it is anticipated that the 

RyR2-R420W mutant mice would not only exhibit all the hallmarks of ARVD2 but also to an 

excruciating extent. However, their studies revealed merely mild arrhythmias and no structural 

change of the heart at all [225]. The reason for the mild phenotypes in this KI mouse model is 

unknown. As homozygotes are present, it is unlikely that the expression of the mutant is 

markedly reduced. There may be some problem with the mutant itself, or complex adaptation 

processes that resulted in mild phenotypes. Since the KI mouse model could not mimic the 

phenotypes of human carriers, the information obtained from their studies may not be 

representative or helpful enough to understand the cardiomyopathy mechanisms. To gain a better 

insight, another KI mouse model harboring RyR2-R420W was generated.  

By characterizing these two KI mouse models, the mechanism underlying the 

pathogenesis of cardiomyopathies would be revealed, and the link between altered Ca2+ release 

and cardiac remodeling that leads to cardiomyopathies may be established.  

4.2   Results 

4.2.1   Characterization of the RyR2 Ex3-del mutant mouse model 

4.2.1.1   Generation of a knock-in mouse model expressing the RyR2 Ex3-del mutant 

The naturally occurring exon-3 (encoding Asn57-Gly91) deletion in the RyR2 NH2-

terminal region has been associated with a broad range of cardiac defects in human carriers [153, 

154, 223]. However, the mechanisms underlying these abnormalities are not clear. To understand 

the pathological role of this deletion, a KI mouse model harboring the Ex3-del mutant has been 

generated. As shown in Fig. 23, the 105-bp exon-3 sequence and 15-bp intron sequences 

flanking exon-3 on both sides were removed from a RyR2 genomic DNA fragment. This altered 

RyR2 fragment was then used in the construction of Ex3-del KI plasmid (Fig. 23A and B). 
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Mouse ES cells were transfected with the plasmid and screened using southern blotting (Fig. 

23C). Eight positive recombinant ES cell clones were identified. One of the positive ES cell 

clones were used to generate heterozygous Ex3-del mice (Ex3-del+/-). Primers flanking the 

deletion were designed, and the genotypes of mice were determined by differentiating the sizes 

of PCR products (Fig. 23D). Though heterozygous Ex3-del mice showed no obvious gross 

defects, no homozygote was ever present, suggesting that the homozygous Ex3-del is embryonic 

lethal in mice.  

4.2.1.2   Heterozygous Ex3-del mice exhibit no stress-induced ventricular tachycardia 

The exon-3 deletion is linked to CPVT in human patients. To test if Ex3-del+/- mice also 

enhance the susceptibility to stress-induced arrhythmias, ECG recordings of Ex3-del+/- mice (n = 

14) or WT littermates (n = 16) aged at 1.5-3 months were obtained before and after the injection 

of pharmacological triggers (caffeine and epinephrine). It has been established that this 

combination of triggers readily induces ventricular tachycardia (VT) in the CPVT-associated 

RyR2 R4496C+/- mice but not in WT mice [197]. Unexpectedly, caffeine and epinephrine did not 

trigger any VTs in Ex3-del+/- mice (Fig. 24). The same protocol of ECG stress test was applied to 

mice at 3-5 months of age (10 Ex3-del+/- mice and 5 WT littermates) and 8-9 months of age (8 

Ex3-del+/- mice) to rule out the possibility of age-dependent susceptibility. None of the older 

Ex3-del+/- mice or WT littermates showed stress-induced VTs. Thus, Ex3-del+/- mice are not 

susceptible to stress-induced VTs and this lack of CPVT phenotype is not age-dependent.  

4.2.1.3   Heterozygous Ex3-del hearts show remarkably reduced RyR2 expression 

The lack of CPVT phenotype could result from the low expression the Ex3-del mutant 

RyR2. To test this possibility, heart tissues were collected and immunoblotting was performed to 

determine the expression level of RyR2 in Ex3-del+/- and WT mice. Since there is no probe   
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Fig. 23   Generation of a knock-in mouse model expressing the RyR2 Ex3-del mutant 

A, the mouse ryr2 locus (top line); the construction of the KI vector containing the deletion of 

exon-3 and flanking intron sequences in the mouse ryr2 gene, the positive selectable marker 

Neo (neomycin resistant gene), the negative selectable marker diphtheria toxin A (DTA), and 

the FRT sites (middle line); and the generation of exon-3 deletion allele by removal of the neo 

gene via homologous recombination (bottom line) are depicted. B, intron and exon sequences 

that are deleted in the RyR2 Ex3-del mice. C, southern blotting results of recombinant ES cells 

(WT, wild type; Het, heterozygous). D, PCR genotyping results using tail samples from WT 

and Ex3-del heterozygous mice (Taken from Liu et al., PLoS One, 2014 [226]).  
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Fig. 24   Heterozygous Ex3-del mice exhibit no stress-induced ventricular tachycardias 

Representative ECG recordings from WT (A) and Ex3-del heterozygous (B) mice (1.5-3 

months old) before (top) and after (bottom) the injection of triggers (1.6 mg/kg of epinephrine 

and 120 mg/kg of caffeine). No VTs were detected in either WT (n = 16) or Ex3-del+/- mice (n 

= 14) during the 30 min period of ECG recording after the injection of triggers (Taken from 

Liu et al., PLoS One, 2014 [226]). 

  



 

 88 

specifically for Ex3-del mutant RyR2, only the total RyR2 level could be determined. As shown 

in Fig. 25, heterozygous Ex3-del mutant hearts (n = 4) exhibited a remarkably decreased level of 

RyR2 compared to that of WT hearts (58% of WT) (n = 4) (p < 0.001), indicating that this 

deletion of exon-3 remarkably reduces the RyR2 expression level in mice. The regular 

expression of the RyR2-WT allele is unlikely altered. Therefore, the reduced total RyR2 

expression may result from impaired expression of the Ex3-del mutant allele. As a result, the 

lack of Ex3-del phenotype is likely due to the low expression of the mutant and the comparably 

prominent expression of RyR2-WT.  

4.2.1.4   Cardiac-specific, conditional knockout of WT RyR2 in heterozygous Ex3-del 

mice 

Given the low expression of the mutant allele, it is highly possible that the predominant 

expression of the WT allele would mask the disease phenotypes of the RyR2 Ex3-del mutation. 

Additional approaches are required to reveal the impact of the mutant on cardiac function. To 

achieve this goal, the Cre-Lox recombination technology [227-230] was employed to 

conditionally and specifically reduce RyR2-WT expression in Ex3-del+/- mice. By reducing 

RyR2-WT expression specifically, the effect of the Ex3-del mutant on cardiac function may 

show up. Briefly,  the tamoxifen-inducible, cardiac-specific RyR2 conditional KO mice 

(iRyR2flox/flox) [227, 229, 230] were obtained and bred with the RyR2 Ex3-del+/- mice to generate 

the iRyR2flox/Ex3-del mice. Afterward, the iRyR2flox/flox mice (n = 13) and iRyR2flox/Ex3-del mice (n = 

11) were injected with tamoxifen to induce RyR2-WT-specific KO. The iRyR2flox/Ex3-del mice 

started to show mortality at day 11 after tamoxifen injection. By day 14, most of the 

iRyR2flox/Ex3-del mice (10 out of 11) had died. On the contrary, only 2 out of 13 iRyR2flox/flox mice   
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Fig. 25   Heterozygous Ex3-del hearts show remarkably reduced RyR2 expression 

A, immunoblotting was carried out on RyR2 and β-actin using homogenates from WT (n = 4) 

and Ex3-del+/- (n = 4) hearts (2-3 months old). B, the expression level of RyR2 in Ex3-del+/- was 

normalized to that of WT mice. The RyR2 expression level in Ex3-del heterozygous mice was 

significantly reduced. Data shown are mean ± SEM (*, p < 0.001 vs. WT) (Taken from Liu et al., 

PLoS One, 2014 [226]).   
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died within 14 days after tamoxifen injection (Fig. 26). The heterozygous Ex3-del mice exhibited 

a higher mortality rate compared to the RyR2-floxed mice. Moreover, immunoblotting at day 12 

revealed a dramatic reduction in RyR2 expression in both iRyR2flox/Ex3-del hearts and iRyR2flox/flox 

hearts after injection of tamoxifen (Fig. 27). With the initial lower expression, the iRyR2flox/Ex3-del 

hearts displayed almost non-detectable expression level after tamoxifen injection.  

ECG recordings were carried out on iRyR2flox/flox mice and iRyR2flox/Ex3-del mice ~ 12 

days after tamoxifen injection to investigate the cause of mortality. As shown in Fig. 28, the 

basal heart rate of iRyR2flox/Ex3-del mice (535 bpm) (n = 8) was significantly lower compared to 

that of iRyR2flox/flox mice (629 bpm) (n = 11) (p < 0.05). The same stress test using caffeine and 

epinephrine was applied to these two groups of mice and did not induce any VTs. Thus, the 

heterozygous Ex3-del mutant mice showed bradycardia upon reduction of the WT allele 

expression but no stress-induced VTs. The difference in basal heart rate is likely due to the lower 

expression of RyR2 instead of the Ex3-del mutant. Therefore, the Ex3-del KI results in reduced 

expression of RyR2, which may account for the lack of phenotypes compared to human patients. 

(This research was originally published in PLoS One, 2014. 9(4): p. e95615). 

4.2.2   Characterization of the RyR2-R420W mutant mouse model 

4.2.2.1   Generation and genotyping of a knock-in mouse model harboring the RyR2-

R420W mutant 

The RyR2-R420W mutation has been associated with ARVD2 in human patients [169]. 

To understand the pathogenesis of ARVD2 caused by this mutation in vivo, a KI mouse model 

harboring RyR2-R420W was generated. As shown in Fig. 29, the RyR2-R420W-containing 

RyR2 genomic DNA fragment was obtained and used in the construction of the RyR2-R420W 

KI plasmid (Fig. 29A). Mouse ES cells were transfected with the plasmid and screened using  
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Fig. 26   Cardiac-specific, conditional knockout of WT RyR2 in heterozygous Ex3-del mice 

results in early death 

iRyR2flox/flox mice (n = 13, black circles) and iRyR2flox/Ex3-del mice (n = 11, white circles) were 

injected with tamoxifen (75 mg/kg/day) for 3 consecutive days. The percentage of mice that 

stayed alive (survival rate) on day 6-14 after tamoxifen treatment is shown (Taken from Liu et 

al., PLoS One, 2014 [226]).   
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Fig. 27   Cardiac-specific, conditional knockout of WT RyR2 in heterozygous Ex3-del mice 

results in markedly reduced RyR2 expression 

Immunoblotting was carried out on RyR2 and β-actin using homogenates from iRyR2flox/flox (A) 

and iRyR2flox/Ex3-del (B) mouse hearts before and after tamoxifen treatment. The expression level 

of RyR2 was normalized to that before the tamoxifen treatment. There was a significant 

reduction of RyR2 expression level in both iRyR2flox/flox and iRyR2flox/Ex3-del mouse hearts (n = 

6). Data shown are mean ± SEM (*, p < 0.001 vs. before treatment) (Taken from Liu et al., PLoS 

One, 2014 [226]).  
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Fig. 28   Heterozygous Ex3-del mice with cardiac-specific, conditional knockout of WT 

RyR2 exhibit bradycardia but no CPVT 

ECG recordings were performed on iRyR2flox/flox (n = 11) and iRyR2flox/Ex3-del mice (n = 8) 12 

days after the tamoxifen treatment for basal heart rate (A), and responses before and after 

triggers (B and C). Representative ECG recordings from tamoxifen treated iRyR2flox/flox (B) and 

iRyR2flox/Ex3-del (C) before (top) and after (bottom) the triggers (1.6 mg/kg of epinephrine and 120 

mg/kg of caffeine) are shown. No VTs were detected in either the tamoxifen-treated iRyR2flox/flox 

mice (B) or the tamoxifen-treated iRyR2flox/Ex3-del mice (C) during the 30 min period of ECG 

recording after the injection of triggers. However, the basal heart rate of the tamoxifen-treated 

iRyR2flox/Ex3-del mice reduced markedly (*, p < 0.05 vs. the tamoxifen-treated iRyR2flox/flox mice) 

(Taken from Liu et al., PLoS One, 2014 [226]).  
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southern blotting (Fig. 29C). Two of the positive ES cell clones were used to generate 

heterozygous R420W mice (R420W+/-). Primers flanking the FRT sites (F1 and R1) were 

designed to differentiate the genotypes of the mice (Fig. 29A, bottom). However, this 

conventional genotyping method could not determine the genotypes of the mice because only the 

WT products were present (Fig. 29D and E, top). Another pair of primers (F2 and R2) was 

designed to specifically bind to the FRT site and produce mutant specific PCR products (Fig. 

29A, bottom, and E, bottom). Unfortunately, results from this PCR approach varied. Various 

primers, polymerase and PCR conditions have been tested but none of them was able to 

determine the genotypes consistently. Exon sequencing and RT-PCR was not able to reveal the 

mutant allele, either (data not shown). Since there are no trustworthy genotyping method and the 

constant presence of WT products, all mice were studied blindly without knowing if they were 

WT or heterozygous R420W (R420W+/-). It is expected that the R420W+/- mice would show 

some distinct phenotypes compared to the WT mice. Some tissues of each mouse used in all the 

studies were saved for future determination of genotypes once there is a better method. 

4.2.2.2   Effect of the RyR2-R420W mutant on ECG stress test 

Given the presence of stress-induced arrhythmias in R420W positive individuals, the 

RyR2-R420W mutant mice would likely manifest similar phenotypes. ECG stress tests were 

carried out blindly on 30 mice aged at 1.5–3 months as the genotypes of the RyR2-R420W mice 

could not be determined. As shown in Fig. 30, a population of mice (n = 18) in this strain 

exhibited the characteristic stress-induced CPVTs after the injection of caffeine and epinephrine 

while the others (n = 12) showed very few to no VTs. Since WT mice are usually not susceptible 

to stress-induced VTs [197], it is reasonable to speculate that the mice that exhibited CPVT were 

RyR2-R420W+/-.   
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Fig. 29   Generation and genotyping of a knock-in mouse model harboring the RyR2-

R420W mutant 

A, the mouse ryr2 locus (top line); the construction of the KI vector containing the R420W point 

mutation in the mouse ryr2 gene, the positive selectable marker Neo (neomycin resistant gene), 

the negative selectable marker diphtheria toxin A (DTA), and the FRT sites (middle line); and 

the generation of R420W mutant allele by removal of the neo gene via homologous 

recombination (bottom line) are depicted. B, the sequence of R420W mutant indicating the 

substitution of single nucleotide compared to that of WT. C, southern blotting results of 

recombinant ES cells (WT, wild type; Het, heterozygous). D, anticipated PCR genotyping results 

using primers flanking the FRT sites (F1 and R1). E, genotyping using F1 and R1 displayed only 

the WT bands (top). When using FRT site specific reverse primer R2 in combination with F2, 

only the mutant bands could be amplified (bottom). Note that the results are variable.  
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Fig. 30   Effect of the RyR2-R420W mutant on ECG stress test 

Representative ECG recordings from putative WT (A) and putative R420W heterozygous (B) 

mice (1.5-3 months old) before (top) and after (bottom) the injection of triggers (1.6 mg/kg of 

epinephrine and 120 mg/kg of caffeine) (total of 30 mice). No VTs were detected in 12 mice 

while characteristic CPVT was detected in 18 mice during the 30 min period of ECG 

recording after the injection of triggers. 
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4.2.2.3   Effect of the RyR2-R420W mutant on cytosolic Ca2+ transient alternans 

In addition to the enhanced susceptibility to CPVT, the RyR2-R420W mutation may 

cause other functional alterations associated with cardiomyopathies, such as altered cytosolic 

Ca2+ transient properties. One feature of the cytosolic Ca2+ transient is the threshold of Ca2+ 

alternans, which manifests as the alternating change in the amplitude of Ca2+ transients at certain 

stimulation frequency. It has been shown that the suppression-of-function RyR2 mutation 

E4872Q promotes Ca2+ alternans, while enhancing the mutant RyR2 activity using caffeine 

suppresses Ca2+ alternans [231]. However, the E4872Q mutant is not a naturally occurring 

human mutation. As a result, it would be hard to correlate the changes to phenotypes in human 

individuals. Moreover, no gain-of-function RyR2 mutation has been studied for the effect on 

Ca2+ transients alternans so far. It would be of keen interest to see how the RyR2-R420W 

mutant, which showed enhanced RyR2 function, would affect the threshold of cytosolic Ca2+ 

transient alternans. Intact heart confocal imaging was performed on 12 mice ~3 months old to 

test this possibility. Mouse hearts were mounted on the Langendorff system for retrograde aortic 

perfusion, loaded with cytosolic Ca2+ indicator dye Rhod-2, AM and field-stimulated to induce 

cytosolic Ca2+ transients in the presence of 1.8 mM external Ca2+. Confocal line-scanning was 

applied to monitor the changes in cytosolic Ca2+ signal. The frequency of field stimulation was 

up to 20 Hz. The threshold frequency at which Ca2+ alternans started to occur was determined. 

As shown in Fig. 31 and Fig. 32, a population of mice (n = 5) began to show Ca2+ alternans at a 

significantly higher frequency compared to the other group (n = 7) (14-17 versus 9-12 Hz). 

Previous studies revealed that WT hearts usually display Ca2+ alternans at a frequency of 9-10 

Hz. The group that showed a much higher Ca2+ alternans threshold might represent the RyR2-

R420W+/- mice. Thus, the RyR2-R420W mutation may delay Ca2+ alternans threshold, which is   
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Fig. 31   Cytosolic Ca2+ transient alternans in putative wild type mouse hearts  

Langendorff-perfused hearts were loaded with Rhod-2, AM. Ca2+ transients were elicited by 

pacing at 8-10 Hz (A, B and C) and recorded using line-scanning confocal imaging (n = 7). 

Cell boundaries are indicated by black bars. The F/F0 traces depict the average fluorescence 

signal of the scan area. In these mouse hearts, the cytosolic Ca2+ transient alternans starts to 

appear at 9 Hz and becomes more severe when paced at 10 Hz or higher frequency. 
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Fig. 32   Cytosolic Ca2+ transient alternans in putative R420W heterozygous mouse 

hearts  

Langendorff-perfused hearts were loaded with Rhod-2, AM. Ca2+ transients were elicited by 

pacing at 14-15 Hz (A and B) and recorded using line-scanning confocal imaging (n = 5). Cell 

boundaries are indicated by black bars. The F/F0 traces depict the average fluorescence signal 

of the scan area. In these mouse hearts, the cytosolic Ca2+ transient alternans starts to appear at 

14 Hz and becomes more severe when paced at 15 Hz or higher frequency. 

  



 

 100 

consistent with the effect of enhanced RyR2 activity.  

4.3   Summary 

The cardiomyopathy-associated RyR2 NH2-terminal region mutations have been shown 

to alter the activation and termination of Ca2+ release in HEK293 cell studies [172]. While the 

enhanced activation is responsible for the enhanced susceptibility for CPVT as indicated in 

studies on KI mouse models harboring CPVT-associated RyR2 mutations [160, 163, 197, 218-

222], the link between altered termination and cardiac remodeling which leads to 

cardiomyopathies has yet to be established. Two cardiomyopathy-associated RyR2 mutations 

Ex3-del and R420W have been selected and two KI mouse models made. Ex3-del is associated 

with CPVT and DCM while RyR2-R420W is associated with ARVD2 in human carriers. These 

two KI mouse models were expected to exhibit phenotypes resembling those observed in human 

carriers and shed light on the pathogenesis of cardiomyopathies. 

Unfortunately, there were defects in both KI mouse model studies. The Ex3-del mutant 

mice did not show the expected stress-induced VT, which is one of the characteristic 

manifestations of the Ex3-del mutation carriers. Further studies on the expression of RyR2 in the 

heterozygous mice exhibited markedly reduced RyR2 expression compared to that of WT 

littermates. It has also been suggested that the impaired expression of the RyR2 Ex3-del allele 

may be responsible for the decreased RyR2 level. A tamoxifen-inducible, cardiac specific RyR2 

KO mouse model was bred with Ex3-del+/- and injected with tamoxifen to reduce the RyR2-WT 

expression level and reveal the possibly masked phenotypes of Ex3-del. The reduction of RyR2-

WT level resulted in early death and lower expression level of RyR2 in the iRyR2flox/Ex3-del mice 

compared to iRyR2flox/flox mice. Furthermore, the iRyR2flox/Ex3-del mice showed slower basal heart 

rate and no susceptibility to stress-induced VTs compared to iRyR2flox/flox mice 12 days post 
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tamoxifen injection. These phenotypes may be due to the reduced RyR2 expression level instead 

of the mutant. Therefore, the impaired expression of mutant RyR2 in Ex3-del+/- is likely 

protecting the heart from exhibiting major functional defects, such as CPVT and DCM. In all, the 

expression of RyR2 Ex3-del is so impaired in this mouse model that no phenotype mimicking 

those seen in individual mutant carriers could be revealed. 

The RyR2-R420W KI mouse model has been difficult to genotype since the first 

generation. Blinded studies on ECG stress tests showed that a population of mice was more 

susceptible to CPVT. Intact heart confocal imaging also revealed that a population of mice 

significantly increased the threshold for Ca2+ transient alternans. The enhanced CPVT 

susceptibility and delayed Ca2+ alternans are very distinct phenotypes compared to those of 

RyR2-WT mice. The phenotypes closely resemble the manifestations of those RyR2-R420W 

human carriers and RyR2 with enhanced activity. These data suggest that the RyR2-R420W 

mutant may be properly expressed in mice and that this mutation enhances RyR2 activity and 

alters cardiac Ca2+ handling. However, these results are hard to confirm and interpret because of 

the unknown genotypes. Unfortunately, there is still no better method to determine the genotypes 

and correlate them with phenotypes. Moreover, the mutant is lost after several generations of 

breeding due to the difficulties in genotyping. No further studies could be performed on other 

Ca2+ handling properties or the structure of the heart. Overall, the studies on the RyR2-R420W 

mouse model have not provided enough information to build the solid link between altered Ca2+ 

handling and cardiomyopathies. However, it is suggested that the abnormal cytosolic Ca2+ 

transients may give rise to the pathogenesis of cardiomyopathies.   

Though HEK293 cell studies have provided valuable insights into the alterations caused 

by cardiomyopathy-associated RyR2 mutations, connecting these abnormalities to the 
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pathogeneses of cardiomyopathies still requires substantial in vivo studies on animal models. 

Various KI mouse model studies have shed light on the mechanism of RyR2 linked cardiac 

arrhythmias, suggesting that this approach is feasible and reliable. However, it is unexpected that 

both KI mouse models harboring the cardiomyopathy-associated RyR2 mutations generated in 

Chen lab have either exhibited remarkably reduced expression or caused difficulties in 

genotyping. As a result, neither of these mouse models have advanced the understanding of the 

mechanisms underlying the pathogeneses of cardiomyopathies significantly. Therefore, 

generation and characterization of new KI mouse models are required to achieve this goal.  
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CHAPTER 5    EFFECT OF CAM MUTATIONS ON RYR2-MEDIATED CA2+ 

RELEASE TERMINATION 

5.1   INTRODUCTION 

The termination of Ca2+ release could be affected not only by disease-associated RyR2 

mutations but also by a variety of modulators of RyR2. RyR2s are homotetrameric channels 

located in the SR membrane and extending into the cytosol, where the Ca2+ release through this 

channel is regulated by numerous proteins and ligands. Among them, CaM is known as a 

cytosolic inhibitor of Ca2+ release, but it also affects the responses of RyR2 to SR luminal Ca2+, 

probably as part of allosteric RyR2 regulation [44-46].  

The N-domain and C-domain of CaM are connected by a flexible linker to enable 

correlated but distinct functions despite their high homology. Each domain consists of two EF-

hand motifs that can each bind one Ca2+ ion. CaM binds to RyR2 channels with a maximum ratio 

of four per channel via the proposed RyR2 CaM binding domain (Arg3581–Pro3607) [135-138]. 

The binding of CaM to RyR2 is regulated by Ca2+ concentration. Both the N- and C-domains 

bind to the RyR2 CaM binding domain with saturating Ca2+ while C-domain can bind RyR2 at 

resting Ca2+ [134, 135]. Therefore, it is speculated that the C-domain of CaM is mainly 

responsible for inhibition of RyR2 at low cytosolic Ca2+ while both N- and C-domains can sense 

elevated Ca2+ level and increase the inhibitory effect by stabilizing the closed state of RyR2. The 

mechanism of the CaM inhibitory effect is not well understood. Based on the 3D structure, the 

proposed CaM binding domain of RyR2 is located at the boundary of three neighboring 

cytoplasmic domains: the handle domain, the helical domain and the central domain [97]. 

Binding of CaM may stabilize the conformation of cytoplasmic region, lock the RyR2 channel to 

a certain (most likely closed) state and affect channel gating. Alterations in Ca2+ sensitivity and 
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RyR2 binding affinity could result in aberrant CaM effects. Recently an engineered CaM 

mutation with defective Ca2+ binding has been shown to compete with and impair the inhibitory 

effect of native CaM-WT [48]. On the other hand, mutations in the RyR2 CaM binding domain 

and domain deletion result in abolished effect of CaM on RyR2 activity ([46, 136] and 

unpublished data). Therefore, the inhibitory effect of CaM on RyR2 depends on the binding of 

CaM to RyR2 as well as Ca2+ binding to CaM. It is intriguing to assess the effect of CaM disease 

mutations on the function of RyR2. 

A number of CaM mutations have been identified in three calmodulin genes (CALM1-3). 

Most of them are associated with LQTS, CPVT or IVF [47, 232]. The mechanism of LQTS is 

known as the prolonged AP duration as a result of disturbed outward K+ current or augmented 

inward Na+ or Ca2+ current [233]. Hyperphosphorylation and hyperactivity of RyR2 have also 

been suggested as one of the contributing factors [234]. CaM mutations linked to LQTS may act 

on RyR2 as one of the targets to increase the Ca2+ release and thus contribute to prolonged QT 

interval in each cardiac cycle. As indicated previously, CPVT is linked to enhanced SOICR 

activity governed by RyR2 [3]. Therefore, CPVT-associated CaM mutations may also alter the 

activation of SOICR by interacting with RyR2 directly. The exact molecular mechanism for IVF 

is not clear. As shown in the studies of IVF-associated RyR2 mutations A4860G, the disease is 

linked to reduced RyR2 activity [112]. IVF-associated CaM mutations may also alter the activity 

of RyR2 and in turn, lead to IVF. 

Previous studies on CaM mutations linked to LQTS (D96V and D130G), CPVT (N54I) 

or both (N98S) have shown that all these arrhythmogenic mutations reduce the Ca2+ binding 

affinity and enhance RyR2-mediated Ca2+ release by reducing both activation and termination 

thresholds [47]. However, another LQTS-associated CaM mutation F142L causes limited change 
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in the termination of RyR2-mediated Ca2+ release and Ca2+ binding affinity, while it showed 

enhanced RyR2 inhibition at the single channel level [139]. Therefore, the effects of disease-

associated CaM mutations on RyR2 are complex and more studies are required to understand 

them properly.  

Since RyR2 plays a critical role in each cardiac cycle, it is anticipated that the CaM 

mutations may cause various cardiac arrhythmias by affecting the Ca2+ release via RyR2 in 

distinct ways. To this end, CaM mutations were classified into different groups based on the 

reported phenotypes of the carriers and characterized by monitoring luminal Ca2+ changes in the 

presence of RyR2-WT and these CaM mutants. These studies will provide valuable insights into 

the effects of arrhythmogenic CaM mutations on RyR2-mediated Ca2+ release.   

5.2   Results 

5.2.1   Effect of CaM-WT on RyR2-mediated Ca2+ release 

Even though there are multiple studies on the effect of chicken or human CaM-WT on 

Ca2+ release [46, 47, 139], different preparations of CaM cDNAs from different species might 

cause slightly different effects. Moreover, after transfection, the exogenous CaM-WT or mutants 

are overexpressed in HEK293 cells compared to the endogenous CaM-WT. On the other hand, 

the RyR2 expression is not altered [139]. As a result, there would be more CaM for RyR2 in 

HEK293 cells after transfection. Therefore, transfection of CaM-WT is required as a control to 

compare with each CaM mutant after overexpressing them in HEK293 cells. HEK293 cells 

expressing RyR2-WT were transfected with D1ER in the presence or absence of CaM-WT 

plasmid. As shown in Fig. 33, transfection of CaM-WT resulted in a 3% increase in the 

termination threshold of SOICR (62% versus 59% without CaM-WT transfection) (p < 0.05) 

without significantly altering the activation for SOICR. Therefore, the effect of exogenous CaM-   
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Fig. 33   Effect of CaM-WT on RyR2-mediated Ca2+ release 

Stable, inducible HEK293 cell lines expressing RyR2-WT were transfected with the FRET-

based ER Ca2+ probe D1ER only (A) or with CaM-WT (B). Elevated Ca2+ concentrations (0-

2 mM) were used to induce SOICR. The ER luminal Ca2+ changes were monitored using 

single cell Ca2+ imaging (118 cells for RyR2-WT and 71 cells for RyR2-WT transfected with 

CaM-WT). Tetracaine (1 mM) was used to obtain the maximum Ca2+ level (Fmax) while 20 

mM caffeine was applied to obtain the minimum Ca2+ level (Fmin). The activation threshold 

(C), termination threshold (D), fractional Ca2+ release (E), and store capacity (F) of RyR2-

WT and RyR2-WT transfected with CaM-WT were determined accordingly. Data shown are 

mean ± SEM (n = 5-6) (*, p < 0.05 vs. RyR2-WT; NS, not significant). 
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WT on RyR2 is mainly on the termination of RyR2-mediated Ca2+ release. CaM disease 

mutations may interact with RyR2 differently and cause different effects. These effects can be 

distinguished by comparing the results obtained from CaM-WT transfected HEK293 cells with 

those from CaM mutation transfected cells.  

5.2.2   Effect of LQTS-associated CaM mutations on RyR2-mediated Ca2+ release  

CaM-WT or LQTS-associated CaM mutations CaM-N98I, D130V, D132H, D132V, 

D134H or E141G [235-239] were transfected together with D1ER into the HEK293 cells 

expressing RyR2-WT. The ER luminal Ca2+ dynamics were monitored during Ca2+ release. As 

shown in Fig. 34, all CaM mutation transfected HEK293 RyR2-WT cells exhibited SOICR 

activity at elevated extracellular Ca2+. Comparing to cells transfected with CaM-WT, all LQTS-

associated CaM mutations dramatically reduced the SOICR termination threshold (45% in CaM-

N98I, 47% in CaM-D130V, 37% in CaM-D132H, 36% in CaM-D132V, 31% in CaM-D134H, 

35% in CaM-E141G versus 62% in CaM-WT) (p < 0.01) (Fig. 34H). These mutations also 

subtly but significantly reduced the activation threshold for SOICR compared to CaM-WT 

transfected cells (90% in CaM-N98I, 92% in CaM-D130V 91% in CaM-D132H, 90% in CaM-

D132V, 89% in CaM-D134H, 90% in CaM-E141G versus 93% in CaM-WT) (p < 0.05) (Fig. 

34G). Since the alteration of the activation threshold was not as dramatic as that of the 

termination threshold, the resultant fractional Ca2+ release increased markedly in all LQTS-

associated mutation transfected cells (p < 0.01) (Fig. 34I). Interestingly, the store capacity of 

CaM-D132H and CaM-D134H transfected cells also significantly reduced compared to CaM-

WT transfected cells (p < 0.01) (Fig. 34J). Overall, the most obvious effect on RyR2-mediated 

Ca2+ release brought by LQTS-associated CaM mutations is the markedly delayed termination 

and in turn increased fractional Ca2+ release. On the other hand, the activation threshold of   
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Fig. 34   Effect of LQTS-associated CaM mutations on RyR2-mediated Ca2+ release 

Stable, inducible HEK293 cell lines expressing RyR2-WT were transfected with the FRET-based 

ER Ca2+ probe D1ER with CaM-N98I (A), D130V (B), D132H (C), D132V (D), D134H (E), or 

E141G (F). Elevated Ca2+ concentrations (0-2 mM) were used to induce SOICR. The ER luminal 

Ca2+ changes were monitored using single cell Ca2+ imaging (60-103 cells). Tetracaine (1 mM) 

was used to obtain the maximum Ca2+ level (Fmax) while 20 mM caffeine was applied to obtain 

the minimum Ca2+ level (Fmin). The activation threshold (G), termination threshold (H), 

fractional Ca2+ release (I), and store capacity (J) of RyR2-WT transfected with CaM mutants 

were determined accordingly in comparison with RyR2-WT transfected with CaM-WT. Data 

shown are mean ± SEM (n = 3-4) (*, p < 0.05 vs. RyR2-WT transfected with CaM-WT; NS, not 

significant).  
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SOICR is slightly decreased by these LQTS-associated CaM mutations. These results indicate 

that the LQTS-associated CaM mutations mainly affect the termination of RyR2-mediated Ca2+ 

release, which suggests a common effect of LQTS-associated CaM mutations on RyR2 activity. 

5.2.3   Effect of CPVT-, CPVT/LQTS (both)- and IVF-associated CaM mutations on 

RyR2-mediated Ca2+ release 

In addition to LQTS-associated CaM mutations, other arrhythmogenic CaM mutations 

linked to CPVT (CaM-A103V and G133V), CPVT/LQTS (both) (CaM-D132E and Q136P) 

[235], and IVF (CaM-F90L) [232] were assessed. HEK293 cells expressing RyR2-WT were 

transfected with these CaM mutations and monitored for ER luminal Ca2+ dynamics. All the 

CPVT-, CPVT/LQTS- and IVF-associated mutations listed above significantly reduced the 

SOICR activation threshold (89% in CaM-G133V, D132E, 88% in CaM-Q136P, 92% in CaM-

90L and A103V versus 93% in CaM-WT) (p < 0.05) (Fig. 35C, Fig. 36C and Fig. 37B). In 

addition, these mutations also dramatically reduced the termination threshold for SOICR 

compared to CaM-WT (53% in CaM-A103V, 29% in CaM-G133V, 35% in CaM-D132E, 39% 

in CaM-Q136P, 45% in CaM-90L versus 63% in CaM-WT) (p < 0.01) (Fig. 35D, Fig. 36D and 

Fig. 37C). Based on these observations, these arrhythmogenic CaM mutations also have a major 

effect on the termination of Ca2+ release while the activation is not remarkably affected. 

5.2.4   Effect of newly discovered CaM variants on RyR2-mediated Ca2+ release 

In addition to the CaM mutations with known phenotypes, a number of newly discovered 

variants have not been characterized: CaM-I10T, F17I, I28V, A103T and V143L (identified in 

the ExAC database). In the current studies, their effects on the RyR2-mediated Ca2+ release have 

been determined. As shown in Fig. 38F, CaM-F17I, I28V and A103T slightly reduced the 

activation threshold for SOICR (91% in CaM- F17I, 92% in CaM-I28V, 90% in CaM-A103T   
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Fig. 35   Effect of CPVT-associated CaM mutations on RyR2-mediated Ca2+ release 

Stable, inducible HEK293 cell lines expressing RyR2-WT were transfected with the FRET-based 

ER Ca2+ probe D1ER with CaM-A103V (A) or G133V (B). Elevated Ca2+ concentrations (0-2 

mM) were used to induce SOICR. The ER luminal Ca2+ changes were monitored using single 

cell Ca2+ imaging (74 cells for CaM-A103V and 53 cells for CaM-G133V). Tetracaine (1 mM) 

was used to obtain the maximum Ca2+ level (Fmax) while 20 mM caffeine was applied to obtain 

the minimum Ca2+ level (Fmin). The activation threshold (C), termination threshold (D), fractional 

Ca2+ release (E), and store capacity (F) of RyR2-WT transfected with CaM mutants were 

determined accordingly in comparison with RyR2-WT transfected with CaM-WT. Data shown 

are mean ± SEM (n = 3-4) (*, p < 0.05 vs. RyR2-WT transfected with CaM-WT; NS, not 

significant).  
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Fig. 36   Effect of CPVT/LQTS (both)-associated CaM mutations on RyR2-mediated 

Ca2+ release 

Stable, inducible HEK293 cell lines expressing RyR2-WT were transfected with the FRET-

based ER Ca2+ probe D1ER with CaM-D132E (A) or Q136P (B). Elevated Ca2+ 

concentrations (0-2 mM) were used to induce SOICR. The ER luminal Ca2+ changes were 

monitored using single cell Ca2+ imaging (99 cells for CaM-D132E and 123 cells for CaM-

Q136P). Tetracaine (1 mM) was used to obtain the maximum Ca2+ level (Fmax) while 20 mM 

caffeine was applied to obtain the minimum Ca2+ level (Fmin). The activation threshold (C), 

termination threshold (D), fractional Ca2+ release (E), and store capacity (F) of RyR2-WT 

transfected with CaM mutants were determined accordingly in comparison with RyR2-WT 

transfected with CaM-WT. Data shown are mean ± SEM (n = 3-6) (*, p < 0.05 vs. RyR2-WT 

transfected with CaM-WT; NS, not significant). 
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Fig. 37   Effect of IVF-associated CaM mutations on RyR2-mediated Ca2+ release 

Stable, inducible HEK293 cell lines expressing RyR2-WT were transfected with the FRET-

based ER Ca2+ probe D1ER with CaM-F90L (A). Elevated Ca2+ concentrations (0-2 mM) 

were used to induce SOICR. The ER luminal Ca2+ changes were monitored using single cell 

Ca2+ imaging (83 cells). Tetracaine (1 mM) was used to obtain the maximum Ca2+ level (Fmax) 

while 20 mM caffeine was applied to obtain the minimum Ca2+ level (Fmin). The activation 

threshold (B), termination threshold (C), fractional Ca2+ release (D), and store capacity (E) of 

RyR2-WT transfected with CaM mutants were determined accordingly in comparison with 

RyR2-WT transfected with CaM-WT. Data shown are mean ± SEM (n = 4) (*, p < 0.05 vs. 

RyR2-WT transfected with CaM-WT; NS, not significant). 
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Fig. 38   Effect of newly discovered CaM variants on RyR2-mediated Ca2+ release 

Stable, inducible HEK293 cell lines expressing RyR2-WT were transfected with the FRET-based 

ER Ca2+ probe D1ER with CaM-I10T (A), F17I (B), I28V (C), A103T (D), and V143L (E). 

Elevated Ca2+ concentrations (0-2 mM) were used to induce SOICR and the ER luminal Ca2+ 

changes were monitored using single cell Ca2+ imaging (38-95 cells). Tetracaine (1 mM) was 

used to obtain the maximum Ca2+ level (Fmax) while 20 mM caffeine was applied to obtain the 

minimum Ca2+ level (Fmin). The activation threshold (F), termination threshold (G), fractional 

Ca2+ release (H), and store capacity (I) of RyR2-WT transfected with CaM mutants were 

determined accordingly in comparison with RyR2-WT transfected with CaM-WT. Data shown 

are mean ± SEM (n = 3-6) (*, p < 0.05 vs RyR2-WT transfected with CaM-WT; NS, not 

significant).   
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versus 93% in CaM-WT) (p < 0.05). Similar to other arrhythmogenic CaM mutations, they also 

significantly decreased the termination threshold compared to CaM-WT (52% in CaM-F17I and 

I28V, 47% in CaM-A103Tversus 63% in CaM-WT). Interestingly, CaM-I10T and V143L 

significantly increased the termination threshold for SOICR compared to RyR2-WT without 

transfection of CaM-WT (p < 0.05). However, the enhanced termination is not significant 

compared to CaM-WT transfected cells although the extent might be slightly greater (p > 0.05) 

(Fig. 38G). Therefore, these newly discovered CaM variants result in various effects on the 

termination of RyR2-mediated Ca2+ release.  

5.3   Summary 

CaM is ubiquitously expressed in eukaryotic cells and exhibits a wide variety of 

biological functions in different cells and even in different compartments within the same cell. 

The impact of CaM is mainly on the regulation of target proteins. CaM fine tunes the function of 

target proteins including ion channels, kinases, receptors, and so on. As CaM may interact with 

more than one target in the pathways in cellular function, the effect of CaM mutations can be 

manifold and complex. 

A number of arrhythmogenic CaM mutations were discovered, and the resultant property 

changes (binding affinity to RyR2 and/or Ca2+) of some mutations have been assessed [47, 139]. 

The consequences of these altered properties of CaM are not well determined. CaM is known to 

interact with target proteins involved in every phase of cardiac AP so it could be speculated that 

these changes would affect different aspects of cardiac function, adding up to a marked effect 

leading to severe cardiac arrhythmia. In the current study, the focus was on the effect of these 

arrhythmogenic CaM mutations on RyR2-mediated Ca2+ release. Hopefully, these results would 

shed light on the disturbance brought by arrhythmogenic CaM mutations. 
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Based on the data on the ER luminal Ca2+ dynamics, all arrhythmogenic CaM mutations 

associated with LQTS, CPVT, CPVT/LQTS (both) and IVF remarkably reduced the termination 

threshold for Ca2+ release. These observations indicate that CaM mutations have a strong effect 

on the termination of Ca2+ release and that CaM is a critical modulator of RyR2-mediated Ca2+ 

release termination. Interestingly, LQTS-associated CaM mutations in the current studies have 

been shown to more markedly reduce termination threshold compared to other arrhythmogenic 

CaM mutations. Moreover, most of them are located at EF-hand motif 4 (Fig. 4), indicating that 

this motif is critical to the regulation of RyR2-mediated Ca2+ release. 

On the other hand, the activation thresholds for SOICR in most CPVT- and 

CPVT/LQTS-associated CaM mutations were reduced by ~4% compared to CaM-WT, while 

most other mutations resulted in a no more than 3% reduction. The reduction of activation 

threshold caused by CPVT- and CPVT/LQTS-associated CaM mutations is less compared to that 

of common CPVT-associated RyR2 mutations. Therefore, these changes in the RyR2-mediated 

Ca2+ release activation may not be sufficient to cause CPVT. Additionally, CPVT-associated 

mutation CaM-A103V showed a subtle reduction in SOICR activation (1%), suggesting that 

other components may also contribute to the arrhythmogenic mechanisms of this CaM mutation. 

Since the number of IVF-associated mutation is small, it could only be concluded that 

CaM-F90L subtly reduced SOICR activation threshold and more markedly delayed termination. 

Together with other alterations caused by this CaM mutation, these changes may give rise to the 

manifestation of IVF.  

Most of the newly discovered CaM variants also markedly reduced the termination 

threshold for Ca2+ release while CaM-I10T and V143L increased it. The increased termination is 

significant compared to RyR2-WT without CaM-WT tranfection but not significant compared to 
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CaM-WT transfected cells. The mutations that reduced the termination threshold might give rise 

to phenotypes similar to arrhythmogenic CaM mutations. On the other hand, CaM-I10T and 

V143L may exhibit distinct phenotypes compared to other CaM mutations and could be applied 

in the treatment of RyR2 hyperactivity. 

Overall, CaM exhibits its inhibitory effect mainly by facilitating RyR2-mediated Ca2+ 

release termination. As a result, different CaM mutations and variants affect the termination of 

Ca2+ release differently, which can also be applied as a treatment strategy for abnormal function 

of RyR2. CaM is a major modulator of RyR2-mediated Ca2+ release termination.  
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CHAPTER 6    DISCUSSION AND FUTURE DIRECTION 

6.1   Molecular determinants of Ca2+ release termination in RyR2 

EC coupling is one of the most sophisticated physiological processes in the function of 

the heart. During EC coupling, the electrical signal (excitation) transmitted at the surface of the 

plasma membrane is converted into an intracellular chemical signal (Ca2+) and eventually causes 

muscle contraction [1, 240]. 

Studies over the past decades have greatly advanced the understanding of the signaling 

pathway in EC coupling. One of the critical steps in this process is CICR, a large SR Ca2+ release 

via RyR2 which amplifies the Ca2+ signal. The “local control” theory has been proposed for the 

initiation and gradation of CICR. Upon the Ca2+ influx via the L-type Ca2+ channel, various 

numbers of CRUs and Ca2+ sparks are recruited for the graded response of CICR [18, 19, 28, 

241, 242]. Once initiated, the SR Ca2+ store is expected to be completely depleted due to the 

regenerative CICR. However, the SR Ca2+ store is only partially depleted during each Ca2+ 

release event [34-37], suggesting the presence of a robust mechanism that turns off the SR Ca2+ 

release and allows for replenishment of SR Ca2+ content and muscle relaxation [20].  

6.1.1   Ca2+ release terminates at a fixed level of ER luminal Ca2+ in HEK293 cells 

Despite its functional significance, the mechanism and molecular basis of Ca2+ release 

termination are not clear. A growing body of evidence suggests that Ca2+ release termination is 

closely controlled by the SR luminal Ca2+ [35-37, 52-54]. Direct assessment of the SR luminal 

Ca2+ dynamics would provide valuable information on the mechanism responsible for Ca2+ 

release termination. However, the commonly used luminal Ca2+ probes, such as Fluo-5N, are 

unable to effectively detect the SR Ca2+ activities in mouse cardiomyocytes though they work as 

intended in rat, rabbit and canine hearts [37, 51, 216]. Further, the difficulties in the introduction 
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of genetically-encoded SR Ca2+ probe into mouse heart and isolated cardiomyocytes have 

hampered the luminal Ca2+ studies. To circumvent this obstacle, D1ER, a FRET-based ER Ca2+ 

sensing probe, was applied to the study of ER Ca2+ dynamics in HEK293 cells. It has been 

shown in rabbit myocytes that the SR Ca2+ release terminates when the luminal Ca2+ level 

decreases to a certain threshold (~60% of the total SR content) [37]. Similarly, in HEK293 cells 

expressing RyR2-WT, the D1ER monitored ER spontaneous Ca2+ release (or SOICR) terminates 

at a fixed level (~59%) of ER Ca2+ store capacity (Fig. 11). These findings indicate that the 

termination of Ca2+ release is an intrinsic property of RyR2. Moreover, the HEK293 cell 

expression system is reliable for identifying the molecular basis of Ca2+ release termination and 

assessing the effects of disease mutations. 

It has been proposed that both the pore region of RyR2, where the putative luminal Ca2+ 

sensing residue is located and the proposed CaM binding domain of RyR2, which facilitates 

CaM binding and the inhibitory effect on RyR2, are two major determinants of Ca2+ release 

termination ([116] and unpublished data). Given the large size and complexity of the 3D 

structure, it is possible that other regions of RyR2 may also play a critical role in the regulation 

of Ca2+ release termination. 

6.1.2   The NH2-terminal region domains 

Recently resolved 3D structure of RyR2 reveals that the NH2-terminal region is located at 

the top of the central tower consisting of the NH2-terminal region, central domain and channel 

domain. Moreover, the NH2-terminal region is composed of three distinct domains: A, B, and C. 

Domain A and domain B form the central ring structure through intra-and intersubunit 

interactions and connect with the central domain, which transduces conformational changes in 

the NH2-terminal region to the channel domain. Domain C connects to the peripheral 
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cytoplasmic domains that interact with a variety of cytosolic ligands and regulators that modify 

the activity of RyR2. Further, the NH2-terminal region undergoes dynamic conformational 

changes during the opening and closing of RyR2 [97, 207], suggesting that this region is critical 

for channel gating. Therefore, it is speculated that the NH2-terminal region is a major 

determinant of Ca2+ release activation and termination. 

Though the structural boundaries of the three domains in the NH2-terminal region are 

well defined, the functional significance of each domain is not well characterized. Domains in 

the NH2-terminal region were deleted individually or in combination, and subsequent functional 

studies were performed in the HEK293 cell system expressing these domain deletions of RyR2. 

Deletion of domain A exhibited major effect with delayed termination, suggesting that domain A 

plays a part in the termination of Ca2+ release. Previously characterized cardiomyopathy-

associated RyR2 mutations A77Q, R176Q and exon-3 deletion remarkably reduced the threshold 

for Ca2+ release termination [172]. Moreover, these mutations are located at the interface 

between domain A and the central domain (Fig. 3) [100, 172], suggesting this interface may be 

critical in Ca2+ release termination.  

The interactions between domains A and B by forming the central ring structure are 

suggested to be important for stabilizing the closed state of RyR2. Disease mutations located at 

the interface between domains A and B may weaken the stabilizing effect and facilitate channel 

opening [101, 207, 224, 243-247]. Therefore, it is anticipated that by removing domain A, both 

the intra- and intersubunit interactions would be disturbed, resulting in channel activation. 

Interestingly, Del-A did not affect channel activation significantly. The sensitivity to caffeine 

and cytosolic Ca2+ activation, the SOICR propensity or the SOICR activation threshold of Del-A 

were not significantly different compared to those of RyR2-WT. In contrast, deletion of domain 
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B significantly enhanced the caffeine activation, cytosolic Ca2+ sensitivity and the SOICR 

propensity. Del-B also reduced the SOICR activation and termination thresholds. The delayed 

termination caused by deleting domain B suggests that domain B is also involved in Ca2+ release 

termination by itself or by interacting with domain A. These results indicate that disease 

mutations located at the interface between A and B may enhance channel activity by affecting 

domain B. Thus, domain B is critical in stabilizing the closed state of RyR2. 

Del-A and Del-B caused increased RyR2 activity by enhancing channel activation or 

delaying Ca2+ release termination. Conversely, deletion of domain C caused a markedly reduced 

expression level, suppressed caffeine activation and completely abolished cytosolic Ca2+ 

activation and SOICR (Fig. 10, Fig. 12 and Fig. 13). It should be noted that the lack of RyR2 

expression level is not the main contributor to reduced activity, because RyR2-WT still exhibited 

robust activity when the expression was reduced to a similar or lower level compared to the Del-

C mutant. These observations suggest that domain C is important in the expression and 

activation of RyR2.  

The recently resolved 3D structural analysis of RyR2 have demonstrated that the NH2-

terminal region of RyR2 rotates upward and counterclockwise during the opening of the channel 

Fig. 2 [97]. Moreover, domain C acts as the “hinge” of this rotation and plays an important 

structural and functional role in controlling and mediating the rotation of the NH2-terminal 

region. Thus, deleting domain C may affect the structure of the NH2-terminal region and in turn 

result in abnormal protein folding and expression, which may be the cause of markedly reduced 

expression and activity of Del-C.  

The functional consequences of Del-AB and Del-ABC have also been determined. The 

effect of Del-AB is anticipated as the combination of Del-A and Del-B. Indeed, Del-AB 
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remarkably reduced the termination threshold for Ca2+ release and enhanced cytosolic Ca2+ 

activation and inactivation. However, the activation threshold for SOICR is not decreased in Del-

AB. The reason for this seemingly inconsistent result is not clear. It may suggest that the 

activating effect of Del-B relies on the presence of domain A. Del-ABC markedly suppressed 

RyR2 expression and caffeine activation, and completely abolished cytosolic Ca2+ activation and 

SOICR, which are consistent with the Del-C effects. Therefore, deleting domain C has a 

dominant effect on RyR2 expression and function.  

These data indicate that domain A plays an essential role in Ca2+ release termination by 

maintaining the termination threshold, while domain B is involved in the activation and 

inactivation of Ca2+ release by suppressing the channel activity. On the other hand, domain C is 

critical for RyR2 expression and activation.  

6.1.3   The NH2-terminal disease mutations 

Though the deletion approach provided valuable information on the function of the NH2-

terminal region domains, these engineered deletions may cause some disturbance in the structure 

that leads to altered function of RyR2. Thus, studies on some naturally occurring disease 

mutations are required to confirm the functional significance of the NH2-terminal region. As 

shown in Fig. 3, most of the disease mutations in the NH2-terminal region are located at the 

interfaces between neighboring domains, indicating that these mutations disturb the normal 

interaction between domains and cause diseases. Since no other disease mutations in domain B 

have been characterized, two CPVT-associated mutations located in domain B have been 

selected. G230C is located at the interface between domain A and domain B whereas G357S is 

located at the interface below domain B. Moreover, the G230C mutation has been suggested to 

enhance only cytosolic Ca2+ activation while having no effect on luminal Ca2+ activation; the 
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G357S mutation exhibited varied disease penetrance in carriers throughout the large family. 

Characterization of these mutations would help confirm the functional significance of the NH2-

terminal region, especially domain B and further explore other properties of the mutations. 

A number of CPVT-associated RyR2 mutations increase the SOICR propensity by 

reducing the SOICR activation threshold and thus sensitizing the channel to luminal Ca2+ 

activation [3, 159].As a result, it has been proposed that enhanced SOICR as a result of enhanced 

luminal Ca2+ activation is a common defect of CPVT-associated RyR2 mutations [3, 159, 194]. 

Surprisingly, Meli et al. demonstrated in single channel studies that a novel CPVT-associated 

RyR2 mutation G230C increased the sensitivity of RyR2 to cytosolic Ca2+ activation but had 

little effect on luminal Ca2+ activation. As a result, they proposed that RyR2-G230C caused 

CPVT in a SOICR-independent manner [205]. However, the effect of this mutation on SOICR 

was not directly assessed. The present study demonstrated that RyR2-G230C markedly increased 

the SOICR propensity by decreasing the activation and termination thresholds (Fig. 15 and Fig. 

18). These data further support the view that enhanced SOICR is a common mechanism of 

CPVT-associated RyR2 mutations. In addition to the enhanced SOICR, RyR2-G230C also 

increased Ca2+-dependent activation of [3H]ryanodine binding (Fig. 20), suggesting that this 

mutation also sensitizes cytosolic Ca2+ activation. This observation is consistent with the single 

channel studies by Meli et al. The enhanced SOICR would sensitize the channel to increased 

luminal Ca2+ content during SR Ca2+ overload and facilitate SOICR. Meanwhile the increased 

cytosolic Ca2+ activation would promote the CICR process and the propagation of the abnormal 

Ca2+ signal. Since luminal and cytosolic Ca2+ regulations operate independently, but can also 

interact, this mutation would increase the propensity and propagation of SOICR, triggered 

activity and CPVT. 
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In the current study, the effect of RyR2-G357S on RyR2 expression and activity has been 

assessed. RyR2-G357S reduced the activation and termination thresholds for SOICR (Fig. 19), 

which is consistent with the effects of CPVT-associated RyR2 mutations [3, 172]. Therefore, 

enhanced activity of SOICR may explain the lethal CPVT phenotypes in some carriers in this 

family. Interestingly, the G357S mutations markedly reduced the expression of RyR2 (Fig. 17), 

which may contribute to the variation in disease phenotypes. A RyR2 channel is tetrameric and 

consists of 4 subunits. In heterozygous patients, the RyR2 channel is composed of WT and 

G357S subunits. As a result, the severity of the channel abnormality depends on the ratio of WT 

and G357S mutant, which is linked to the expression levels of WT and G357S subunits. The 

remarkably reduced expression of G357S may be the cause of variation of phenotypes observed 

in this large family. Furthermore, since the expression of RyR2-G357S decreased markedly, the 

fraction of cells that displayed SOICR also reduced compared to RyR2-WT (Fig. 16). These data 

suggest that the enhanced activity of SOICR of RyR2-G357S may be masked by the low 

expression of RyR2 when measured using a cell population assay. However, when measuring 

individual cells that displayed SOICR activity, it is clear that RyR2-G357S increased SOICR 

activity. On the other hand, RyR2-G357S did not affect the Ca2+-dependent [3H]ryanodine 

binding (Fig. 21) or cytosolic Ca2+ regulated Ca2+ release (Fig. 22), suggesting that RyR2-G357S 

has little effect on cytosolic Ca2+-dependent RyR2 activation. RyR2-G357S enhances SOICR by 

reducing both activation and termination threshold while having little effect on cytosolic Ca2+ 

activation. Moreover, the reduced expression level may account for the variation of phenotypes 

in disease carriers. 

These observations indicate that the NH2-terminal region is a major determinant of Ca2+ 

release activation and termination. 
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6.2   Cardiomyopathy-associated NH2-terminal RyR2 mutations in mouse models 

Mutations in RyR2 have been linked with CPVT and cardiomyopathies. Studies over the 

past decades have demonstrated that the spontaneous Ca2+ release (SOICR)-evoked DADs are 

the triggers for RyR2-linked CPVT [150, 158, 248]. It has also been shown that those CPVT-

associated RyR2 mutations enhance SOICR activity by reducing the activation threshold [3, 159-

163, 249], which leads to enhanced susceptibility for SOICR-evoked DADs and triggered 

arrhythmia [215, 250-253]. The pathogenic mechanism of cardiomyopathy-associated RyR2 

remains unclear. 

6.2.1   Potential mechanisms underlying the pathogenesis of cardiomyopathies 

Cardiomyopathy-associated mutations in sarcomeric proteins and RyR2 are all linked to 

the alteration of Ca2+ homeostasis. Increased myofilament Ca2+ sensitivity delays Ca2+ transient 

decay while decreased myofilament Ca2+ sensitivity hastens Ca2+ transient decay [57-60, 185, 

254]. Similarly, RyR2 mutations that delay termination of Ca2+ release may result in prolonged 

Ca2+ transient decay, whereas mutations that cause premature Ca2+ release termination may lead 

to faster decay of Ca2+ transient. 

Other factors involved in the Ca2+ handling process can also affect the properties of Ca2+ 

transients. For example, a mutation in PLB results in lower activity of SERCA2a and thus slower 

Ca2+ uptake. Transgenic mice carrying this mutation have been shown to develop DCM [184]. 

On the other hand, CaM binding deficient mice with triple mutations in the CaM binding domain 

of RyR2 exhibited delayed Ca2+ transient decay and displayed moderate to severe 

cardiomyopathies [255]. 

In summary, various factors may induce cardiomyopathies through a similar mechanism: 

altered Ca2+ homeostasis, especially the cytosolic Ca2+ transients, would lead to cardiac 



 

 125 

remodeling and result in the development and progression of cardiomyopathies.  

6.2.2   Impaired Ca2+ release termination is a common defect of cardiomyopathy-

associated RyR2 mutations 

As one of the major parameters of Ca2+ release, enhanced activation is the cause of 

CPVT. Another key parameter, the termination of Ca2+ release, may play an equally important 

role in cardiac disease. It has been shown that the DCM-associated RyR2 mutation exon-3 

deletion and the ARVD2-associated mutations A77V, R176Q/T2504M, R420W and L433P 

delay the termination of Ca2+ release, whereas the HCM-associated mutation A1107M increases 

the termination threshold [172]. 

The significance of Ca2+ release termination in cardiac physiology and pathology has 

been increasingly recognized and emphasized [20, 217]. Reduced Ca2+ release termination 

threshold has been observed in HF [216, 256]. Abnormal termination of Ca2+ release has also 

been linked to CPVT as the magnitude of spontaneous Ca2+ release is also a key factor for the 

development of DADs [257]. It is estimated that a Ca2+ release of ~50-70% of the SR Ca2+ 

content is required for the development of DADs with sufficient amplitudes to trigger 

arrhythmia. A reduced termination threshold would result in more Ca2+ release during AP 

stimulation or spontaneous activity and increase the amplitude of Ca2+ transient or Ca2+ wave. 

The further increased cytosolic Ca2+ would result in robust DADs and enhance the propensity for 

triggered arrhythmias. Therefore, the reduced termination threshold together with the reduced 

activation threshold of the DCM- and ARVD2-associated RyR2 mutations may explain the 

enhanced susceptibility to CPVT.   

These findings suggest that the altered termination threshold for SOICR is a common 

defect in RyR2-associated cardiomyopathies as well as other cardiac diseases such as CPVT. 
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6.2.3   Characterization of mouse models harboring cardiomyopathy-associated 

RyR2 mutations 

As discussed previously, altered termination of Ca2+ release may be involved in the 

pathogenesis of cardiomyopathies. The NH2-terminal region of RyR2 is a major determinant of 

Ca2+ release activation and termination. Therefore, mutations in the NH2-terminal region may be 

closely linked to cardiomyopathies. Indeed, most of the cardiomyopathy-associated RyR2 

mutations are located in the NH2-terminal region [153-155, 167-170, 258]. In vitro studies on 

cardiomyopathy-associated RyR2 mutations revealed that these mutations significantly altered 

the termination threshold for Ca2+ release in addition to the reduced activation threshold [172]. 

Since in vivo effects of these mutations have not been assessed, two KI mouse models carrying 

cardiomyopathy-associated RyR2 mutations exon-3 deletion and R420W were generated and 

characterized for the susceptibility to CPVT and other potential alterations. 

6.2.3.1   Exon-3 deletion 

Exon-3 deletion is a large in-frame deletion of 35 amino acid in the NH2-terminal region 

which is linked to DCM, and the carriers exhibit a broad range of phenotypes, including CPVT 

and DCM [153, 154]. The anticipated results of studies on the Ex3-del mouse model would be 

CPVT during ECG stress test, changes in Ca2+ transient properties, and structural changes of the 

heart ventricles.  

Unexpectedly, the Ex3-del mouse model generated by our lab displayed no CPVT during 

ECG stress test (Fig. 24). Moreover, the Ex3-del heterozygous heart showed a dramatically 

reduced expression level of RyR2 (Fig. 25). Since the normal RyR2-WT expression is unlikely 

altered, the dramatically decreased RyR2 expression in Ex3-del heterozygous heart is likely due 

to the impaired expression of the Ex3-del mutant allele. In agreement with this anticipation, 
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conditional and specific KO of the RyR2-WT in heterozygous hearts resulted in marked 

reduction of RyR2 expression to a level that was nearly undetectable (Fig. 28). These 

observations suggest that a major portion of the RyR2 expressed in the Ex3-del heterozygous 

heart is contributed by RyR2-WT and only a small amount of mutant protein is expressed. The 

lack of CPVT and other phenotypes in Ex3-del heterozygous mice may be due to the comparably 

predominant expression of RyR2-WT. In this case, the Ex3-del heterozygous mice may resemble 

those heterozygous RyR2 KO mice. These KO mice exhibit no obvious structural and functional 

abnormalities in the heterozygous state while the homozygous mice are embryonically lethal 

[259]. Similarly, there are no Ex3-del homozygous mice, which suggests embryonic lethality. 

This observation is likely due to the dramatically low RyR2 expression and the dysfunction of 

the mutant RyR2 protein. 

Human Ex3-del heterozygous patients display a variety of clinical phenotypes including 

sinoatrial node dysfunction, atrial arrhythmias, atrioventricular block, atrial standstill, 

bradycardia, DCM, or left ventricular non-compaction in addition to CPVT. Unexpectedly, none 

of these phenotypes were observed in Ex3-del heterozygous mice. The comparably prominent 

expression of RyR2-WT may mask the effect of the mutant. Upon tamoxifen-induced reduction 

of RyR2 expression, iRyR2flox/Ex3-del mice exhibited bradycardia and early death (Fig. 26 and Fig. 

27). The exact reason for bradycardia and death is not clear. Bround et al. have shown that 

tamoxifen-induced, cardiac-specific KO of RyR2 is sufficient for bradycardia and death in mice 

[230]. Similarly, the KO of RyR2-WT in iRyR2flox/Ex3-del mice may directly cause bradycardia 

and death. Due to the dramatically reduced expression of the Ex3-del mutant, the functional 

contribution is low. Therefore, it is unlikely that the mutant is the key contributor to bradycardia 

and early death phenotypes. The cause of bradycardia and sudden death in human patients 
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requires more investigation as well. 

The cause of reduced Ex3-del mutant expression in this mouse model has yet to be 

determined. Interestingly, the mRNA level of the mutant is comparable to that of RyR2-WT in 

heterozygotes (data not shown). Therefore, it is likely that the translation and stability of the 

mutant protein is affected. The strategy of generation may affect the stability and turnover of the 

mutant protein in vivo. Further, there could be differences between species. The synthesis and 

degradation of the Ex3-del mutant protein may be different between humans and mice. More 

studies are needed to clarify the mechanism for the reduction in expression of RyR2.  

Among the human carriers, the phenotypes and severities also varied. Some patients 

displayed DCM, while others exhibited no structural abnormalities. Moreover, some patients 

demonstrated severe bradycardia, atrioventricular block, and atrial fibrillation while others only 

showed bradycardia [153, 154, 223, 260]. It is possible that the expression level of the mutant 

allele also varies in patients, contributing to the variable severities and phenotypes. 

Characterization of the RyR2 expression level in patients is required to test this possibility.  

Overall, the attempt to generate and characterize the exon-3 deletion mouse model was 

not successful due to the low expression of the mutant. Therefore, the phenotypes of Ex3-del 

mice resemble those of RyR2 KO mice. The low expression may be due to the sub-optimal 

strategy of generation or the differences in species. To solve this problem, a better generation 

strategy with less modification is required. 

6.2.3.2   R420W 

R420W is an ARVD2-associated RyR2 mutation located in the NH2-terminal region. 

Patients with this mutation exhibit infiltration of fat or even fiber in the right ventricular wall and 

stress-induced arrhythmia (such as CPVT) [166]. It is expected that the mouse model would 
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show similar phenotypes including CPVT, altered Ca2+ transient properties, and structural 

alterations of the right ventricle.  

However, the genotyping of mice in this strain was unexpectedly difficult using the 

traditional method and exhibited variations in results using the new method (Fig. 29E). Multiple 

approaches including PCR, exon sequencing and RT-PCR have been applied to determine the 

genotypes of the mice but none of them worked out consistently. Subsequently, all the studies 

have been performed blindly on these mice while tissue samples have been saved for future 

confirmation. Interestingly, a population of mice showed enhanced susceptibility to CPVT 

compared to the others that seemed to be similar to WT in ECG stress test (Fig. 30). The 

threshold for depolarization-induced Ca2+ transient alternans was also dramatically delayed in a 

population of mice compared to the others that looked like WT (Fig. 31 and Fig. 32). The 

exhibition of higher CPVT susceptibility and delayed depolarization-induced Ca2+ transient 

alternans both suggest that these mice may represent mutants with enhanced RyR2 activity [231, 

249]. Preliminary data have also shown that enhanced Ca2+ release termination promotes Ca2+ 

transient alternans (unpublished data). Therefore, the higher alternans threshold suggests that the 

termination may be delayed, which is consistent with the results obtained from HEK293 cell 

studies on RyR2-R420W [172]. The mice with enhanced CPVT susceptibility and delayed Ca2+ 

transient alternans were likely R420W heterozygotes. However, these speculations need to be 

verified with consistent genotyping results. 

The presence of two distinct populations and the characteristic phenotypes in one of them 

suggest that unlike the Ex3d-del mutant, the RyR2-R420W mutant may be properly expressed. 

In order to confirm the expression of RyR2-R420W and investigate the pathogenesis of ARVD2, 

immunoblotting, Ca2+ imaging and histological studies are required. 
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Due to the difficulties in genotyping, the mutant was lost after several cycles of breeding 

before any further studies could be done. The cause of the difficulty for genotyping is unclear. 

The generation of the KI mouse model involves insertion of the FRT sites flanking the neo gene 

(Fig. 29) that was removed afterward. There was no problem determining the genotypes of mice 

until the neo gene was removed. These observations suggest that the residual sequence after the 

removal of the neo gene together with the FRT sites may be responsible for the difficulty in 

genotyping. However, the expression of the mutant RyR2 seemed not to be affected according to 

the distinct phenotypes. A better approach would be to regenerate the KI mouse model without 

insertion of the FRT sites, such as the CRISPR-Cas approach [261]. The same approach could be 

applied for the regeneration of Ex3-del if necessary.  

In summary, the generation and characterization of the two mouse models harboring 

cardiomyopathy-associated RyR2 mutations have not been as successful as anticipated. The 

markedly reduced RyR2 expression in Ex3-del mice may be due to the extremely low expression 

of the mutant allele. Therefore, the phenotypes of the mutant were masked by the expression of 

RyR2-WT. Further, with the significantly lowered RyR2 expression, the Ex3-del heterozygous 

mice exhibited phenotypes like RyR2 KO mice. The R420W mouse model has provided some 

insights into the Ca2+ transient properties of RyR2 mutations with enhanced activity. However, 

these data are hard to interpret because there is no better way to determine the genotypes of mice 

used in these studies. The activation and termination of Ca2+ release in cardiomyocytes have not 

been assessed and no histological studies have been done to show the structural alteration of the 

heart.  

Though attempts to generate and characterize these two mouse models failed, it should be 

noted that KI mouse model is a feasible tool to study cardiac diseases and plenty of KI mouse 
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models have provided valuable information on disease mechanisms. The failure of both mouse 

models in the current studies could be due to difference in species and more likely, the 

generation process itself. The latter could be solved by regenerating KI mouse models using 

more advanced KI strategies with less alteration of the DNA sequence. Therefore, more 

explorations on KI mouse models are required to establish the definite connection between the 

altered cytosolic Ca2+ transient and pathogenesis of cardiomyopathies.  

6.3   Effect of CaM mutations on RyR2-mediated Ca2+ release termination 

CaM is a small regulatory protein with multiple protein targets including RyR2. It has 

been shown that CaM reduces the open probability of RyR2 at the single channel level in a Ca2+-

dependent manner [29].  

The role of CaM in the termination of Ca2+ release was first assessed by studying 

engineered mutations that alter the structure of the EF-hands and abolish Ca2+ binding. These 

mutations markedly impaired the inhibitory effect of CaM on RyR2 and delayed Ca2+ release 

termination, which means that the effect of CaM relies on the binding of Ca2+ [48]. Since each 

domain of CaM has a distinct affinity for Ca2+, mutations located in different domains may 

exhibit effects related to the disturbance of specific binding properties.  

Furthermore, it has been shown that CaM binds to RyR2 via the CaM-binding domain 

(Arg3581 – Pro3607) [135-138]. Deletion of this domain itself remarkably reduced termination 

threshold for SOICR. Moreover, the deletion is no longer responsive to the alteration by CaM-

WT or CaM mutations ([46, 136] and unpublished data). These results suggest that the effect of 

CaM on the termination of Ca2+ release is mainly RyR2-mediated instead of through other 

targets of CaM. These observations are consistent with the view that Ca2+-CaM binds to the 

CaM-binding domain of RyR2 and enhances the termination of Ca2+ release. 
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Recently a number of CaM mutations associated with cardiac arrhythmias have been 

discovered [47, 139, 232, 235-239]. Characterization of these mutations may provide valuable 

insights into the disease-causing mechanisms of CaM mutations. 

6.3.1   Arrhythmogenic CaM mutations 

CaM mutations have been associated with cardiac arrhythmias including LQTS, CPVT, 

CPVT/LQTS (both) and IVF [47, 139, 232, 235-239]. As the CPVT-associated RyR2 mutations 

show enhanced SOICR activity regarding activation of Ca2+ release with or without affecting 

termination, it is anticipated that the arrhythmogenic CaM mutations would exhibit similar 

effects on RyR2-mediated SR Ca2+ release with probably bigger alteration in the Ca2+ release 

termination threshold.  

Indeed, all the arrhythmogenic CaM mutations slightly reduced the activation threshold 

and more substantially decreased the termination threshold for SOICR. Most CPVT-associated 

CaM mutations decreased the activation threshold by ~4%, which is slightly larger compared to 

CaM mutations associated with other types of arrhythmias. The extent of decrease is not as 

dramatic as common CPVT-associated RyR2 mutations (~10% for R4496C [172]). Interestingly, 

the termination threshold of these mutations was more dramatically reduced compared to those 

RyR2 mutations (Fig. 35 and Fig. 36), which is distinct from common CPVT-associated RyR2 

mutations. Therefore, the resultant increased fractional Ca2+ release also contributes to the CPVT 

phenotype.  

The LQTS-associated CaM mutations decrease the termination threshold to a larger 

extent compared to other CaM mutations. Interestingly, four of the LQTS-associated mutations 

(CaM-D132H, D132V, D134H and E141G), mutations associated with both CPVT and LQTS 

(CaM-D132E and Q136P), and even one CPVT-associated mutation CaM-G133V,  more 
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dramatically reduced the termination threshold (to less than 40% of the store capacity) compared 

to the other mutations, resulting in a fractional Ca2+ release of ~60% of the maximum store (Fig. 

34, Fig. 35 and Fig. 36). These observations suggest that the markedly delayed termination and 

increased fractional Ca2+ release may be a common defect of LQTS-associated CaM mutations. 

Given the markedly reduced termination threshold, CaM-G133V may be also associated with 

LQTS. Further, LQTs-associated mutations CaM-D132H, D132V, D134H, and CPVT/LQTS 

associated mutations CaM-D132E and Q136P also significantly reduced the ER store capacity 

(Fig. 34 and Fig. 36), probably due to the constant loss of Ca2+ caused by less inhibitory effect of 

CaM on RyR2. Moreover, all these mutations are clustered in the fourth EF-hand of CaM (Fig. 

4), which plays an important role in the high affinity binding of Ca2+. Since the C-domain of 

CaM is involved in CaM binding to RyR2 at resting Ca2+, it may serve as an anchor of CaM 

binding to RyR2. With a Kd ~1 µM, the C-domain Ca2+ binding EF-hands are partially saturated 

at resting Ca2+, which means that they can sense further cytosolic Ca2+ increases and adjust Ca2+-

dependent CaM binding to RyR2 [134, 135]. Mutations in the fourth EF-hand may directly affect 

Ca2+ binding affinity and disrupt normal CaM binding to RyR2, causing less inhibitory effect. 

Therefore, those LQTS-associated mutations located in the fourth EF-hand would affect both the 

Ca2+ and RyR2 binding and decrease the inhibition on RyR2. How these alterations lead to 

LQTS is not known. It is possible that the increased fractional Ca2+ release results in alterations 

in electrogenic processes such as enhanced activity of NCX, which opposes the membrane 

repolarization and prolongs AP duration. 

Surprisingly, the IVF-associated mutation F90L also exhibited similar changes (Fig. 37) 

compared to other arrhythmogenic CaM mutations. It is hard to explain how the similar changes 

would lead to different types of arrhythmias. The effect of CaM mutations on RyR2-mediated 
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Ca2+ release termination is merely an aspect of the disease mechanism. More studies on other 

components of EC coupling are required. 

In summary, arrhythmogenic CaM mutations all enhance the RyR2 activity by reducing 

the activation and more substantially termination thresholds for SOICR. The LQTS-associated 

CaM mutations located in the fourth EF-hand motif exhibit characteristic alterations on the 

RyR2-mediated Ca2+ release. Other types of cardiac arrhythmias cannot be easily distinguished 

simply by looking at alterations in the RyR2-mediated Ca2+ release. The different cardiac 

functional consequences may be due to the contribution of other CaM targets.  

6.3.2   Newly discovered CaM variants 

A number of CaM variants have been discovered (from the ExAC database) with 

unknown phenotypes. Similar to those arrhythmogenic mutations, CaM-F17I, I28V, and A103T 

also subtly decreased the activation threshold and more significantly reduced the termination 

threshold though not as dramatic as those LQTS-associated mutations (Fig. 38). It would be 

interesting to investigate the phenotypes of these variants in human carriers, especially those 

mutations in the N-domain that have not been characterized before. On the contrary, CaM-I10T 

and V143L significantly increased the termination threshold compared to endogenous CaM but 

not when compared to transfected CaM-WT though there is a slight trend of increase (Fig. 38), 

suggesting that these mutations may be more effective in facilitating RyR2-mediated Ca2+ 

release termination.  

The most prominent effect of CaM on RyR2-mediated Ca2+ release observed in the 

present studies is the alteration of termination. Most of the arrhythmogenic CaM mutations 

reduced the termination threshold compared to CaM-WT, which can be viewed as suppression-

of-function mutations. It could be speculated that these CaM mutations are not as capable of 
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inhibiting the function of RyR2 as CaM-WT, thereby causing hyperactivity of RyR2 that result 

in cardiac arrhythmias. On the other hand, CaM-I10T and V143L enhanced the termination of 

RyR2-mediated Ca2+ release though not significant compared to CaM-WT. This enhanced 

inhibition can be used for the treatment of RyR2 mutations that exhibit delayed termination of 

Ca2+ release. Indeed, mouse hearts infected with the adenovirus containing the gain-of-function 

CaM variant have exhibited enhanced termination (unpublished data).  

Overall, CaM is a major modulator of RyR2-mediated Ca2+ release termination. CaM 

mutations which induce enhanced termination of RyR2-mediated Ca2+ release suggest a 

therapeutic strategy for the gain-of-function RyR2 in the future. 

6.4   Perspective and future direction 

6.4.1   Characterization of other NH2-terminal region disease mutations 

In the present study, only two disease mutations located in domain B of the NH2-terminal 

region have been characterized. Moreover, both mutations are associated with CPVT-only. Even 

though a number of other mutations have already been characterized [172], many CPVT- or 

cardiomyopathy-associated NH2-terminal region mutations remain to be assessed. Since the 

NH2-terminal region consists of three domains, characterization of the mutations located at the 

domain interfaces would verify the speculations on the functional significance of different 

domains and reveal the consequences of disturbing different interfaces. Studies on these 

mutations would provide more evidence on the role of the NH2-terminal region in the activation 

and termination of Ca2+ release. 

6.4.2   Generation and characterization of other mouse models harboring the 

cardiomyopathy-associated RyR2 mutations 

Results obtained from HEK293 cell studies suggest that the abnormal termination of 
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RyR2-mediated Ca2+ release is a major cause of the development of cardiomyopathy [172]. The 

next step would be linking this alteration to the defective Ca2+ homeostasis and eventually 

cardiomyopathy in vivo. Since KI mouse models are easy to manipulate and have provided 

valuable information on the mechanisms of cardiac arrhythmias, it should be a feasible approach 

to study the pathogeneses of cardiomyopathies. In the present study, two mouse models, each 

harboring one cardiomyopathy-associated RyR2 mutation, were generated. However, the Ex3-

del model exhibited an extremely low RyR2 expression level likely due to the reduced 

expression of the mutant, resulting in no phenotype mimicking human carriers. The RyR2-

R420W model displayed some potential defects but the results were hard to confirm and interpret 

and the mutant was eventually lost due to difficulties in genotyping. 

Since attempts in the present study to generate and characterize mouse model carrying 

cardiomyopathy-associated RyR2 mutations were not successful, more efforts should be devoted 

to the generation of new mouse models. In vivo cardiomyocyte studies would help build a solid 

link between altered Ca2+ release and the functional and structural remodeling consequences. 

Therefore, characterization of mouse models harboring the cardiomyopathy-associated RyR2 

mutations is a key step towards the understanding of how altered Ca2+ release termination would 

lead to cardiac remodeling and cardiomyopathies. 

6.4.3   Therapeutic strategies targeting Ca2+ release termination 

Since the Ca2+ release termination plays a pivotal role in the genesis of cardiac diseases 

and is regulated by a variety of modulators, it represents a promising target for the treatment of 

cardiomyopathies and other cardiac diseases. For patients with enhanced termination, drugs and 

modulators which lower the termination threshold would be beneficial, whereas, for patients with 

delayed termination, drugs and modulators that increase the termination threshold would offer 
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potential treatment. So far the effects of different drugs on RyR2-mediated Ca2+ release 

termination are not well characterized. Therefore, there is no currently available drug to 

specifically treat abnormal termination. However, the effects of some CaM mutations/variants on 

Ca2+ release termination have already been characterized and could be applied to correcting 

abnormal termination. These CaM mutations/variants can be introduced and expressed in 

patients using the adenovirus infection approach that has been applied in the treatment of several 

cardiac disease conditions [262-265].  

On the other hand, over- or under-correction of Ca2+ release termination is also disease-

causing. Some antiarrhythmic drugs have been shown to suppress the RyR2 activity, reducing 

SOICR and DADs. Patients with reduced SOICR activation threshold would benefit from these 

drugs [197]. However, these drugs may also affect the termination and fractional Ca2+ release. If 

the alteration in the fractional Ca2+ release is sustained for a period, it may eventually lead to 

cardiac remodeling and cardiomyopathies. Therefore, the effect of these drugs on Ca2+ release 

termination and fractional Ca2+ release need to be carefully examined and their application 

properly controlled. Similar concerns arise with therapeutic CaMs: the level of these CaMs in the 

body requires precise spatial and temporal control to achieve the therapeutic effect without 

disturbing Ca2+ homeostasis. 

6.5   Summary 

The present studies have demonstrated that the NH2-terminal region plays a critical role 

in the termination of Ca2+ release and that alterations in Ca2+ release termination are associated 

with disease conditions in the heart. Moreover, the termination of Ca2+ release can be regulated 

by a major modulator CaM. 

The NH2-terminal region consists of three distinct domains and interacts directly with the 
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central domain, which transmits the conformational changes of the NH2-terminal region during 

channel opening and closing to regulate the channel gating. Studies on the deletions of these 

domains revealed that domain A is responsible for Ca2+ release termination, domain B acts as the 

suppressor of the channel function and domain C governs channel expression and activation. 

Disease mutations in this region are mostly located at the domain interfaces, suggesting that the 

disturbance of interface stability is the disease-causing mechanism. Two CPVT-associated 

mutations located in domain B significantly enhance SOICR propensity by reducing the 

activation threshold. They also reduce the SOICR termination threshold. These results are 

consistent with the effects of deleting domain B. Therefore, the three domains in the NH2-

terminal region play distinct roles in channel function. The NH2-terminal region is a major 

determinant of RyR2 Ca2+ release termination. 

Enhanced activation of Ca2+ release is a common defect of CPVT-associated RyR2 

mutations while impaired termination is associated with the pathogenesis of cardiomyopathies. A 

definitive link between altered termination and altered cardiac Ca2+ homeostasis and in turn, 

development of cardiomyopathies has yet to be established. The two attempts to build this 

connection by generating and characterizing mouse models harboring cardiomyopathy-

associated RyR2 mutations have not been successful. The R420W mouse model has provided 

some information on CPVT susceptibility and altered cytosolic Ca2+ transients though these 

results need to be verified by consistent genotyping results. New models need to be generated to 

better connect the observations in HEK293 cell studies with phenotypes in cardiomyocytes. 

CaM is known to regulate the function of RyR2 by enhancing the termination of Ca2+ 

release. Characterized arrhythmogenic mutations all exhibit enhanced RyR2 activity with a 

delayed termination of Ca2+ release, which may suggest loss-of-function of CaM. On the other 
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hand, some mutations could enhance the termination of Ca2+ release to a greater extent though 

not significant compared to CaM-WT.  

Since the termination of Ca2+ release is critical for Ca2+ homeostasis, it is a promising 

therapeutic target for the treatment of multiple disease conditions. Moreover, the termination of 

Ca2+ release can be regulated by CaM, a major modulator of RyR2 activity. These findings 

suggest that modified modulators could also be used for the treatment of disorders associated 

with abnormal RyR2 activity. 

6.6   Limitations of current studies 

Most of the current studies were carried out in the HEK293 cell expression system. It is a 

system that is easy to manipulate by transfection and induction for the expression of the protein 

of interest, including RyR2, D1ER and CaM. Moreover, there is no endogenous expression of 

RyR2. Therefore, the RyR2 expressed in HEK293 cells results directly from the manipulation. 

CaM is endogenously expressed in HEK293 cells, but the expression level is low compared to 

the expression of exogenous CaM brought by transfection [139]. Therefore, the effect of 

different CaM mutations and variants can be revealed in the presence of relatively low level of 

endogenous CaM-WT.  

However, the HEK293 cells are not cardiac cells. As a result, they lack the major 

components of Ca2+ handling, such as L-type Ca2+ channels, CASQ and PLB. The positive side 

is that the study on RyR2 activity would be simplified without the involvement of other major 

contributors. The down side is that, because of the differences between HEK293 cells and 

cardiac cells, the effects observed in HEK293 cell may not necessarily be consistent with those 

in cardiac cells, and vice versa. Therefore, studies on animal models, such as KI mice harboring 

different mutations, are required to verify and advance the findings obtained from HEK293 cell 
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studies. 

Two KI mouse models were generated in the current studies and neither of them provided 

enough information to establish the link between altered cytosolic Ca2+ transient and 

cardiomyopathy. The Ex3-del KI mice reduced the RyR2 expression level, whereas the 

interpretation of data obtained from the RyR2-R420W KI mice is mostly speculative because of 

the genotyping problem. The dramatically low expression of Ex3-del mice could result from the 

KI strategy or differences in species while the difficulty in RyR2-R420W genotyping may result 

from the introduction of the FRT sites. Both suggest that the strategies for generating the KI 

mouse models are probably not optimal. A new approach with less alteration in DNA is required. 

For the next attempt to re-generate these two strain, CRISPR-Cas technology [261] could be 

applied to eliminate the possible problems brought by the insertion of the FRT sites.  
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