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Abstract

Aims: To gain insights into FKBP regulation of cardiac ryanodine receptor (RyR2) and Ca2+ 

signaling, we introduced the point mutation (N771D-RyR2) corresponding to skeletal muscle 

mutation (N760D-RyR1) associated with central core disease (CCD) via CRISPR/Cas9 gene-

editing in the RyR2 FKBP binding site expressed in human induced pluripotent stem cell-derived 

cardiomyocytes (hiPSC-CMs). Patients inflicted with CCD and other hereditary skeletal muscle 

diseases often show higher incidence of atrial or ventricular arrhythmias.

Methods and Results: Ca2+ imaging of voltage-clamped N771D-RyR2 mutant compared to 

WT hiPSC-CMs showed: (1) ~30% suppressed ICa with no significant changes in the gating 

kinetics of ICa; (2) 29% lower SR Ca2+ content and 33% lower RyR2 Ca2+ leak; (3) higher 

CICR gain and 30–35% increased efficiency of ICa-triggered Ca2+ release; (4) higher incidence 

of aberrant SR Ca2+ releases, DADs, and Ca2+ sparks; (5) no change in fractional Ca2+-release, 

action potential morphology, sensitivity to isoproterenol, and sarcomeric FKBP-binding pattern.
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Conclusions: The more frequent spontaneous Ca2+ releases and longer Ca2+ sparks underlie the 

increased incidence of DADs and cellular arrhythmogenesis of N771D-RyR2 mutant. The smaller 

RyR2 Ca2+ leak and SR content result from suppressed ICa that is compensated by higher CICR 

gain.
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1. INTRODUCTION

Ryanodine receptors are Ca2+ release channels of sarcoplasmic reticulum that mediate 

the skeletal and cardiac muscle excitation-contraction (EC) coupling. In cardiac myocytes, 

influx of Ca2+ through voltage-gated L-type Ca2+ channels trigger large releases of Ca2+ 

(Ca2+ induced Ca2+ release, CICR) from type-2 ryanodine receptors [1–5], that underlies 

development of Ca2+ sparks and Ca2+ stripes at sarcomeric z-lines of cardiomyocytes [6]. 

Ca2+ sparks also activate spontaneously from random openings of dyadic RyR2, under 

resting conditions, without activation of Ca2+ channels [7]. The frequency of spontaneous 

Ca2+ sparks appears to be enhanced when mutations in RyR2 [8] or calsequestrin [9] render 

them leaky to Ca2+, triggering often life-threatening arrhythmias [10, 11].

RyR2 is a homotetramer protein of ~5000 amino acids bounded by a number of accessory 

proteins (FKBP12.6, calmodulin, protein kinases and phosphatases) and small molecules 

(Ca2+, Mg2+) that affect its gating [12, 13]. The effects of FKBPs on regulation of RyR2 

gating are controversial as some reports show that FKBP12.6 associates with RyR2 with 

high affinity, promoting RyR2 closed channel state and stabilizing its function [14–16]. 

Supporting this idea, number of studies show that unbinding of FKBPs leads to leaky 

RyRs in pathologies of muscular dystrophy [17], sarcopenia [18], cardiac arrhythmias and 

heart failure [14, 19–21]. In this respect, overexpression of FKBP12.6, appears to counter 

arrhythmogenesis by reducing diastolic RyR2 Ca2+ leak and terminating spontaneous Ca2+ 
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release [22–25]. Other reports, however, suggest that although FKBP12 stabilizes RyR1, 

neither FKBP12.6 nor FKBP12 affect RyR2 function [26, 27]. There are also reports that 

FKBP binding destabilizes RyR function [28, 29]. Despite these apparently contradictory 

findings, pharmacological agents such as 1,4-benzothiazepine derivatives JTV519 and S107, 

that stabilize FKBP–RyR interaction improve RyR function [15, 20, 30, 31], and may have 

therapeutic potential.

In this study, we introduced a human skeletal muscle myopathy-associated mutation 

(N771D-RyR2, corresponding to skeletal muscle N760D-RyR1, (Yuchi et al., 2015) in the 

RyR2-FKBP binding site using CRISPR/Cas9 gene editing of hiPSCs [32] and characterized 

the Ca2+-signaling phenotype of mutant cardiomyocytes as compared to WT K3-line 

hiPSC-CMs. Although we found higher frequencies of aberrant SR Ca2+ release events 

and enhanced CICR gain in N771D mutants, the mutation did not increase diastolic RyR2 

Ca2+ leak or the frequency of spontaneous Ca2+ sparks, most likely because of significant 

suppression of ICa, resulting in lower SR Ca2+ content.

2. MATERIAL AND METHODS

2.1. Cell culture of human pluripotent stem cells and cardiac differentiation

Human pluripotent stem cells (hiPSC-K3) were obtained from Stephen Duncan at Medical 

University of South Carolina [33]. hiPSC-K3 were routinely cultured in StemFlex medium 

(GIBCO) on Vitronectin (GIBCO) coated tissue culture plates with daily media change at 37 

°C with 5% (vol/vol) CO2. Differentiation was performed following the protocols of Xiaojun 

Lian et al [34]. Briefly, dissociated hiPSCs were plated in 12 well plates with matrigel and 

then treated with 12 μM CHIR 99021, a GSK3β inhibitor for 24 h in RPMI/B-27 without 

insulin. 72 h after CHIR99021 treatment, 5 μM IWR-1, a wnt processing inhibitor, was 

added to culture with the same media for 48 h. After 48 h of continued culture in RPMI/

B-27 without insulin, the cells were maintained in RPMI/B-27 medium with insulin for the 

rest of the time.

2.2. Genome editing in hiPSCs

To introduce the human disease-associated N771D mutation located at the FKBP binding 

site of RyR2 in the hiPSC genome, we used CRISPR/Cas9 gene-editing technique according 

to the established protocol [32, 35]. Briefly, the target sequence (5’-

AGCATCTCGTTCCGAATTAA-3’) adjacent to Pam sequence in RYR2 gene exon21 (Fig. 

1A) was cloned into pX459 plasmid vector (Addgene). The plasmid was then transfected 

into WT hiPSC to express Cas9 exonuclease, which is guided by the target sequence and 

thereby digest the target site in the genome. N771D-RyR2 point mutation was introduced 

during homology-directed repair of the digested genome by co-transfection of single 

stranded oligo donor nucleotide (ssODN: 

5’TTTAGATCTGAGTGCCCCAAGCATCTCGTTCCGGATTGATGGACAACCTGTTCA

AG 

GAATGTTTGAGAATTTCAACATCGATGGCCTCTTCTTTCCAGTCGTTAGTTTCTCT

GC AGGAATAAAGTT -3’), carrying two mutations (underline); one is for N771D mutation 

and the other one is silent mutation (no amino acid change) but creates a new restriction 
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enzyme site (HpaII). Mutated locus in each single isolated cell colony was amplified by 

PCR, followed by the restriction digestion by HpaII to identified gene-edited colonies (Fig. 

1B). Correct gene-editing was verified by sequencing of PCR products from genomic DNA 

of mutated hiPSCs (Fig. 1C) and RT-PCR products from mRNA in the cardiac differentiated 

clones (not shown). We have established two N771D-RyR2 hiPSC clones, named #49–1 and 

#4–1. Both clones carry homozygous N771D mutation (Fig. 1C), while the clone #49–1 has 

homozygous HpaII site and the clone #4–1 is heterozygote (Fig. 1B and C). Quantitative RT-

PCR analysis of the differentiated hiPSC-CMs showed that RyR2 gene expression levels in 

three lines (WT, N771D #49–1, and N771D #4–1) were not significantly different (Fig. 1D). 

Unless otherwise mentioned, electrophysiology and calcium signaling data were obtained 

from mutant clone #49–1.

2.3. Quantitative RT-PCR

Total RNAs of hiPSC-CMs were extracted with TRIzol LS reagent (ambion, life technology) 

at day 40 after cell beating and reverse transcribed into cDNA. The cDNAs were 

synthesized from total RNAs by reverse transcription with Verso cDNA Synthesis Kit 

(Thermo Scientific). Quantitative PCR was performed using SYBR Green PCR Master Mix 

(Applied Biosystems, Thermo Fisher Scientific) in the CFX96 TOUCH qPCR instrument 

(Bio-Rad). The thermal profile for qPCR was 95 °C for 10 min, followed by 40 cycles 

of 95 °C for 15 s and 60 °C for 1 min. The RyR2 expressions were normalized to those 

obtained for the 18S expression levels in the same samples. Each cell line was run in 

3–4 different groups of cardiomyocytes, and each group is the average of 3–6 hiPSC-CM 

samples, which were differentiated from the same passage of hiPSC but in individually 

separated culture dishes. Primers for 18S are 5’-TAGAGGGACAAGTGGCGTTC-3′ 
(forward) and 5′-CGCTGAGCCAGTCAGTGT-3′ (reverse). Primers for RyR2 are 5’-

AAGGATGTGGGCTTCTTTCA-3’ (forward) and 5’-AGTTGCAGGAATCGGAAGAG-3’ 

(reverse).

2.4. hiPSC-CMs dissociation

The hiPSC-CM cell lines were grown in culture for 30–40 days before dissociating 

and re-plating for electrophysiological and Ca2+ imaging experiments. The mechanical 

dissociation of hiPSC-CM clusters into single cardiomyocytes was made according to 

following protocol: 1) Visualize spontaneously beating EBs under the microscope, and 

mechanically dissect them from the gelatin coated wells with a curved 23G needle. 2) 

Aspirate the dissected EBs with their original medium and transfer them to a 50ml test tube. 

3) Centrifuge the EBs suspension within the test tube at a rate of 1000 rpm for 5 min. 4) 

Resuspend the EBs in 10 ml of fresh medium and transfer them to a 15 ml test tube. 5) 

Centrifuge at a rate of 900 rpm for 2 min. 6) Wash the cells 3×with PBS (centrifuge between 

washings at a rate of 900 rpm for 2 min). 7) Add 5 ml of 1 mg/ml collagenase type IV 

solution (5mg collagenase IV-low Ca2+ solution) to the centrifuged washed cells. 8) Incubate 

the solution with EBs in 37°C bath for 5 min. 9) Incubate with rotator for additional 45 

min in 37°C. 10) Centrifuge at a rate of 1000 rpm for 5 min. 11) Resuspend cells in 3ml 

of resuspension solution. Incubate in 37°C for additional 15 min. 12) Centrifuge at a rate of 

1000 rpm for 5 min. Single hiPSC-CMs were then placed on fibronectin (2.5 μg/ml)-coated 
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glass coverslips of 6-well plates after collagenase B treatment, and then incubated for 36 

to72 h before their use in electrophysiological or Ca2+ imaging experiments.

2.5. Electrophysiological recordings

Whole-cell Ca2+ currents (ICa), action potentials, and caffeine induced INCX were recorded 

using the perforated-patch mode of the patch-clamp technique [36, 37], induced by 

amphotericin B (1mg/ml) [38, 39]. After waiting approximately 5–10 minutes, series 

resistance fell below 20 MΩ and tight seals (>1 GΩ) were achieved using an intracellular 

solution composed (in mM): 145 Glutamic Acid, 9 NaCl, 1 MgCl2 and 10 HEPES, pH 

7.2~7.3, adjust with CsOH. Cells were bathed in a Tyrode’s solution composed of (in mM): 

137 NaCl, 1 MgCl2, 2 CaCl2, 5.3 KCl, 10 glucose, and 10 HEPES.

In all experiments ICa was recorded at room temperature (22–25 °C) using a Dagan voltage-

clamp amplifier controlled by pClamp-9 software running on a personal computer. All 

other experiments that integrate the different sections of results were also done at similar 

controlled room temperature ~22–25 °C except the TIRF measurements of Ca2+ sparks 

that were carried out at warmer temperature of ~25–30 °C. Borosilicate patch pipettes with 

3–5 MΩ resistance were prepared using a horizontal pipette puller (Model P-87, Sutter 

Instruments, CA). The series resistance of patched cell was monitored until it decreased to < 

20 MΩ, after which the experiments were began. The liquid junction potential was corrected 

before seal formation.

In the ICa recordings, the holding potential was set at −40 mV in order to inactivate Na+ 

channels. ICa was activated by 100-ms depolarizing voltage pulses to 0 mV measured at 5 

s intervals. To measure fractional release, ICa was first activated using 100-ms depolarizing 

pulses to 0 mV followed by application of 5 or 20mM Caffeine during 1 second and then the 

generated calcium release transients and accompanying INCX were measured. The measured 

currents were filtered at 1 or 10 kHz, digitized at 10 or 100 kHz, and plotted and analyzed 

in terms of magnitude and time constants of their inactivation, using Graph Prism (GraphPad 

Corp., San Diego, CA, USA) and pCLAMP 9.0 software.

To measure membrane potential (Em) oscillations the current-clamp configuration of the 

patch-clamp technique was used. The holding potential was first set at −50 mV in voltage 

clamp mode, before the amplifier was shifted to the current-clamp mode, where zero 

current injection was indicated. Only cells with a tight seal and leak currents of < 5 

pA were used for experimental analysis [40]. Cell size was estimated from membrane 

capacitance measurements. This approach is particularly useful in hiPSC-CMs which have 

few membrane invaginations or t-tubular system at these stages of development [41, 42]. 

Note that earlier studies have shown a positive linear correlations between membrane 

capacitance and cell volume in cardiomyocytes of several species [43].

2.6. Fluorometric Ca2+ measurements in voltage-clamped cells

For short-term experiments (figures 2 to 5 and S4–S5), intracellular global Ca2+ signals 

triggered by ICa or caffeine were measured in single isolated beating hiPSC-CMs incubated 

for 25 minutes with Ca2+- indicator dye Fluo-4AM (1 μM, Invitrogen) at 37 °C and 5% 

CO2. SR Ca2+ Leak and load were calculated according to protocols already established 
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[44]. SR Ca2+ leak and load values in WT and N771D mutant hiPSC-CMs were obtained 

from changes of Ca2+-dependent fluorescence signal on rapid exposure to 1 mM tetracaine 

(Tet) followed by rapid application of caffeine. The SR was kept Ca2+ loaded by pacing 

at ~0.5–1.0 Hz in Tyrode’s solution, and then the solution was rapidly switched to 1 mM 

tetracaine (Tet) in zero Na+ and Ca2+ Tyrode’s solution, followed by 1s long application 

of 5 mM caffeine (Caff) in zero Na+ and Ca2+ Tyrode’s solution without tetracaine. For 

long-term experiments, (figures 6–8 and S1 to S3, S6 and S8), cytosolic Ca2+ signals 

were measured in WT and N771D mutant hiPSC-CMs, using the genetically engineered 

virally introduced biosensor GCaMP6 (Kd=200 nM, λex=488 nm). In figure 6, S6 and S8 

additionally, RyR2 Ca2+ μ-domains were monitored using the genetically engineered virally 

introduced biosensor GCaMP6-FKBP targeted to FKBP-12.6 (calstabin-2) binding site of 

RyR2 (Kd=250 nM, λex=488 nm). The GCaMP6 probes and Fluo-4M were excited at 

460 nm using a LED-based illuminator (Prismatix, Modiin Ilite, Israel) and Ca2+-dependent 

emitted light (>500nm) was detected with a photomultiplier tube using a Zeiss Axiovert 100 

TV inverted microscope. For both probes and dye the parameters quantified were the basal 

fluorescence (F0) and the peak of the Ca2+ transient (ΔF).

2.7. Cell staining and confocal microscopy imaging

Two weeks post cardiac differentiation, beating hiPSC-CMs were treated with fatty 

acids cocktail (BSA-bound fatty acids: 52.5 μM palmitate, 40.5 μM oleate, 22.5 μM 

linoleate, and 120 μM L-carnitine) for 2–3 weeks, drives hiPSC-CMs towards functionally 

and morphologically more mature state with a more developed sarcomeric pattern [45]. 

Cardiomyocytes were infected during 9 hours with adenovirus carrying the targeted genes 

(FKBP12.6-calstabin- linked to GCaMP6) and cell-staining for confocal imaging was 

performed after 48 hours in culture. hiPSC-CMs were fixed with 4% paraformaldehyde and 

mounted with ProLong™ Gold antifade reagent with DAPI. The cell-staining was visualized 

using Leica SP8 confocal microscope at 488 nm excitation (GCaMP6-FKBP) and 500–550 

nm emission.

2.8. Chemical products

Chemical as well as isoprenaline hydrochloride were purchased from Sigma (Sigma-

Aldrich, St Louise, MO, USA). Amphotericin B was acquired from Fisher Scientific 

(Pittsburgh, PA, USA). Stock solution of isoprenaline hydrochloride was prepared daily 

in deionized water and amphotericin B in DMSO. The inhibitor CHIR99021 was acquired 

from Selleckchem (Houston, TX, USA) and IWR1 from TOCRIS (Minneapolis, MN, USA), 

StemFlex, RPMI and B-27 culture mediums were purchased from ThermoFisher Scientific/

GIBCO (Grand Island, NY, USA).

2.9. Statistical analysis

Data are presented mainly as columns scatter plot, showing the individual data value of 

each cell together with the mean (large horizontal line) ± standard error of the mean (SEM, 

small horizontal line), presented in black or green color for the WT or N771D mutant 

hiPSC-CMs respectively. The number of cells and cultures are indicated in parentheses as (n, 

N). Paired or unpaired two-tailed Student’s t test was used to compare means according to 

the dependent or independent between the data set to compare. A P value equal or smaller 
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than 0.05 was selected as the limit of significance. Significance levels were indicated with an 

increasing number of asterisks (*P < 0.05, **P < 0.01, ***P < 0.001) and when not being 

significant by (n.s., P > 0.05). Data sets were tested for normality (Kolmogorov-Smirnov 

normality test), an assumption for the application of the Student’s t-test. To analyze ICa 

decay or tau inactivation of the ICa (τi) and the tau of clearance of the calcium transients 

(τCl), single exponential fits were applied to the decaying part of individual ICa or Ca2+ 

transients traces using a simplex optimization algorithm as follows: y = y0 + {1 − [Ai 

exp(− t / τi)]} where Ai represent the amplitudes of the ICa or the Ca2+ transient and τi 

represent the time constants of inactivation or clearance respectively. All statistical analysis 

was performed using GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA) and MS Excel 

(Microsoft, Redmond, WA).

3. RESULTS

3.1. Calcium current and Ca2+ transients in N771D mutants

Calcium currents were measured in 3 to 5 day hiPSC-CM cellular cultures (day zero 

corresponds to mechanical dissociation into single cells). N771D mutant hiPSC-CMs had 

the typical bell-shaped voltage dependence of ICa and Ca-transients (Fig. 2C) as the WT 

cells, with no significant differences in the activation threshold (~−40 to −30 mV), reversal 

potential (~ +50 mV), voltage at which ICa peaks (~ +0 mV) or the magnitude of calcium 

transients evoked by ICa (Fig. 2A, B and C). The gain of CICR (corrected for SR Ca2+ 

content) was, however, significantly enhanced in N771D mutants compared to WT cells 

Fig.2D. There was no significant difference in the inactivation kinetics of ICa: τi = 25.96 

± 3.75ms, n=34 cells in WT vs. τi = 28.18 ± 3.47 ms, n=41 cells in N771D mutant 

hiPSC-CMs (Fig. 3A, B and E). Cell size, estimated from membrane capacitance, was 

not significantly larger, in the N771D mutant (45.29 ± 4.06 pF vs. 37.08 ± 2.04 pF) than 

WT cells, Fig. 3C. However, normalizing ICa for cell size, revealed a smaller Ca2+ current 

density in N771D mutants (−5.13 ± 0.51 pA/pF vs. −7.068 ± 0.61 pA/pF, n=41 vs. n=34 

cells; Fig. 3A, B and D). Surprisingly, the magnitude of Ca-transients (0.45 ± 0.04 vs. 0.58 

± 0.06, n=41 vs. n=34 cells; Fig. 3A, B and F), its time-to-peak (169.7 ± 16.3 ms vs. 152.1 

± 12.56 ms, n=41 vs. n=34 cells; Fig. 3A, B and G) and its relaxation time (442.9 ± 31.3 ms 

vs. 487.2 ± 33.1 ms, n=41 vs. n=34 cells; Fig. 3A, B and H), activated by ~30% smaller ICa, 

were not significantly different than the WT cells.

Using depolarizing pulses to ~0mV followed by 1s-long puffs of 5mM caffeine, allowed 

quantification of SR Ca2+ content as compared to ICa-gated Ca2+ release, Fig. 4A & B. The 

integral of caffeine fluorescence signal, was 36.09 % smaller in N771D mutant compared 

to WT cells (1149 ± 134.2 vs. 1798 ± 210.4 V × ms, n=37 vs. n=34 cells; Fig. 4C). 

Consistent with the fluorescence measurements, the integral of INCX activated by caffeine-

triggered Ca2+ release was also reduced by ~30% in N771D mutants compared to WT 

cells (30033 ± 2188 vs. 42857 ± 2637 pA × ms, n=37 vs. n=34 cells; Fig. 4D), suggesting 

significantly smaller SR Ca2+ store in the mutant cells. Since N771D mutants show the 

same proportionate reduction in both SR Ca2+ release and SR Ca2+ content compared to 

WT cells, the fractional Ca2+ release (measured as the ratio of I - and caffeine-induced Ca2+ 

Ca release), remained about the same in both cell types (38.81 ± 2.57% vs. 44.62 ± 3.51 
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%, n=37 vs. n=34 cells; Fig. 4G). Considering the calcium current values were significantly 

lower in the mutants (~7pA vs. 5pA, Fig.4F) and Ca2+ content was smaller by ~30% 

(Fig.4C), the CICR gain or efficiency of calcium release appears to be significantly higher in 

mutant cells (10.01 ± 1.04 vs. 6.47 ± 0.52, n=37 vs. n=34 cells; Fig. 4H), suggesting that SR 

Ca2+ release was more effectively triggered by ICa in the N771D mutant cells.

Similar results were found with another clone (#4_1) of N771D mutant cells that also 

expressed significantly reduced ICa current density (−4.45 ± 0.44 pA/pF vs. −7.56 ± 0.80 

pA/pF in WT cells, n=23 vs. n=19 cells; Fig. S4A, B and F); smaller ~49% SR Ca2+ content 

(1756 ± 189 vs. 2625 ± 390 V × ms, n=23 vs. n=19 cells; Fig. S4C & D) and higher CICR 

gain (10.60 ± 0.96 vs. 4.63 ± 0.55, n=23 vs. n=19 cells; Fig. S4H).

3.2. RyR2 Ca2+ leak and SR Ca2+ load in WT and N771D mutant cells

To measure SR leak from RyR2, cells were super-perfused with 1mM tetracaine in 

zero Na+/zero Ca2+ solutions and the decrease in diastolic Ca2+ fluorescence levels was 

quantified as the SR Ca2+ leak (Fig. 5A, B). The Ca2+ content of SR, quantified from 

magnitude of Ca2+ transients triggered by 5mM caffeine, was not significantly different in 

N771D mutants compared to WT hiPSC-CMs (1.93 ± 0.12 vs. 2.02 ± 0.17, n=32 vs. n=24 

cells; Fig. 5A, B and D). Unexpectedly, however, the magnitude of RyR2 Ca2+ leak was 

smaller in the N771D mutants (0.27 ± 0.02 vs. 0.35 ± 0.02, n=32 vs. n=24 cells; Fig. 5A, 

B and C), especially when corrected for SR Ca2+ load (16.27 ± 1.39% vs. 21.76 ± 2.68%, 

n=32 vs. n=24 cells; Fig. 5E). Similarly, the second N771D mutant line (#4_1), also showed 

smaller RyR2 Ca2+ leak compared to WT cells (0.20 ± 0.01 vs. 0.32 ± 0.01, n=50 vs. n=47 

cells; Fig. S5).

Since the equivalent N760D-RyR1 mutation in skeletal muscle was reported to reduce 

FKBP binding to RyR1 by ~70% [49], we examined whether the N771D mutation in RyR2 

would similarly destabilize the FKBP binding to RyR2. RyR2 targeted GCaMP6-FKBP 

probe over-expression approach was used to address this issue, because previous studies 

had shown that such an approach resulted both in lower diastolic Ca2+ leak and reduced 

frequency of spontaneous SR Ca2+ releases in WT adult cardiomyocytes [22, 50, 51]. 

Figure 6 A–E, shows that the frequency of spontaneous SR Ca2+ release events were 

reduced by 49% in the N771D mutant hiPSC-CMs that were infected with RyR2 targeted 

GCaMP6-FKBP probe compared to cells infected with untargeted GCaMP6 probe (18 of 

31 cells infected with the GCaMP6-FKBP probe were silent or had event frequency < 

10 as compared to only 1 of 19 cells infected with the untargeted GCaMP6 probe), Fig. 

6E. These findings are consistent with previous studies suggesting that overexpression of 

FKBP via the GCaMP6-FKBP approach stabilizes RyR2 activity. Interestingly, increasing 

extracellular calcium to 5mM enhanced the frequency of spontaneous Ca2+ release events 

more effectively in N771D mutant cells expressing targeted GCaMP6-FKBP probe than in 

cells infected with the untargeted GCaMP6 probe (~ 130% vs. 33%, n=14 vs. n=8 cells; 

Fig. 6F–H), suggesting that FKBP12.6 continues to bind to N771D-RyR2 mutant and to 

lower the frequency of aberrant Ca2+ releases. In WT hiPSC-CMs, FKBP overexpression 

also reduced the frequency of spontaneous SR Ca2+ releases by 47% (Fig. S6, n=43 

cells). Consistent with this finding, the frequency of aberrant spontaneous Ca2+ releases 
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were higher in another N771D mutant clone (Fig. S8, see also Fig. 6 and Fig. 8 vs. Fig. 

S6, n=161 cells). Note that even though the frequency of aberrant releases was higher 

in mutant cells, their amplitude was unaffected in either mutant or wild type cells by 

FKBP (Fig. S8H, n=138 cells). The reduction in the aberrant spontaneous Ca2+ releases by 

FKBP in the mutant cells were supported by confocal structural studies showing that the 

characteristic striated pattern of RyR2 binding to FKBP12.6 remained mostly unaltered in 

N771D compared to WT hiPSC-CMs, Figure S7.

3.3. β-adrenergic modulation of ICa, spontaneous action potential and Ca-transients

We have already reported that submicromolar concentrations of isoproterenol (ISO) increase 

ICa significantly in WT hiPSC-CMs [46]. Fig. S1 shows that even though the density of ICa 

is significantly smaller in the N771D mutants compared to WT cells (−3.75 ± 0.60 pA/pF 

vs. −6.08 ± 0.84 pA/pF, n=6 vs. n=6 cells; panels A, B and C), ISO enhanced ICa by ~ 56 % 

in N771D mutants vs. ~ 37% in the WT hiPSC-CMs, (from −3.75 ± 0.60 pA/pF to −5.92 ± 

0.82 pA/pF, Fig. S1B and C, vs from −6.08 ± 0.84 pA/pF to −7.96 ± 1.54 pA/pF, Fig. S1A 

and C). Nevertheless, ISO appeared to be less effective in enhancing the calcium transients 

in N771D mutants, ~ 21% from 0.37 ± 0.07 ΔF/F0 to 0.45 ± 0.06 ΔF/F0, as compared to 

~47% in WT cells from 0.47 ± 0.07 ΔF/F0 to 0.64 ± 0.12 ΔF/F0, n=6 vs. n=6 cells; Fig. 

S1 C&D. These results suggest that although N771D mutants are more efficient in releasing 

calcium from SR compared to WT cells under control conditions (Fig. 4H), ISO-treatment 

failed to enhance further the efficiency of Ca2+ release in N771D mutants compared to WT 

cells (Fig. S1D).

Detailed analysis of the action potentials parameters (AP amplitude, duration, spike rise-

time, spike decay-time, after hyperpolarization amplitude, Fig 7) did not show significant 

differences between the action potential parameters of the two cell types, either in control 

or ISO-treated cells (Fig. 7C and data not shown). N771D mutants expressed, however, 

APs with lower spike decay times (Fig. 7D) and more hyperpolarized resting membrane 

potentials (−52.68 ± 1.92 mV vs. −61.38 ± 2.45 mV, n=6 vs. n=11 cells; Fig. 7E). There 

were also no significant differences in the calcium transients triggered by APs in the two 

cell types or in ISO-treated cells (Fig. 7C and data not shown). N771D mutant cells showed 

a higher frequency of occurrence of delayed afterdepolarizations (DADs) (7 of 11 cells vs. 

only 1 of 6 in the WT cells). The aberrancies in the membrane potential (Fig.7A and B, 

red arrows) mostly appeared in phase 4 of the APs (Fig.7A and B, blue arrows), as noted 

in arrhythmogenesis of patients with heart disease [47, 48]. Acute 20 second applications of 

500nM ISO increased the frequency of spontaneous beating that ranged between 5–1.0 Hz 

in control solutions, by ~ 20–30 % in both WT (Fig. S2A, C and D) and N771D mutants 

(Fig. S2B, C and D). The diastolic and systolic Ca2+ levels remained similar and were not 

significantly changed by ISO (Fig. S2A, B, E and F).

3.4. Aberrant spontaneous Ca2+ releases in WT and N771D mutant hiPSC-CMs.

Long-duration voltage clamp pulses (35s at −50mVs) were used to record the frequency 

of spontaneously occurring calcium release events. The cells were first subjected to trains 

of depolarizing pulses that activated ICa and triggered Ca2+ release transients (Fig. 8A and 

B). Interspersed between the regularly triggered calcium transients, smaller spontaneous 
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SR Ca2+ release events (Fig. 8B, red arrows) activating INCX (Fig. 8B, blue arrows) were 

often recorded. The frequency of these spontaneous Ca2+ release events and the number 

of cells expressing them were significantly higher in the N771D mutant hiPSC-CMs, Fig 

8C, consistent with enhanced proclivity to arrhythmogenesis of cells expressing N771D 

mutation. Note, that although the number of spontaneously occurring Ca2+ sparks were 

similar (14.65 ± 2.00 vs. 19.09 ± 2.82 or 16.86 ± 1.43 sparks/s, n=13 vs. n=17 or n=11 cells; 

Fig. 8D and F) in both clones of N771D mutants and WT cells, the spark durations were 

consistently longer by ~46% in mutant myocytes, (54.73 ± 2.43 vs. 80.21 ± 2.75 ms in the 

N771D, n=13 vs. n=17 cells; Fig. 8G), consistent with the higher frequency of DADs (Fig.7) 

and aberrant Ca2+ releases (Fig.8 A, B and C; red arrows).

4. DISCUSSION

4.1. Ca2+ signaling consequences of FKBP-RyR2 binding site mutation in hiPSC-CMs

The major finding of this report is that introduction of N771D-RyR2 mutation in hPSC-CMs 

increased CICR gain, the frequency of DADs, and spontaneous SR calcium releases, and 

proclivity to arrhythmogenesis, while decreasing unexpectedly ICa, the diastolic RyR2 Ca2+ 

leak, and SR Ca2+ content. It is likely that the suppressed ICa was responsible for both 

the lower SR Ca2+ content and decreased SR leak. The suppressed ICa in the face of 

increased CICR gain in human FKBP mutant cardiomyocytes may have resulted from a 

cellular calcium compensatory mechanism that regulates the expression of calcium handling 

proteins to maintain the cellular Ca2+ homeostasis (67, 68), somewhat similar to suppression 

of ICa reported in NCX deleted mice (67). The lower SR Ca2+ content of mutant cells 

resulting from ~30% lower ICa density (3D, & 4F), could also have obscured or masked 

the enhanced SR Ca2+ leak and been responsible for lower diastolic RyR2 Ca2+ leak 

[3, 52, 53]. It is, therefore, reasonable to conclude that mutant cells express an emptier 

SR because of suppressed Ca2+ influx through L-type calcium channels (Fig. 4D). The 

suppression of aberrant Ca2+ releases in FKBP overexpressed mutant cells (Fig. 6 and Fig. 

S8), also suggests that FKBP12.6 must still bind to RyR2 in mutant cells, as reported in 

adult cardiomyocytes [22, 50, 51]. Lack of significant distortion in sarcomeric striation 

patterns of targeted FKBP-GCaMP6 confocal images of N771D mutant compared to WT 

hiPSC-CMs (Fig. S7), also supports the idea that unlike the mutation in skeletal muscle 

(N760D-RyR1), the equivalent mutation in RyR2 does not greatly distort FKBP binding to 

RyR2. Since the corresponding skeletal muscle mutation (residue N760D-RyR1) had been 

shown to alter RyR1 folding and FKBP binding to RyR1 [49], it was reasonable to have 

expected that corresponding RyR2-N771D mutation would similarly cause conformational 

changes in the residues that bind FKBP, altering its binding to RyR2 and destabilizing its 

activity [14–16, 26–29], and functionally increasing RyR2 Ca2+ leak. It appears, however, 

that cellular compensatory mechanism activated by a destabilized FKBP binding to RyR2 

counteracted this process, most likely by activating transcription factors that downregulate 

the expression of calcium channels that result in lower SR Ca2+load and mask the higher 

leakiness of RyR2.

Alternatively, the observed higher CICR gain, increased DAD and aberrant Ca2+ release 

frequency (Figs. 4, 6, 7, 8 & S8) in RyR2-N771D mutant cells could have resulted from 
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sensitization of RyR2 to luminal Ca2+ [54–56] or even enhanced mitochondrial contribution 

to cytosolic Ca2+ [57]. The faster relaxation of Ca2+ transients in the N771D mutants 

compared to WT cells expressing GCaMP6 (Fig. S6F and S8F) or GCaMP6-FKBP (Fig. 

S6F), as well as confocal images of asymmetric distribution of mitochondria in cytosolic 

spaces in the N771D mutants as compared to diffuse distribution of mitochondria in 

WT hiPSC-CMs (Fig. S9), might also reflect differential role of mitochondrial calcium 

transporters in the two sets of cells [58, 59].

4.2. Suppressed ICa but enhanced CICR gain in N771D mutant

The enhanced EC coupling gain in mutant cells, despite their ~30% suppressed calcium 

channel currents (Figs. 3, S4) may have resulted from decreased redundancy of calcium 

channels to trigger SR Ca2+ release, in a manner similar to activation of GTPase “Rad” 

regulating the trafficking of L-type β subunit to the cell membrane [65]. The enhanced 

EC-coupling gain in N771D-RyR2 mutant are also consistent with findings in myo-tubes 

from patients with dominant CCD RYR1 mutations showing increased excitation-coupled 

Ca2+ entry, providing further support for the possibility that pathological dysregulation of 

Ca2+ homeostasis is not only caused by aberrancies of RyR1 Ca2+ release, but also by 

altered Ca2+ influx through L-type Ca2+ channels [66]. We speculate that enhanced RyR2 

Ca2+sensitivity to release Ca2+ and resultant CICR gain activate cellular transcription factors 

that regulate Ca2+ homeostasis to compensate for FKBP RyR2 destabilization by down 

regulating the L-type calcium channels, which results in observed lower SR Ca2+ content 

and SR Ca2+ leak. Similar compensatory mechanisms of increased CICR gain and reduced 

ICa were reported for NCX deleted myocytes to maintain Ca2+ homeostasis [67]. It is likely 

that activation of CaMKII and Ca-calmodulin-dependent phosphatase calcineurin pathways 

that regulate the expression of membrane Ca2+ channels and transporters mediates this 

process [68, 69].

4.3. β-adrenergic regulation of CICR and SR Ca2+ store in N771D mutant cells

The enhancement in ICa-triggered Ca2+-transients in presence of ISO were modest in N771D 

mutants, and not significantly different from those of WT cells (~ 36% in WT vs. ~ 21% in 

the N771D mutant; Fig. S1D). Similarly, the chronotropic effects of ISO were negligible as 

evaluated by measurements of rate of spontaneous beating or altered AP morphology (Fig. 

7C, S2C). We also checked whether the SR Ca2+ load was differentially enhanced by ISO 

in the two cell types, but found only modest (~16%) enhancement of the SR Ca2+ load in 

N771D mutants as compared to WT cells (Fig. S3A, C). This modest but directional effect 

on the SR Ca2+ content in the N771D mutant cells maybe be due to the observed emptier SR 

Ca2+ content in basal conditions [52, 60].

4.4. Pathophysiological consequences of N771D mutation

We created N771D-RyR2 mutation to investigate the role of FKBP in cardiac calcium 

signaling because the parallel N760D-RyR1 mutation that associates with CCD in patients 

[61], reduces FKBP binding to RyR1-SPRY1 domain by~75% [49]. Athough there are no 

reports of cardiac pathology associated with this mutation, it is not inconceivable that future 

studies could identify a low-incidence arrhythmia as reported recently for I784F-RyR2 

variant, in the same RyR2-SPRY1 domain near the N771D-RyR2 mutation, that produces 
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lethal ventricular tachycardia [62]. Interestingly, somewhat similar to our findings, cellular 

calcium imaging of this mutation also show reduced SR Ca2+ content with higher propensity 

for spontaneous Ca2+ oscillations at rest. Even though we confirmed the higher frequencies 

of DADs and aberrant Ca2+ releases in both N771D-RyR2 mutant lines (#49_1, #4_1), 

we did not find a higher RyR2 Ca2+ leak that generally associates with arrhythmogenic 

calcium release conditions, most likely because the low SR Ca2+ content of N771D mutants 

may have “obscured” the higher SR Ca2+ leak, it can be extrapolated from model of 

Shannon et al. [44]. Consistent with the stabilizing role of FKBP12.6, we confirmed that its 

over-expression significantly suppressed the aberrant Ca2+ releases, suggesting that FKBP 

is still regulating RyR2 in N771D mutant (Fig. 6 and S8). The lower room temperatures 

used in our study may alternatively explain these divergent results, as calcium homeostasis 

in excitable cells is highly temperature dependent [63, 64].

4.5. Conclusion

The effects of FKBPs on RyR2 gating and its role in pathologies of muscular dystrophy, 

sarcopenia, cardiac arrhythmias and heart failure regulation are somewhat controversial. 

Our data showing higher frequency of aberrant calcium releases, longer spontaneous Ca2+ 

sparks, and greater efficiency of EC-coupling in N771D-RyR2 mutant cardiomyocytes 

support the observed higher proclivity to arrhythmogenesis, despite the suppressed ICa and 

smaller SR Ca2+ leak. The failure to observe the higher SR Ca2+ leakiness, predicted by 

earlier studies showing destabilization of FKBP binding, most likely are caused by novel 

effect of this mutation on suppressing ICa that results in lower SR Ca2+ content and masks 

the enhanced SR Ca2+ leakiness.
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LIST OF ABBREVIATIONS

APs action potentials

[Ca2+]i intracellular calcium-concentration
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CCD central core disease

CICR calcium-induced calcium release

DADs delayed afterdepolarizations

EADs early afterdepolarizations

GCaMP6 cytosolic-targeted Ca2+ biosensor

hiPSC-CMs human induced pluripotent stem cell-derived cardiomyocytes

ICa calcium current

ISO Isoproterenol

MH malignant hyperthermia

RYR ryanodine receptor

SR sarcoplasmic reticulum
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Highlights

• CRISPR/Cas9 gene-editing at the RyR2 FKBP binding site (N771D-RyR2) in 

hiPSC-CMs.

• The parallel skeletal mutation (N760D-RyR1) is related to CCD and 

arrhythmogenesis.

• The N771D-RyR2 mutation induced cellular arrhythmogenesis.

• Calcium signaling from N771D-RyR2 show suppressed ICa, SR Ca2+ content 

and leak.
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Fig. 1.- Panel A, schematic for CRISPR/Cas9 gene-editing of RYR2 exon 21 in hiPSC.
RYR2 gene is digested by Cas9 exonuclease at the target sequence. During homology 

directed repair two mutations are introduced; a mutation introducing N771D amino acid 

substitution and a mutation creating HpaII restriction site but not causing amino acid change. 

Panel B, the targeted locus of the genome was amplified by PCR, followed by restriction 

digestion by HpaII. The PCR product is 387 bp, and PCR product with mutations is digested 

into two smaller fragments (276bp and 111bp) by HpaII. Panel C, sequencing of PCR 

products amplified from the targeted RYR2 gene locus showed two mutations, verifying 

correct gene-editing by CRISPR/Cas9. Both clones carry homozygous N771D mutation. 

The clone #49–1 has homozygous HpaII site, while the clone #4–1 shows heterozygous 

restriction site, which is consistent with the restriction digestion pattern in panel B. Panel D, 

quantification of RyR2 transcription levels in wild-type (WT) and two N771D hiPSC-CMs 

(n=3–4) by quantitative RT-PCR. Data are mean ± SEM. RyR2 transcription levels are not 

significantly different among three lines by one-way ANOVA.
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Fig. 2.- Voltage-dependent inward current study carried by 2mM Ca2+ through L-type calcium 
channel in WT and N771D mutant hiPSC-CMs.
Panels A and B show in the left and right depolarization-activated whole-cell currents from 

WT and N771D hiPSC-CMs cell lines respectively obtained by 10 mV step depolarizations 

of 100 ms duration from −50 mV to +60 mV with a holding potential of −50 mV. Panel 

C include in the bottom I-V relationship curves for 2 mM extracellular Ca2+, plotted with 

the average values of the ICa (mean) and the SEM for each voltage, in black or green 

colors assigned to the WT and the N771D mutant; the corresponding calcium transients 

evoked by the voltage depolarizations are shown at the top. Panel D plotted the CICR gain 

voltage-dependent relationship curve estimated how the relative increase in fluorescence 

elicited by the voltage depolarization pulses and normalized with respect to cell size and SR 

Ca2+ content values described in the manuscript. The number of cells (n) and the number 

of different cultures conducted to obtain these data (N) are indicated in parentheses as (n, 

N). Data were presented as the mean ± SEM in this figure. * p<0.05; n.s., not significant by 

unpaired two-tailed Student’s t-test in this figure.
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Fig. 3.- Calcium current and SR Ca2+ release comparison induced by voltage depolarization 
pulses in WT and N771D mutant hiPSC-CMs.
Panels A and B show examples of original traces of calcium currents (above) and cytosolic 

calcium transients (below) obtained from two different WT and N771D mutant hiPSC-CMs 

respectively, activated by 100 ms depolarization from −40 mV to 0 mV, exhibiting the 

clearance rates of the calcium transient in red color (τCl). Panel C plotted the cell size 

values, estimated from membrane capacitance measurements, and panels D and E ICa 

parameters as density of the ICa peak and inactivation tau constant of the ICa (τi) obtained 

from WT (black circles) and N771D mutant (green squares) hiPSC-CMs. Panels F-H exhibit 

in scatter plots the parameters of calcium release from SR such as the magnitude (panel 

F), activation time (panel G) and clearance (panel H) of the cytosolic calcium transients. 

Cytosolic calcium transient clearance values are a measure extrapolated to SR SERCA2a 

activity. The number of cells (n) and the number of different cultures conducted to obtain 

these data (N) are indicated in parentheses as (n, N). Data were presented as the mean ± 

SEM in this figure. *P < 0.05; n.s., not significant; by unpaired two-tailed Student’s t-test in 

this figure.
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Fig. 4.- Magnitude and efficiency of the calcium-induced calcium release (CICR) from SR in WT 
and N771D mutant of hiPSC-CMs.
Panels A and B show representative original records of ICa, INCX (above) and Ca2+ signals 

triggered by ICa or 5mM Caffeine (below) in WT and N771D mutant of hiPSC-CMs 

respectively. Panel C show the SR Ca2+ content expressed as the integral of the fluorescence 

area under the calcium transient curve evoked by a saturating concentration of 5 mM 

caffeine. Panel D plotted the activity of the sodium-calcium exchanger to clearance the 

cytosolic calcium released by the caffeine pulse, measured as the integral of electric charge 

under the INCX curve, an another way to measure indirectly the SR Ca2+ content. In panel E 

we presented the average values of diastolic Ca2+ measured how the basal fluorescence (F0). 

Efficiency (fractional release, panel G) was calculated as the ratio of the ICa-triggered Ca2+ 

transient [ΔF/F0 (ICa)], between the amplitude of the Ca2+ transient generated by application 

of 1 second 5mM Caffeine [ΔF/F0 (Caffeine)]. Panel F plotted the average values of density 

of ICa peak and note how this parameter is significantly smaller in the N771D mutant, 

consequently the parameter which represent the magnitude of Gain (panel H), normalized 

respect to the density of the ICa, are significantly higher in the N771D mutant hiPSC-CMs. 

The number of cells (n) and the number of different cultures conducted to obtain these data 

(N) are indicated in parentheses as (n, N) in panel C. Data were presented as the mean ± 

SEM in this figure. *P < 0.05; **p<0.01; n.s., not significant, compared to WT by unpaired 

two-tailed Student’s t-test in this figure.
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Fig. 5.- SR Ca2+ leak and load in WT and N771D mutant hiPSC-CMs.
Panels A and B show representative time courses of normalized Ca2+-dependent 

fluorescence changes after rapid exposure to 1 mM tetracaine (Tet) followed by application 

of 5 mM caffeine (Caff) in zero Na+ and Ca2+ Tyrode’s solution. Panel D exhibit quantified 

SR Ca2+ load levels at zero Na+ and Ca2+ conditions. Panel C and E show quantified 

SR Ca2+ leak levels and normalized to the SR store size respectively for the WT and the 

N771D mutant hiPSC-CMs. The number of cells (n) and the number of different cultures 

conducted to obtain these data (N) are indicated in parentheses as (n, N) in panel C. Data 

were presented as the mean ± SEM in this figure. n.s., not significant; *P <0.05; compared 

to WT by unpaired two-tailed Student’s t-test in this figure.
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Fig. 6.- Spontaneous SR Ca2+ release modulation by FKBP12.6.
Panels A and B show two cell examples (treated with 2 and 5 mM extracellular Ca2+) 

of voltage clamp pulses from N771D hiPSC-CMs that were infected with the global 

GCaMP6 and local GCaMP6-FKBP probes respectively to measure the cytosolic and RyR2 

μ-domains calcium concentration respectively, Original traces show ICa induced by voltage-

depolarizing pulse trains forming 7 intervals between the voltage depolarization of 5 s each 

(above, 0.2 Hz) and its corresponding calcium signals (below). Throughout each of the 7 

voltage depolarization intervals, between the calcium transients induced by ICa we found 

frequent spontaneous SR Ca2+ release events of small magnitude which can activate the 

Na+/Ca2+ exchanger. Panel C and D show in scatter plots the number of spontaneous Ca2+ 

release events found from each cell studied in each of the 7 intervals. The red or blue 

colors refer to cells treated with GCaMP6 or GCaMP6-FKBP respectively in all cases, with 

light or dark colors for 2 or 5 mM extracellular Ca2+. Panel E plotted the total number of 
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spontaneous Ca2+ release events found over the 35s of full recording for every single cell 

studied. In panels C-E we show the frequency of events found only in cells subjected to 

extracellular 2 mM Ca2+ control condition, while panels F-H show the results of the group 

of cells where we studied the effect of extracellular 5 mM Ca2+ in the spontaneous Ca2+ 

release events. Panel I plotted the amplitude of every single spontaneous Ca2+ release event 

from all cells studied with at least 3 events in total while in the panel J each plotted point 

represents the mean value of all the events from each cells studied. Panel K show the effect 

of 5 mM extracellular Ca2+ in the amplitude of single spontaneous Ca2+ release events. Data 

are mean ± SEM. The number of cells (n) and the number of different cultures (N) are 

indicated as (n, N) with the exception of panels I and K which represent the total number 

of individual spontaneous Ca2+ release events and the number of cells from which they 

were obtained. n.s., not significant; *P <0.05; **P<0.01; ***P<0.001, compared to 5 mM 

extracellular Ca2+ condition or GCaMP6 FKBP by unpaired two-tailed Student’s t-test in 

this figure.
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Fig. 7.- β-adrenergic regulation and measurement of the action potential parameters from WT 
and N771D mutant hiPSC-CMs.
Panels A and B show representative original traces of spontaneous APs (below) 

simultaneously recorded with the induced cytosolic Ca2+ fluctuations (above) in the WT 

and N771D mutant hiPSC-CMs respectively. APs were recorded under the current-clamp 

mode of the perforated patch-clamp technique with a holding current of zero, allowing 

the amplifier to act as a voltage follower and measure the actual membrane potential. 

Isoprenaline 500 nM was perfused during 20 seconds between the initial 20 seconds of 

2 mM Ca2+ Tyrode control condition and another 20 seconds of ISO washout. Note how 

during simultaneous recording under control, ISO and ISO washout conditions, delayed 

after depolarizations (DADs) were occasionally observed (red arrows) along with their 

corresponding cytosolic Ca2+ transients (blue arrows). Panel C exhibit individual original 

examples of APs and spontaneous Ca2+ release events with the ISO and control condition 

superimposed. In order to make the figure less complex panels D to E display only the two 

scatter plots of eleven APs parameters studied that show significant differences (spike decay 

time and resting membrane potential) with WT and N771D mutant hiPSC-CMs represented 

by circles or squares respectively (gray circles and light green squares show the effect of 

ISO). The number of action potentials (n) and the number of cells conducted to obtain these 

data (N) are indicated in parentheses as (n, N) in panel D. Data were presented as the mean 

± SEM in this figure. n.s., not significant; *P <0.05; compared to WT by unpaired two-tailed 

Student’s t-test in this figure.
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Fig. 8.- Spontaneous Ca2+ release from SR in WT and N771D mutant hiPSC-CMs.
Panels A and B present original records of consecutive ICa induced by voltage-depolarizing 

pulse trains (above, 0.2 Hz) and its corresponding cytosolic calcium transients (below) for 

the WT (black traces) and N771D mutant (green traces) hiPSC-CMs; between the calcium 

transients induced by ICa we found very frequent spontaneous SR Ca2+ release events of 

small magnitude (red arrows) which can activate the Na+/Ca2+ exchanger (blue arrows). 

Panel C plotted the frequency of spontaneous SR Ca2+ release events for the WT and 

N771D mutant hiPSC-CMs with the ratio of cells that present these events indicated in 

red brackets. Panels D and E show time courses of spontaneous Ca2+ sparks recorded 

in two single cells of WT and N771D mutant hiPSC-CMs. Note the higher number of 

these events in N771D mutant hiPSC-CMs (panel D). The time course of normalized Ca2+ 

sparks recorded at different color code regions (pane E). Panel F and G show the frequency 

of spontaneous Ca2+ sparks and a frequency histogram of the spark duration at its half 
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maximum respectively for WT and the two different clones of N771D mutant hiPSC-CMs 

studied. ROI: Color coded regions of interest corresponding to locations of Ca2+ sparks. 

TIRF images of Ca2+ sparks correspond to the Ca2+ fluorescence changes in the panels. 

Ca2+ sparks were recorded at 60–70 Hz. The number of cells that present spontaneous SR 

Ca2+ release events (n) and the number of total cells studied (N) are indicated with the 

red parentheses as (n, N) in panel C. The number of spontaneous Ca2+ sparks analyzed is 

indicated as (n) in panel G for WT and the two clones of N771D mutant hiPSC-CMs. Data 

were presented as the mean ± SEM in this figure. **P<0.01, compared to WT by unpaired 

two-tailed Student’s t-test in this figure.
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