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Point mutations in RyR2 Ca**-binding residues of
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Aims CRISPR/Cas9 gene edits of cardiac ryanodine receptor (RyR2) in human-induced pluripotent stem cell derived cardiomyocytes
(hiPSC-CMs) provide a novel platform for introducing mutations in RyR2 Ca?*-binding residues and examining the resulting exci-
tation contraction (EC)-coupling remodelling consequences.

Methods Ca**-signalling phenotypes of mutations in RyR2 Ca**-binding site residues associated with cardiac arrhythmia (RyR2-Q3925E) or

and results not proven to cause cardiac pathology (RyR2-E3848A) were determined using lc,- and caffeine-triggered Ca®* releases in voltage-
clamped and total internal reflection fluorescence-imaged wild type and mutant cardiomyocytes infected with sarcoplasmic reticu-
lum (SR)-targeted ER-GCaMPé6 probe. (i) Ic,. and caffeine-triggered Fura-2 or ER-GCaMPé signals were suppressed, even when Ic,
was significantly enhanced in Q3925E and E3848A mutant cardiomyocytes; (ii) spontaneous beating (Fura-2 Ca* transients) per-
sisted in mutant cells without the SR-release signals; (i) while 5-20 mM caffeine failed to trigger Ca*"-release in voltage-clamped
mutant cells, only ~20% to ~70% of intact myocytes responded respectively to caffeine; (iv) and 20 mM caffeine transients, how-
ever, activated slowly, were delayed, and variably suppressed by 2-APB, FCCP, or ruthenium red.

Conclusion Mutating RyR2 Ca**-binding residues, irrespective of their reported pathogenesis, suppressed both |c,- and caffeine-triggered Ca**
releases, suggesting interaction between Ca®'- and caffeine-binding sites. Enhanced transmembrane calcium influx and remodelling
of EC-coupling pathways may underlie the persistence of spontaneous beating in Ca**-induced Ca”* release-suppressed mutant
myocytes.
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1. Introduction

Ryanodine receptor (RyR2) is the Ca®" release channel of cardiac sarcoplas-
mic reticulum (SR) that provides the major fraction of calcium for contrac-
tion."™ Cryo-electron microscopy (EM) and three-dimensional image
analysis of RyR1 have revealed the near-atomic resolution structure of
the protein, identifying also the putative Ca®*-, ATP-, and caffeine-binding
sites.® Later structural analysis of RyR2 have also shown that the putative-
binding sites for these three ligands were preserved in RyR2.® The RyR2
Ca®"-binding site is formed by interaction of carboxylate side chains of resi-
dues corresponding to those of RyR1: E3848 (3893 in RyR1) and E3922
(3967 in RyR1) in the core solenoid and the backbone carbonyl of T4931
(5001 in RyR1) in carboxyl-terminal domain. Two additional amino acids
in the core solenoid, H3850 (H3895 in RyR1) and Q3925 (3970 in
RyR1), co-ordinate the Ca®* sphere and serve as indirect binding residues,
Figure 1A.>® Functional studies of the recombinant mutant RyR proteins in
HEK293 cells provide support for the proposed Ca2+—binding site structure,
showing that point mutations in all five residues alter calcium-dependent ac-
tivation of RyR2.27 Among the five amino acid residues of the Ca**-binding
site, only glutamine substitution by glutamate, Q3925E, is reported to as-
sociate with arrhythmogenic pathology.'®'" There are no reports yet that
mutation of any other Ca®*-binding site residues associates with CPVT1
or sudden cardiac death, but [*H]ryanodine-binding assay with the recom-
binant RyR expressed in HEK293 cells carrying the Ca*-binding site muta-
tion E3848A shows diminished Ca®" activation of RyR2 and suppressed
caffeine-induced Ca** release. It has also been reported that Q3925E mu-
tation completely abolishes store overload-induced Ca®' release and re-
duces significantly caffeine activation of RyR2 in HEK293 cells."? In silico
mutagenesis analyses based on the RyR1 Ca”*-binding site, where the de-
tailed Cryo-EM mapping is available, show that while mutations on E3848
site reduce Ca** binding, Q3925 mutations retain Ca*" binding.">"* These
results are consistent with the scheme where E3848 is direct Ca**-binding
residue while Q3925 serves as an indirect binding site. Nevertheless, muta-
tions of either residue was reported to impair Ca”" activation of the recom-
binant RyRs expressed in HEK293 cells?

Although the heterologous HEK293 cell expression system has pro-
vided considerable insight into structure/function of RyR, this platform

Ca?* binding site residues mutations

does not express all the cardiac calcium signalling pathways of mammalian
heart and as such is unlikely to show possible mutation-induced remodel-
ling of EC-coupling. Since our earlier studies had shown remarkable simi-
larity between Ca®" signalling parameters of human stem cell derived
cardiomyocytes (hiPSC-CMs) and adult or neonatal mammalian cardio-
myocytes,>'® we chose hiPSC-CM:s to investigate the effects of point mu-
tations in RyR2 calcium-binding site, using CRSPR/Cas9 gene editing. We
compared the effects of two specific point mutations in the calcium-binding
pocket on cardiac EC-coupling, one associated with sudden cardiac death
(Q3925E)"%"" and the other (E3848A) not yet known for relevance
with cardiac pathology. We also measured directly the RyR2-mediated
Ca**-release from the SR in mutant and wild type (WT) myocytes by in-
fecting them with a genetically targeted SR probe (ER-GCaMPé)'” and
monitored simultaneously the cytosolic rise in calcium using Fura-2 probe.
The aberrancies in calcium signalling of the two mutations were similar.
Both mutant lines derived cardiomyocytes had suppressed lc,- and
caffeine-triggered Ca®* releases despite no change or enhanced Ic,.
Unexpectedly, spontaneous, at times arrhythmic, Fura-2 monitored Ca**
transients persisted in mutant cells, but such Fura-2 transients were un-
accompanied by the SR calcium release signals, consistent with greatly sup-
pressed Ca®*-induced Ca®* release (CICR), suggesting a shift (remodelling)
of calcium signalling pathway to one dominated by influx of calcium
through the channel and/or Ca** release from other cellular Ca** pools.

2. Methods

2.1 Maintenance of undifferentiated
hiPSC lines

Human-induced pluripotent stem cells K3 line'® was provided from
Duncan lab at Medical University of South Carolina and used as the WT
cell line as described in previous publications."”* Undifferentiated
hiPSCs were maintained in StemFlex medium (Gibco) on Vitronectin
(Gibco) coated 60 mm culture dishes at 37°C with 5% CO,. The culture
medium was replaced every 2 days and hiPSCs were passaged with
Accutase (Thermo Fisher) every 4-6 days. A total of 10 uM Y-27632
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Figure 1 Introduction of Q3925E and E3848A mutation in RYR2 gene of hiPSC. (A) The cartoon shows cryo-electron microgram of the Ca®'- and caffeine-
binding sites in RyR. Ca*-binding sites of skeletal RyR1 are formed essentially by five amino acid residues. Three corresponding RyR2 amino acid residues,
E3848, E3922, and T4931 directly bind to Ca”*, while H3850 and Q3925 are part of a secondary co-ordination sphere of Ca**. Structural data (PDB accession:
5TAL) are presented by Chimera program.7 (B) Top, schematic of gene editing. Q3925E mutation (CAG to GAG) and a restriction enzyme site Rsal guide
sequence was designed to target the Exon87 of RYR2 in the hiPSCs. Bottom, sequencing of the mutated locus in the homozygote showed two mutations
(*). One is RyR2 mutation and the other one does not change amino acid but creates restriction enzyme site. (C) Top, E3848A mutation (GAG to GCG)
and the restriction enzyme site silent mutation were designed to target Exon85. Bottom, sequencing of the mutated locus in the homozygote showed
two mutations (¥). One is RyR2 mutation and the other one does not change amino acid but creates restriction enzyme site. (D) The gel images show
PCR analysis of the Q3925E and E3848A homozygous mutants. The gene-edited regions of genomic DNA were amplified by PCR, and then digested by re-
striction enzyme. (E) Quantification of RyR2 transcription levels in WT and the two mutant hiPSC-CMs by quantitative RT-PCR. n = 4-5 differentiations. Data
are shown as mean + SEM. RyR2 transcription levels are not significantly difference between WT and mutant cells by one-way ANOVA. (F) Quantification of
IPsR2, PLN and SERCA2a transcription levels in WT and the two mutant hiPSC-CMs (n = 4-6) by quantitative RT-PCR. Data are shown as mean + SEM.
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*P < 0.05 vs. WT by Student’s t-test (P =0.018), but not significant by one-way ANOVA.

ROCK inhibitor (Tocris) was added in the culture media for 24 h after each
passage.

2.2 CRISPR/Cas9 genome editing in hiPSCs

CRISPR/Cas9 gene-editing technique was applied to introduce RyR2 muta-
tion Q3925E into hiPSC genome as described before.?’ See supplementary
materials online for detailed method.

2.3 Differentiation of hiPSCs into functional

cardiomyocytes
CRISPR/Cas9 gene-edited Q3925E and E3848A hiPSCs were differen-

tiated into cardiomyocytes by using the standard protocol (activate and
block Wt signalling) as described previously. >

2.4 Quantitative RT-PCR

Total RNAs of WT and mutant hiPSC-CMs were extracted with TRIzol LS
reagent (Ambion, Life Technologies) and then purified by RNeasy kit
(Qiagen). The cDNAs were synthesized from total RNAs by reverse tran-
scription with Verso cDNA Synthesis Kit (Thermo Scientific). See supple-
mentary method for detailed protocol and supplementary material online,
Table S1 for the primers.

2.5 Western blot

hiPSC-CMs monolayers were collected and washed three times with cold
DPBS, then omogenized for 15 min in ice-cold RIPA buffer (Thermo
Scientific) containing protease inhibitor cocktail (Thermo Scientific).

Protein lysates were obtained after centrifugation at 12 000 g for 15 min
at 4°C. BCA Assay Kit (Thermo Scientific) was used to measure the pro-
tein concentrations. WT and Q3925E mutant proteins (16 pg/lane) were
separated on 4—15% precast polyacrylamide gels (Bio-Rad) and transferred
overnight to polyvinylidene difluoride membranes. A total of 3% BSA was
used to block the membranes at room temperature for 1 h followed by
overnight incubation at 4°C with primary antibodies: anti-Ryanodine
Receptor Monoclonal Antibody (C3-33) (1:1000, Thermo Scientific) and
anti-GAPDH (D16H11) (1:1000, Cell Signaling Technology) as control.

The membranes were then incubated in the appropriate horseradish
peroxidase-conjugated secondary antibody solution for 1 h at room tempera-
ture. Detection of bound antibody was performed using the SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Scientific). All experiments
were repeated four times (n =4).

2.6 Measurements of ca’* transients and

sparks

hiPSC-CMs were dissociated using 10 X TrypLE™ Select enzyme (Gibco)
and plated on vitronectin coated 25 mm glass coverslips and allowed to re-
cover in culture medium for at least 3 days prior to imaging. Cells were in-
cubated in 1 M of Fluo-4 AM containing solution for 30 min and imaged
using a multicolour total internal reflection fluorescence (TIRF) imaging
system (Leica Microsystems, Buffalo Grove, IL).*? An argon ion laser was
used for excitation of Fluo-4 and ER-GCaMPé6 at 488 nm and the fluores-
cence emission was measured at 502-548 nm. When using Fura-2 fluores-
cence, cells were excited at 405 nm and emitted fluorescence was
measured at 420-470 nm. Ca®" transients and sparks were recorded
at 60-80 Hz with a depth of penetration of 110-150 nm to focus
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primarily on the sub-sarcolemmal Ca?* release. Sparks data were exported
and analysed with Leica LAS X and a computerized algorithm described
previously.”?

2.7 Electrophysiology
Membrane currents of WT and mutant hiPSC-CMs were recorded at
30-32°C using the whole cell mode of patch clamp technique, employing a
Dagan amplifier and pClamp software (Clampex 10.6). See supplementary
materiala online for detailed method.

2.8 ER-GCaMPé6 Ca** probe

ER-GCaMP6-150 cDNA plasmid'” (#86918) was purchased from
Addgene (Watertown, MA). Adenovirus carrying ER-GCaMP6-150 was
produced by Vector Biosystems Inc. (Malvern, PA). Some 24-48 h after
plating the hiPSC-CMs on 25 mm coverslips, the cells were infected
by a solution containing ER-GCaMPé adenovirus containing (MOI) of
300-500 virus particles per cell (vp/cell).>* After 68 h, the virus medium
was removed, and cells were supplemented with B27+ medium and kept in
the incubator at 37°C and 5% CO, until their use between 48 and 72 h
post-infection.

2.9 Immunostaining

WT and mutant cells from 2—-5-months old were dissociated and plated
onto matrigel-coated coverslips. Next day, cells were infected by a solution
containing FKBP-GCaMPé adenovirus containing (MOI) of 300-500 vp/
cell. Three days after FKBP-GCaMPé6 infection, cells were stained with
anti-Myosin Light Chain 2 (MYL2) antibody (Abcam, Cat. No. ab79935).
See supplementary materials online for detailed method.

2.10 Statistical analysis

Results are indicated as the means + SEM. Comparative analysis was deter-
mined using one-way analysis of variance (ANOVA) followed by Tukey’s
test or Student’s t-test. Significant differences are labelled with one
(*¥P < 0.05) or two asterisks (¥**P < 0.01). Origin 8 (OriginLab) was used
to obtain statistical values.

3. Results

3.1 Creation of Q3925E and E3848A

mutant lines

Figure 1B shows the design to introduce Q3925E mutation (CAG to GAG)
and the silent mutation (TAT to TAC) that create a Rsal restriction enzyme
site, in RYR2 Exon87. Genomic DNA of the gene-edited locus was ampli-
fied by PCR, followed by restriction digest by Rsal. The full-size PCR prod-
uct was 319 bp. In the heterozygous (Het) mutant, the PCR products were
partially digested by the enzyme (see Supplementary material online,
Figure S1B). In the homozygous (Hom) mutant the PCR product was fully
digested into two fragments of 193 and 126 bp (Figure 1D). The accuracy of
gene edits and the resultant mutations were confirmed by sequencing of
the PCR products. Figure 1B shows that the homozygous mutant carries
the Q3925E mutation in both gene alleles, while in the heterozygote mu-
tants only one gene allele carries the mutation, Supplementary material
online, Figure STA. Figure 1C similarly shows the glutamate to alanine muta-
tion (GAG to GCG) and the silent mutation that creates BstUI restriction
site in RyR2 Exon85. Sequencing result in Figure 1C shows that the E3848A
mutation is expressed in both gene alleles of RyR2, where PCR product
amplified from the mutation locus of genomic DNA was completely
restriction digested by BstUl into 329 and 163 bp (Figure 1D). We also
confirmed both Q3925E and E3848A RyR2 mutations by sequencing the
RT—PCR products amplified from total RNA of the beating hiPSC-derived
cardiomyocytes (data not shown). Our RT-PCR and sequencing results of
two homozygous Q3925E mutant lines and one heterozygous mutant line
showed one possible splice variant lacking the entire exon87, but E3848A

mutants showed no splicing variant at the exon85/intron85-86 boundary.
To eliminate possible off-targeting effects, we established two homozygous
Q3925E and two E3848A lines. One of the E3848A clone is homozygous,
and the other clone had one allele that carried the mutation, while the
other allele had one nucleotide deletion resulting in reading frameshift,
thereby expression of non-functional RyR2 subunit. We also analysed pos-
sible chances for off-targeting effects by two programs (http:/crispor-.tefor.
net/ and https:/cm.jefferson.edu/Off-Spotter/) but found relatively low
chances for off-targeting mutations by CRISPR gene edit for both muta-
tions (see Supplementary material online, Table S2).

3.2 Quantitative PCR and western blot

analysis of RyR2 expression

Quantitative PCR and western blot were used to detect the mRNA and
protein levels of RyR2 in WT and mutant hiPSC-CMs. Total RNA and pro-
tein levels were measured around Day 40 after the initiation of spontan-
eous beating. We used a pair of 83F and 85R primers amplifies RyR2
cDNA regardless of existence of a splicing variant lacking entire exon 87,
whereas a pair of 87F and 88R does not amplify the cDNA from the splicing
variant. Quantitative RT-PCR analyses showed that the expression level of
RyR2 messenger RNA in Q3925E and E3848A mutant hiPSC-CMs were
essentially the same as WT cells, Figure 1E. RyR2 protein levels as deter-
mined by western blot also showed no significant differences between
WT and Q3925E mutant groups (see Supplementary material online,
Figure S1C). We also tested the mRNA expression of other Ca®* handling
genes. Quantitative RT-PCR analyses of phospholamban (PLN) and
SERCA2a mRNA in Q3925E and E3848A mutant hiPSC-CMs were com-
parable to WT, Figure 1F. The expression level of IP3R2 messenger RNA in
Q3925E was lower as compared to WT, Figure 1F. However, the threshold
cycles (CT) values for IP3R2 are 30-32 for WT, 29.5-33 for E3848A, and
33-35 for Q3925E, suggesting relatively poor expression of IP3R2.

3.3 L-type Ca®* current and CICR in Q3925E
and E3848A homozygous mutant

cardiomyocytes
To confirm that our WT and mutant cardiomyocytes were mostly of atrial/
ventricular origins, we infected the cells with FKBP-GCaMP6>% and then
stained them with anti-Myosin Light Chain 2 antibody, Supplementary
material online, Figure S2. Since MYL2 is specifically expressed in ventricular
tissue, > the representative cell images shown in Supplementary material
online, Figure S2, showing strong expression of MYL2 with sarcomeric pat-
tern of FKBP, confirm that most of our cells were of ventricular origins.
L-type Ca®" current and their triggered Ca®" transients were measured in
WT and mutant hiPSC-CMs dialyzed with pipette solutions containing
0.1 mM Fluo4 penta-potassium salt and 0.1 mM EGTA plus 0.3 mM Ca**
using TIRF-imaged whole-cell voltage-clamped cells. Cardiomyocytes were
either depolarized from —50 to O mV to activate I, or repolarized from
+100 to —50 mV that activated e, tail currents triggering Ca®* transients.
Because I, tail-current protocol deactivates the channel rapidly, this proto-
col minimized the contribution of transmembrane influx of Ca>* through the
channel to the global Ca®* transients (Figure 2A). We consistently found lar-
ger rises of cytosolic calcium with depolarizing pulses to zero compared to
repolarizing pulses that activate |, fully but deactivate it rapidly at =50 mV,
(Figure 2B—E). Peak I, current densities in cardiomyocytes differentiated
from two different homozygous Q3925E mutant lines were slightly larger
than in WT cells, averaging: —9.99 + 0.66 pA/pF (n = 38) in the first homo-
zygous line (Figure 2D) and —11.45 + 1.04 pA/pF (n=27) in the second
homozygous line (see Supplementary material online, Figure S3D) as com-
pared to —8.57 +0.61 pA/pF in WT (n=45). There was also consistent
slowing in the kinetics of inactivation of |, in mutant cells, Figure 2F, which
contributes to enhanced transmembrane influx of calcium, see also Figure 3B.
In cardiomyocytes from two E3848A mutant lines peak I, current dens-
ities were not significantly enhanced, (averaging about —8.46 + 0.56, n =35
and —9.70 +0.67, n=32), but I,-triggered Ca* transients were greatly
suppressed in both Q3925E and E3848A homozygous lines, Figure 2B—E
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Figure 2 Simultaneous measurements of L-type Ca®" currents and I,-induced Ca®" transients in whole cell patch clamped WT, Q3925E, and E3848A
homozygous mutant hiPSC-CMs. (A—C) Representative traces of |, currents and I -induced Ca®" transients recorded at depolarizations to zero mV (left
traces) and repolarization from +100 mV to —50 mV (right traces) in WT and mutant hiPSC-CMs. (D) Quantification of I, density and lc,-triggered Ca*
transients (AF/Fp) in WT and mutant hiPSC-CMs. n =45, 38, and 35 for WT, Q3925E, and E3848A, respectively. (E) |, tail currents and tail currents triggered
Ca?* transients in WT and mutant hiPSC-CMs were quantified. Top, n =45, 36, and 34 for WT, Q3925E, and E3848A. Bottom, n =29, 36, and 25 for WT,
Q3925E, and E3848A. (F) Quantification of time constants (in ms) of inactivation of |, (Tau) in WT and mutant hiPSC-CMs. n =45, 38, and 34 for WT,
Q3925E, and E3848A. A total of 0.1 mM Fluo-4 salt was dialyzed through patch pipet. Data are shown as scatter dots with mean + SEM. **P < 0.01 vs.

WT by one-way ANOVA followed by Tukey’s test.

and Supplementary material online, Figure S3B—E. Heterozygous Q3925E
mutant cardiomyocytes also had significantly suppressed lc,-induced Ca?
release, Supplementary material online, Figure S1D. Quantitative comparison
of I,-triggered Ca®" release in both heterozygous and homozygous lines
of E3848A and Q3925E suggests that mutation of either residue of RyR2
Ca®"-binding site, irrespective of their established association with cardio-
myopathy, greatly impairs CICR.

3.4 Spontaneous focal calcium releases in
Q3925E mutant cells

To test the effects of Ca2+-binding site mutation on focal Ca%* releases, we
measured the morphology and the frequency of spontaneously igniting
Ca** sparks in WT, Q3925E, and E3848A mutant cells. It should be noted
that most mutant cells failed to show spontaneously igniting calcium sparks,
consistent with greatly suppressed CICR shown in Figure 2. Nevertheless,
we were able to measure spontaneously igniting Ca>" sparks in 7 out of
100 Q3925E and 3 out of 100 E3848A cells and quantify their morphology
and frequency. Supplementary material online, Figure S4 shows that spontan-
eously triggered Ca®" sparks were brief, less frequent, ignited rapidly, and
decayed slowly in Q3925E hiPSC-CMs compared to WT cells. Sparks
frequency was significantly suppressed in both Q3925E and E3848A,
Supplementary material online, Figure S4D. The histogram of spark duration,
measured at half-maximum amplitude, averaged 56.97 +1.77 ms in WT
cells vs. 66.73 +5.6 ms in Q3925E-homozygote and 46.67 +4.85 ms in
E3848A-homozygote, Supplementary material online, Figure S4E.

3.5 ER-GCaMP6 targeted SR probe signals in
WT and mutant myocytes.

To quantify possible contribution of different sources of cellular calcium to
lca- Or caffeine-triggered Ca®" transients in mutant myocytes, whole cell
clamped myocytes infected with genetically engineered ER/SR localized cal-
cium probe (ER-GCaMP$), and dialyzed with Fura-2, were subjected to
puffs of caffeine and step depolarizing pulses that activated |c,. Figure 3A
and C show a large rise of cytosolic Ca** (Fura-2 signal) and significant de-
crease in simultaneously measured SR calcium content on activation of I,
or application of 5 mM caffeine in WT cells. In either Q3925E or E3848A
mutant myocytes activation of a large I, (Figure 3A and B), comparable to
WT cells, though causing a significant rise in cytosolic Ca®* (Fura-2 signal),
failed to activate significant SR Ca®* release signals. The significant rise in
cytosolic calcium (Fura-2 signal), triggered by I, in both Q3925E and
E3848A mutant cells, results most likely from enhanced transmembrane
influx of calcium through the channel as reflected in the measurements
of integral of Ca®" current, Figure 3B. Similarly, 5 mM caffeine that activated
a large rise in Fura-2 signal, generating a large Incx, and SR calcium release
signal (ER-GCaMPé6 signal, Figure 3C and D) in WT cells, failed to trigger ei-
ther significant Fura-2 signal and Incx, or activate an SR calcium release sig-
nal in mutant cells, consistent with mutation-induced suppression of CICR.

Inaset of WT and mutant cells that were not spontaneously beating, trains
of depolarizing pulses from —50 to OmVs were applied to activate
|co-triggered rise of cytosolic Ca®* (Fura-2 signal) and the accompanying SR
calcium release signals (ER-GCaMPé6 signals). Figure 4A shows that application
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Figure 3 Simultaneous measurements of L-type Ca®* currents, l,-induced Ca®* transients, and caffeine-induced Ca* by Fura-2 and ER-GCamP6 in whole
cell patch clamped WT, Q3925E, and E3848A mutant hiPSC-CM:s. (A) Representative traces of I, currents (black), l,-induced cytosolic Ca** transients (blue),
and SR Ca®" release (green) recorded at depolarizations to zero mV in WT and mutant hiPSC-CMs. (B) Quantification of I, current integrals (black) and
|c,-triggered Ca®" release measured by Fura-2 (blue) and ER-GCaMP6 (green) in WT and mutant cells. n=12, 9, and 9 for WT, Q3925E, and E3848A,
respectively. (C) Representative traces of caffeine-induced cytosolic (blue) Ca*" rise and SR (green) Ca?" release and Incx (black) in WT and mutant cells.
(D) Quantification of caffeine-triggered Inycx and Ca®" release measured by Fura-2 and ER-GCaMPé. n=11, 8, and 7 for WT, Q3925E, and E3848A,
respectively. *P < 0.05 vs. WT, #*P < 0.01 vs. WT by one-way ANOVA followed by Tukey’s test. “*P < 0.01 vs. EA.

of train of depolarizing pulses followed by application of 5 mM caffeine trig-
gered both transient increases in cytosolic calcium (Fura-2) and release of cal-
cium from the SR (ER-GCaMPé6 signal) in WT cells that activated also
significant Na*/Ca®* exchange current, Iycx. Similar trains of depolarizing
pulses in either Q3925E or E3848A mutant cells, though activating
|ca-triggered Fura-2 transients, failed to trigger either |,- or caffeine-triggered
ER-GCaMPé signals (Figure 4B—D). The significant rise in the cytosolic calcium
(Fura-2 signal) is likely to be caused by the larger (50—-100%) and slower influx
of transmembrane calcium in the mutant cells, Figure 4D. These finding sug-
gest that E3848A and Q3925E mutant myocytes have significantly suppressed
CICR and decreased caffeine sensitivity.

3.6 Spontaneous beating in intact WT and

mutant cells

We were surprised to find that the beating frequencies of mutant cardiomyo-
cytes monolayers in culture media were not significantly different than those of
WT cells. In isolated cardiomyocytes, however, while WT cells maintained
constant beating rates, the mutant cells had mostly arrhythmic and variable
beating rates, with individual calcium transients having variable durations and

amplitudes. Figure 5 compares the spontaneously activating calcium transients
measured with both the SR and cytosolic probes in one WT and two Q3925E
and two E3848A mutant cells. Most unexpected was that both mutant cell
lines continued to beat spontaneously and mostly arrhythmically activating
Fura-2 signals, but failed to generate significant SR calcium release signals,
Figure 5B and C, consistent with their greatly suppressed CICR (Figure 2).

To identify the source of cytosolic Ca®* signal that persists in absence of
ER Ca®" release signal, the cells were exposure to 200 uM CdCl,, 1 uM ni-
fedipine or 10 pM cyclopiazonic acid (CPA), SERCA inhibitor.?”*® Cd**
and nifedipine consistently blocked the spontaneous beating in both WT
and mutant cells, while CPA suppressed only the spontaneous ER Ca*" re-
lease in WT myocytes without significantly affecting the cytosolic spontan-
eously triggered Ca* transients in both WT and mutant cells, Figure 6.

3.7 Ca?" content of SR in WT and Q3925E or
E3848A mutant myocytes

Since |c,-triggered Ca®" releases were significantly suppressed in both mu-
tant lines, we tested whether the suppression was caused by a decrease in
SR calcium content, using 5 and 20 mM caffeine or 1 mM 4-CmC (another
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Figure 4 Simultaneous measurement of SR and cyotosolic Ca®" triggered by lc, train and caffeine in patch clamped WT, Q3925E, and E3848A cells. (A-C)
The time course of cellular Ca®* transients (blue), SR Ca>* release (green), and |, and caffeine stimulated Iycx traces (black) in WT and mutant cells. Cells were
stimulated by depolarization at 0.2 Hz (pulse train) and then triggered by caffeine for 1 s. Enlarged green traces show SR Ca®* releases. Enlarged black traces
show the |, trace from the pulse train. (D) Quantization of I, density and |,-triggered Ca*' releases measured by Fura-2 and ER-GCaMP6 in WT and mutant
cells. n=7, 9, and 6 for WT, Q3925E, and E3848A, respectively. *P < 0.05 vs. WT, **P < 0.01 vs. WT by one-way ANOVA followed by Tukey’s test.

RyR2 agonist). In this set of experiments, a large number of single intact
WT and mutant cells were subjected to the two drugs. In WT cardiomyo-
cytes 5 or 20 mM caffeine produced equivalent, about two-fold, increase in
cytosolic calcium, Figure 7A, D, and E, (n = 64 cells). In sharp contrast, in mu-
tant cells 5 mM caffeine-triggered calcium release was mostly smaller in
E3848A cells and was present in only ~ 20% of cells (25/128 of Q3925E
mutant, and 9/43 of E3848A mutant) as compared to ~70% of cells with
20 mM caffeine (compare Figure 7D and E). Even though 95% of E3848A
cells responded to 20 mM caffeine, the amplitudes of such Ca®* transients
were significantly smaller than those of control cells. The 20 mM caffeine-
triggered rise in cytosolic Ca®* in both mutants were also greatly delayed,
had significantly slower rate of rise, and developed often at the end of 1 s
long caffeine pulses, and their rate of rise were greatly slowed as compared
to WT cardiomyocytes (time-to-peak Ca* rise increasing from 0.25 to
1.0's, Figure 7B, C, and F).

Application of 1.0 mM 4-CmC in WT cells similarly triggered about two-
fold increase in cytosolic calcium (compare Figure 7H, D, and E). In mutant
cells, however, even though 4-CmC triggered somewhat smaller calcium
transients, there was no significant difference in the time to peak of Ca**
release as compared to WT cells, Figure 7H. 4-CmC induced Ca®" release
in E3848A mutant were similarly smaller compared to WT or Q3925E mu-
tant, Figure 7H. Thus, the cumulative data from intact cells, using 4-CmC
and caffeine, suggest that the loss of 5 mM caffeine release signal in mutant
cells was not caused by depleted SR pools, but by decreased sensitivity
of RyR2 to caffeine. The increased percentage of mutant cells triggering
Ca” release at higher caffeine concentrations but with suppressed and
delayed kinetics may suggest that other pools of cellular calcium contribute
to the 20 mM caffeine response. Cardiomyocytes derived from the
second clones of Q3925E and E3848A mutants showed similar responses
to 5 and 20 mM caffeine and 4-CmC (see Supplementary material online,
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Figure 5 Spontaneous SR Ca®* release and cytosolic Ca* transients measured by ER-GCaMP6 and Fura-2 in intact WT, Q3925E, and E3848A cells. (A-C)
Representative traces of spontaneous beating measured simultaneously from cytosolic Ca®" transients (blue) and SR Ca?* release (green) in WT cell, regular
beating and arrhythmogenic Q3925E and E3848A cells. Seven out of 14 Q3925E cells and 4 out of 15 E3848A cells show irregular Ca®" transients. (D—E),
Quantification of Ca?* transients and SR Ca?* release measured by Fura-2 and ER-GCaMPé6 in WT, Q3925E, and E3848A cells. n=17, 14, and 15 for
WT, Q3925E, and E3848A, respectively. **P < 0.01 vs. WT by ANOVA with Tukey.

Figure S5). The finding that 4-CmC induced Ca*" release were consist-
ently smaller in mutant cells suggests that the SR calcium content maybe
also suppressed.

In another set of experiments in intact cells, WT and mutant cells
were infected with ER-GCaMP6 and incubated with Fura-2 AM.
Supplementary material online, Figure S6 show that while both 5 mM
4-CmC and 5 mM caffeine-triggered large rise of cytosolic Ca®" (Fura-2
signal) and significant decrease in simultaneously measured SR calcium
content (ER-GCaMPé signal) in WT myocytes, in mutant cells 5 mM
4-CmC triggered significantly smaller Ca®" transients and ER Ca®* re-
lease, compare Supplementary material online, Figure S6B and D. Note
that in both mutant lines, the 20 mM caffeine-triggered responses were
slow and delayed, consistent with Figure 7. Note also that the accompany-
ing ER Ca®" release triggered by 20 mM caffeine in the mutant cells were
significantly impaired, consistent with the spontaneous beating data in
Figures 5 and 6.

3.8 Pool of calcium activated by 20 mM

caffeine in mutant cardiomyocytes

To identify the pool of calcium activated by 20 mM caffeine and determine
the contribution of SR to it, an inhibitor of SERCA2a, CPA, was used to
suppress SR calcium content. We found that while 10 uM CPA effectively
suppressed both 5 and 20 mM caffeine-triggered ER and Fura-2 Ca*" re-
lease signals in WT cells, Supplementary material online, Figure S7A, in mu-
tant cells the slowly activating and delayed 20 mM caffeine-triggered
cytosolic Ca®* rise was not significantly affected by CPA, Supplementary
material online, Figure S7B and C, suggesting that 20 mM caffeine-triggered
cytosolic Ca®" rise in the mutant cells did not directly originate from the SR.
Although CPA seems to suppress significantly the 20 mM caffeine-
triggered response in Q3925E cells (see Supplementary material online,
Figure S7B'), the suppressive effect seemed to depend on the magnitude

of ER signal generated by application of caffeine, such that in cells where
caffeine activated a large ER signal, CPA was very effective in suppressing
the caffeine-triggered calcium release. On the other hand, in cells that failed
to activate an ER signal or where ER release signal was small, CPA failed to
suppress the caffeine signal, suggesting multiple cellular pools contributing
to the 20 mM caffeine transients.

To further probe the identity of the cellular calcium pools that contri-
butes to the 20 mM caffeine response in mutant cells, we used a host of
pharmacological agents that are known non-specifically29’34 to suppress
the various cellular calcium transporting pathways that include TRP chan-
nels, IP3 receptors, store operated Ca?* release, hemi-channels, and
mitochondria. Supplementary material online, Figure S8 shows that al-
though 50 pM 2-APB and 10 uM ruthenium red significantly suppressed
the 20 mM caffeine responses in a subset of cells, the degree of
drug-induced suppression varied greatly among the mutant cells. In
some of E3848A mutant cardiomyocytes, application of 20 mM caffeine
often produced two phases of cytosolic rise of calcium, Supplementary
material online, Figure S8C and F. The slow first component was generally
suppressed by zero calcium solutions (see Supplementary material
online, Figure S9A) suggesting transmembrane influx of calcium, on appli-
cation of high concentrations of caffeine, possibly through activation of
TRP- or hemi-channels. Even though the reported |Cs for 2-APB sup-
pression of TRPM2 and TRPC5 ranges between 1 and 20 uM,2%3 i
some of our cells even 50 uM 2-APB failed to suppress the release of cal-
cium. The cellular variability in suppressive effects of 2-APB, ruthenium
red, or mitochondrial uncoupler FCCP on the 20 mM caffeine responses,
Supplementary material online, Figures S8 and S9B, suggests that different
calcium pathways may have been activated in different cells to compen-
sate for the suppressed CICR. Thus, the variability in effectiveness of vari-
ous drugs may reflect the diversity in expression of different calcium
pools (remodelling) to compensate for loss of CICR and activation of
SR pools.
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Figure 6 Effect of CdCl,, nifedipine, and CPA on spontaneous beating WT and mutant hiPSC-CMs measured by ER-GCaMP6 (green) and Fura-2 (blue). (A)
Representative traces of spontaneous beating before and after exposure to 200 pM CdCl, in WT cells. Right panel shows enlarged Fura-2 and ER-GCaMPé6
traces indicated by asterisk (*¥). n = 8. (B) Representative traces of spontaneous beating before and after exposure to 1 pM nifedipine in WT cells. n = 6. (C)
Representative traces of spontaneous beating before and after exposure to 10 pM CPA in WT cells. n = 6 (D—F) Representative traces of spontaneous beating
before and after exposure to 200 uM CdCl,, nifedipine, and CPA in Q3925E cells. n=8, 8, and 6 for CdCl,, nifedipine, and CPA, respectively. (G-I)
Representative traces of spontaneous beating before and after exposure to 200 pM cadmium, nifedipine, and CPA in E3848A cells. n=9, 6, and 6 for

Cd**, nifedipine, and CPA, respectively.

3.9 Heterozygous RyR2 mutations

Since heterozygous mutations are more likely to represent the pathology en-
countered in human patients, we also examined the calcium signalling aber-
rancies that were expressed in heterozygous myocytes. Supplementary
material online, Figure STD shows that lc,-induced Ca®* release was also sig-
nificantly suppressed in the heterozygous Q3925E mutants, consistent with
the findings in homozygous mutants. Heterozygous mutations, however,
seem to retain their sensitivity to 5 mM caffeine, and the released Ca%*
was even larger than WT (see Supplementary material online, Figure STE).
In heterozygous Q3925E cells, RyR2s are most likely expressed in multiple
different heterotetramers (six possible formations) that include the WT
homotetramer. Assuming a random distribution, WT homotetramer is
one out of 16 tetramers, and the heterotetramer with one Q3925E subunit
is four out of 16. Thus, depending on the proportions of mutants expressed
in RyR2 heterotetramers, the protein would variably respond to Ca®* and
caffeine, making Ca? signalling aberrancies less severe as compared to the
homozygous cells. Our data show that one gene allele mutation is not suffi-
cient to fully disable caffeine-triggered calcium release and suggests that
homozygous mutation clones may better represent the pathology of the
mutation.

4. Discussion

This is the first study that compares the EC-coupling consequences of mutat-
ing two of five residues of RyR2 Ca2+—binding site in human cardiomyocytes,
one of which, Q3925E, is reported to associate with sudden death. Although
there is insufficient evidence for functional correlation of E3848A mutation to
CPVT or other forms of arrhythmias, one variant of E3848 has been reported

in ClinVar (E3848K mutation, accession: VCV000404231.16, https:/www.
ncbi.nlm.nih.gov/clinvar/). We predict that this E3848K mutation will also im-
pair CICR and perhaps produce an even more severe clinical phenotype than
E3848A mutation, as lysine’s positive charge will greatly reduce the Ca®" af-
finity of the site as compared to alanine.

We used CRISPR/Cas9 gene editing to introduce point mutations in
stem cell derived human cardiomyocytes and infected the cells with an
SR-targeted calcium-sensitive fluorescent probe, ER-GCaMPé6, to directly
measure the contribution of mutant RyR2 to cytosolic calcium levels mea-
sured with Fura-2 probe. It is clear that both Ca®*-binding site mutations,
irrespective of their association with cardiac pathology, disable CICR by
suppressing |c,-triggered Ca®* release, despite significant enhancement
of calcium influx through the L-type calcium channels. The enhancement
of calcium influx and variable pharmacological sensitivity of mutant cells
to IP3R and hemi-channel blockers, when calcium is released by high con-
centrations of caffeine, points to possible remodelling of calcium signalling
pathway in response to disabling CICR. Since hiPSC-CMs, unlike the gen-
erally used HEK293 cells recombinant RyR2 platform,”'? express all the
calcium signalling pathways of adult and neonatal mammalian cardiomyo-
cytes,'®3” it is likely that mutations that disable CICR function, may activate
other dormant calcium signalling pathways of cardiomyocytes that would
allow the mutant myocytes to survive and continue beating.

4.1 Q3925E mutation lack the entire exon87
Our RT-PCR experiments indicate that Q3925E mutation in RYR2 exon87
most likely causes alternative splicing, consistent with the annotation by
Ensembl Genome Browser (www.ensembl.org). We found two different
RT-PCR products for the homozygous Q3925E mutant: one carrying
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Figure 7 Caffeine and 4-CMC induced Ca®" release in intact WT, Q3925E, and E3848A homozygous hiPSC-CMs. (A-C) Representative traces of 5 mM
(left) and 20 mM caffeine (right)-triggered Ca®" releases in WT and mutant hiPSC-CMs. (D—E) Quantification of the amplitude of 5 and 20 mM caffeine-induced
Ca?* releases was measured in Fluo-4 AM incubated WT, Q3925E, and E3848A mutant cells. n = 64, 128, and 43 for WT, Q3925E, and E3848A, respectively.
(F) Time to peak of 20 mM caffeine-induced Ca** release in WT and mutant cells. n = 64, 81, and 41 for WT, Q3925E, and E3848A. (G) Representative traces
of 1 mM 4-CmC triggered Ca®" release in WT, Q3925E, and E3848A mutant cells. (H) Quantification of the amplitude and time to peak of 4-CmC induced
Ca?" releases in WT and mutant cells. Left panel, n=41, 62, and 44 for WT, Q3925E, and E3848A. Right panel, n =41, 59, and 44 for WT, Q3925E, and
E3848A. Data are shown as mean + SEM. **P < 0.01 vs. WT, **P < 0.01 vs. QE by ANOVA with Tukey.

the desired Q3925E point mutation and the other lacking the entire se-
quence encoded by exon87 including Q3925. Since this deletion did not
cause reading frameshifts, the homozygous mutant myocytes most likely
express two different RyR2 subunits. It is not yet clear whether the subunit
with the deleted exon87 can form a functional Ca®* release channel, and
whether these two subunit fragments (one with a single point mutation
and the other with a large deletion segment) could form the RyR2 hetero
tetramers. In vitro characterization of the recombinant protein carrying the
deletion mutant might help resolve this issue. Although the recombinant
Q3925E-RyR2 and the corresponding Q3970E-RyR1 have been reported
to exhibit loss-of-function phenotype in the heterologous HEK293 cell
platform,12'14 consistent with our observation in human cardiomyocytes,
the cardiomyocyte platform exhibiting the genetic remodelling and alterna-
tion of RNA splicing, may mimic better the complicated human patient
pathology.

4.2 Possible interaction between Ca**- and
caffeine-binding sites

Our data show that homozygous mutations of either Ca2+—binding site
residue suppressed both lc,- and caffeine-triggered calcium release.

Although mutations in RyR2 Ca®*-binding residues, irrespective of their as-
sociation with cardiomyopathy, were expected to suppress lc,-induced

Ca*" release in heart cells, the suppression of caffeine-triggered release
was somewhat unexpected. In this respect, while 5 and 20 mM caffeine
were variably effective in triggering Ca** release in only ~20% to ~70%
of intact and calcium-unbuffered homozygous Q3925E and E3848A myo-
cytes, in whole-cell patched and calcium-buffered cells (0.1 mM EGTA plus
0.3 mM Ca®") caffeine-triggered calcium release was absent even though
5 mM 4-CmC (another RyR-agonist) continued to release calcium, ruling
out that the SR stores were greatly compromised. The finding that the
20 mM caffeine-triggered responses had delayed onset, slower rate of de-
velopment, were unaccompanied by ER-GCaMP6 Ca**-release signals, and
were variably suppressed by non-specific IP3R and TRP channel inhibitors,
mitochondrial uncouplers, and hemi-channel blockers in mutant cells may
suggest that at higher concentrations caffeine activates other cellular Ca**
pools that are developed as a consequence of their suppressed CICR
pathway.

The proximity of Ca®*- and caffeine-binding site residues (Figure 1A) may
underlie the functional interaction between |c,- and caffeine-triggered cal-
cium release. The near-atomic resolution RyR structure suggests that the
putative caffeine- and ATP-binding site residues are in the proximity of the
Ca®"-binding site residues, all interconnected through the carboxyl-
terminal domain.” Murayama et al® suggested that the caffeine-binding
site may negatively regulate the Ca* sensitivity through interactions be-
tween tryptophan on the S2S3 and isoleucine on the CTD, providing a
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mechanism for interaction of the two sites. Even though we confirmed in
human cardiomyocytes that Ca®*-binding site mutants have suppressed
caffeine-induced Ca®" release, it remains somewhat puzzling how changes
in calcium sensitivity would result in the 20 mM caffeine-triggered slow and
delayed responses, absence of ER-GCaMP6 SR-release signal, and calcium
releases that are sensitive to blockers of IPsR and hemi-channels.
Alternatively, we suggest that significant cellular remodelling of calcium sig-
nalling pathways maybe taking place in the mutant cardiomyocytes with
compromised CICR as to help maintain cellular contractility and survival.

4.3 Loss-of-function RyR2 mutations
and CPVT

It is generally thought that RyR2 gain of function CPVT1 mutations are trig-
gered by stress-induced catecholamine release that activate aberrant Ca**
releases in the form of Ca®* sparks, Ca®" waves, or Ca>" oscillations that
lead to lethal arrhythmias and sudden cardiac death."??%3¢37 There are,
however, reports that sudden cardiac death can also be triggered in indivi-
duals who have loss-of-function RyR2 mutations.'>*33? Such mutations
have been recently classified as Ca®* release deficiency syndrome to distin-
guish them from CPVT1 38 Unfortunately, there has been only one case re-
port on Q3925E mutation from post-mortem unexplained sudden death
based on genetic testing but no exercise stress-induced tests.'®""

4.4 Physiological and pharmacological
variabilities in hiPSC-CMs carrying
mutations in calcium-binding residues
of RyR2

Human stem cell derived cardiomyocytes are potentially an ideal platform
to critically analyse the functional consequences of ion channel mutations
on cellular levels as these cells are not only of human and cardiac origins
with cardiac-specific calcium signalling pathways but are also conducive
to gene editing using CRISPR/Cas9 technology. Nevertheless, it should
be point out that hiPSC-CMs are developing cells and as such are likely
to have subcellular organelles with undefined functions. Therefore, multi-
faceted experimental approaches must be undertaken to assure that these
cells have at least the functional phenotype of adult cardiomyocytes. For
instance, in evaluating cardiac calcium signalling, it is critical to analyse
not only whether cells are spontaneously beating and generating cellular
calcium transients, but also directly quantify the release of Ca*" from SR
vs. that measured in the cytosol. The efficiency of |,-triggered calcium re-
lease (CICR gain), and its modulation by drugs and ionic interventions un-
der precise electrophysiological and imaging conditions must be also
quantified.”'® In the set of experiments reported here we used control
cells that were 2—-3 months old, expressed robust |, density (~8 pA/pF)
with bell-shaped voltage dependence to their Ca?" transients, had large
and rapid repolarization-triggered Ca*" transients accompanying lc, tail
currents, had high expression of IK1 and very low expression of I, gener-
ated calcium sparks and robust SR calcium release signals (ER-GCaMP6),
and immunostaining suggested ventricular origins. It was somewhat sur-
prising that mutant cells with defective RyR2 gene and suppressed
lca-gated Ca®* release (disabled CICR), continued to beat spontaneously
at rates equivalent to WT cells in monolayer cultures, or even in some iso-
lated cells. Since electrophysiological and calcium imaging data clearly
showed suppressed Ic,-gated RyR2 pathway, it is likely that other dormant
cardiac calcium signalling mechanisms are activated to maintain cellular via-
bility and its function. Such remodelling may be in part responsible for the
unexpected pharmacological cell-to-cell variability in sensitivity of mutant
myocytes to drugs affecting other calcium transport pathways (see
Supplementary material online, Figures S8 and $9).

In WT hiPSC-CMs, our findings support a scheme where calcium chan-
nels provide the influx of calcium that activates the SR to release its calcium
that activates first uptake of calcium by mitochondria followed then by re-
lease of calcium from mitochondria that contributes to slow relaxing phase
kinetics of hiPSC-CMs calcium transients. In mutant CICR-disabled cells,

where SR release triggered by I, is suppressed, the enhanced influx of cal-
cium may underlie directly mediate the calcium transients or activate the
uptake and release of calcium from mitochondria or other ER calcium
pools, and thus support spontaneous beating. The contribution of these
pathways may vary with maturity of the myocytes and effectiveness of
RyR2 mutation in disabling CICR.

4.5 Spontaneous beating in WT and

mutant myocytes
The mechanisms responsible for spontaneous beating of hiPSC-CMs, has
been subject significant scientific discourse and controversy. In a compre-
hensive study published recently by Chuck Murry’s group®® concluded that
spontaneous beating results from multiple molecular mechanism. To ob-
tain quiescent hESC-CMs they had to knock off multiple channels and
transporters and over expressed others. In our cardiomyocytes, only
L-type calcium channel blockers were consistently effective in suppressing
spontaneous beating in WT or mutant myocytes. The spontaneous beating
of the adult rat ventricular cells kept in culture media for 1-2 weeks was
attributed to cells becoming flat and developing multiple protruding pro-
cesses, where surface to volume ratio increases making the focal RyR2 re-
lease of calcium more effective in activating NCX to depolarize the cells
and activate |, to generate spontaneous activity.40

In CICR-suppressed but spontaneously beating mutant myocytes, al-
though we have data supporting enhanced influx of calcium through the
L-type or TRP channels and find variable sensitivity in suppressing the
20 mM caffeine-triggered transients by non-specific IP3R or TRP channel
blockers, we cannot rule out calcium release from nuclear envelop or
other RyR1-gated pools. High concentrations of caffeine have been re-
ported to activate large-conductance (200ps) hemi-channels in adult ven-
tricular myocytes®**" and neonatal rat cardiomyocytes (data not shown)
that can transport calcium and sodium that are blocked by ruthenium
red.>* Activation of large number of hemi-channels by high concentrations
of caffeine may underlie the slow rise of cytosolic calcium on application
industrial strength caffeine. Non-selective blockers such as 2-APB may
also have suppressive effect on caffeine-activate hemi-channels resolving
the conundrum of suppression of 20 mM caffeine-triggered calcium tran-
sients by IP3R blockers.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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