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SUMMARY

Triadin knockout syndrome (TKOS) is a malignant arrhythmia disorder caused by recessive null variants in TRDN-encoded cardiac tria-
din. Induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) were generated from two unrelated TKOS patients and an unre-
lated control. CRISPR-Cas9 gene editing was used to insert homozygous TRDN-p.D18fs*13 into a control line to generate a TKOS model
(TRDN /7). Western blot confirmed total knockout of triadin in patient-specific and TRDN~/~ iPSC-CMs. iPSC-CMs from both patients
revealed a prolonged action potential duration (APD) at 90% repolarization, and this was normalized by protein replacement of triadin.
APD prolongation was confirmed in TRDN~/~ iPSC-CMs. TRDN~/~ iPSC-CMs revealed that loss of triadin underlies decreased expression
and co-localization of key calcium handling proteins, slow and decreased calcium release from the sarcoplasmic reticulum, and slow inac-
tivation of the L-type calcium channel leading to frequent cellular arrhythmias, including early and delayed afterdepolarizations and

APD alternans.

INTRODUCTION

Triadin knockout (TKO) syndrome (TKOS) is a rare,
recently discovered genetic heart rhythm disorder caused
by recessively inherited homozygous or compound
heterozygous null variants in TRDN-encoded cardiac tria-
din 1 (CT1) (Altmann et al., 2015; Clemens et al., 2019,
2020a; Roux-Buisson et al., 2012). TKOS is characterized
by a malignant and potentially lethal phenotype.
Recently published data from the International Triadin
Knockout Syndrome Registry found that 95% of TKOS pa-
tients are symptomatic and 81% have experienced at least
one sudden cardiac arrest, with the first event occurring at
an average age of 3 years (Clemens et al., 2019). In addi-
tion, 75% of symptomatic patients have experienced
breakthrough cardiac events (BCEs) despite various treat-
ment strategies. Patients with TKOS display features of
multiple arrhythmia disorders, including transient QT
prolongation, ectopy on stress testing, and extensive
T-wave inversions in the precordial leads (Clemens
et al., 2019). Interestingly, some patients exhibit skeletal
myopathy or slight proximal weakness because of loss of
triadin in skeletal muscle (Clemens et al., 2019; Engel
et al., 2017; Roux-Buisson et al., 2012).

Triadin is a critical protein within the cardiac calcium
release unit (CRU) complex where the L-type calcium
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channel (LTCC) is juxtaposed to the RYR2-encoded ryano-
dine receptor 2/calcium release channel (RYR2) on the
junctional sarcoplasmic reticulum (jSR) (Guo et al,
1996; Knollmann, 2009). This multi-protein complex is
responsible for mediating calcium sensing and proper
excitation-contraction coupling in the heart. Triadin
binds to multiple proteins within the CRU, including
RYR2, calsequestrin 2 (CASQ2), and junctin, and has mul-
tiple functions, including mediating proper calcium
release from the jSR through RYR2, as well as stabilization
of the CRU structure (Chopra and Knollmann, 2013;
Knollmann, 2009).

Ablation of triadin causes multiple structural and func-
tional cardiac abnormalities in mice (Cacheux et al., 2020;
Chopra et al., 2009). However, although these knockout
mice studies have yielded many insights into the conse-
quences of loss of triadin, this has not yet been investi-
gated in humans. Although TKO mice do exhibit ventric-
ular arrhythmias, loss of triadin is not lethal in mice
(Cacheux et al., 2020; Chopra et al., 2009). Humans, in
contrast, exhibit a potentially highly lethal phenotype
of sudden cardiac arrest and sudden cardiac death in early
childhood. Therefore, in this study, we utilized human
induced pluripotent stem cell-derived cardiomyocytes
(CMs; iPSC-CMs) to examine the cellular and electrophys-
iological phenotype of TKOS in humans.
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Figure 1. Phenotype of patients with triadin knockout syndrome (TKOS) and TKOS patient-derived induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CMs)

(A) Representative 12-lead electrocardiograms from TKOS patients 1 and 2 showing QT prolongation and T-wave inversions in precordial
leads V1-V3.

(B) Family pedigrees for TKOS patients 1 (red) and 2 (blue). Circles denote female, and squares denote male.

(C) Protein topology map of TRDN-encoded cardiac triadin 1. Each white dot represents the location of a corresponding pathogenic variant.
The KEKE domain is the region known to be responsible for the interaction and binding of both CASQ2 and RYR2 (amino acids 210-224).
(D) Western blot detecting cardiac triadin 1 in unrelated control (lane 1) and patient-derived (lanes 2-3) iPSC-CMs.

(Eand F) Representative action potential tracings and (F) action potential duration at 90% repolarization (APD90) in iPSC-CMs derived from
unrelated control (one differentiation), TKOS patient 1 (one differentiation), TKOS patient 1 transfected with either empty vector (EV; one
differentiation) or human cardiac triadin 1 cDNA-containing plasmid (hTRDN; one differentiation), and TKOS patient 2 (one differentiation).
Graphs are presented as mean + SEM. Kruskal-Wallis tests with post hoc Dunn’s multiple comparisons tests were conducted to determine
significance.
RESULTS iPSC-CMs from all three lines expressed multiple cardiac
maturity markers (Figure S3). To measure the expression

Loss of triadin leads to action potential prolongation
in patient-specific TKOS iPSC-CMs
We generated iPSCs from two unrelated patients with TKOS
along with a previously characterized unrelated control
(Figures 1A-1C) (Estes et al., 2019). Detailed clinical and ge-
netic information for both patients can be found in the
supplemental information. iPSCs generated from the pa-
tients expressed relevant pluripotent markers and have a
normal karyotype (Figure S1). All variants were confirmed
by Sanger sequencing (Figure S2).

iPSCs from both patients and the unrelated control
were differentiated into CMs to create iPSC-CMs using a
previously established protocol (Burridge et al., 2014).
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of triadin in these lines, we performed a western blot using
an antibody specific to the cardiac isoform of triadin (CT1)
(Roux-Buisson etal., 2012). Although the unrelated control
displayed a double band at ~35 kDa representing the glyco-
sylated and unglycosylated forms of CT, there was no
detectable triadin in iPSC-CMs from either patient, con-
firming that these TKOS patients are indeed triadin null
(Figure 1D).

To assess the electrophysiological phenotype of TKOS, we
performed action potential (AP) measurements on single
iPSC-CMs paced at 1 Hz (Figure 1E). Although there were
no changes in either resting membrane potential (RMP) or
AP amplitude, the AP duration (APD) at 90% repolarization
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Figure 2. Generation of a variant-inserted TRDN~/~ iPSC-CM model of TKOS
(A) A schematic showing the insertion of a homozygous c.53_56delACAG variant (p. D18fs*13) into a healthy donor iPSC line using

CRISPR-Cas9 and western blot detecting cardiac triadin 1 in isogenic

control (lane 1) and in TRON ™/~ iPSC-CMs (lane 2).

(B and C) Representative action potential traces and (C) action potential duration at 20% (APD20), 50% (APD50), and 90% (APD90)
repolarization at baseline and after treatment with 1 uM isoproterenol (IS0) in isogenic control (two differentiations) and TRON ™/~ (four

differentiations) iPSC-CMs.

Graphs are presented as mean + SEM. Two-way ANOVAs were conducted to determine significance. Ctrl, control.

(APD90) was prolonged significantly in TKOS patients 1 and
2 compared with unrelated control (Figure 1F; Table S1).

Protein Replacement of Triadin Corrects AP
Prolongation in Patient-Specific TKOS iPSC-CMs
Because patients with TKOS are natural knockouts for
triadin, we hypothesized that protein replacement
by delivery of the wild-type CT1 isoform (Ensembl:
ENST00000546248) could correct the APD prolongation
observed in our patient-specific TKOS iPSC-CMs. To test
this, we transfected iPSC-CMs derived from TKOS patient
1 with either an empty vector or human CT1 cDNA-con-
taining plasmid (hTRDN) tagged with GFP (Figure S4A).
We then performed AP measurements on single GFP-
expressing iPSC-CMs (Figures 1E and S4B). TKOS patient
1-derived iPSC-CMs transfected with empty vector did
not display a significant change in APD90 compared with
untransfected iPSC-CMs. However, hTRDN-transfected
TKOS patient 1-derived iPSC-CMs showed a significantly
shorter APD90 than both untransfected and EV-transfected
iPSC-CMs (Figure 1F; Table S2). These results indicate

protein replacement of triadin can correct the abnormal
APD phenotype in patient-specific iPSC-CMs and could
serve as a potential treatment for patients with TKOS. Inter-
estingly, overexpression of hTRDN in TKOS patient
1-derived iPSC-CMs elevated the RMP by more than
10 mV (Table S2), indicating it may have additional effects
such as a loss-of-function effect on the Ix; channel.

Loss of triadin leads to AP prolongation and cellular
arrhythmias in TRDN /~ iPSC-CMs

Following the discovery of a disease phenotype in our TKOS
patient-specific iPSC-CMs, we developed a variant-inserted
iPSC-CM model of TKOS to better characterize the mecha-
nism by which loss of triadin leads to the severe arrhythmic
phenotype observed in patients with TKOS. To do this, we
utilized CRISPR/Cas9 to introduce a homozygous TRDN-
p-D18£s*13 (c.53_56delACAG) variant, which is the same
variant observed in TKOS patient 2, into a well-characterized
control iPSCline generated from a healthy donor (Figure 2A)
(Ran et al., 2013; Wang et al., 2018). Throughout the
remainder of this investigation, we utilized the healthy
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Figure 3. TRON/~ iPSC-CMs display cellular arrhythmias

(A) Representative action potential traces derived from isogenic control (black) and TRDN ™/~ (red) iPSC-CMs recording during 1-Hz pacing
or spontaneous beating. Black arrows indicate individual delayed afterdepolarizations (DADs) or early afterdepolarization (EAD)-like
events. Black boxes contain zoomed-in representative action potential traces.

(B) The two left panels depict the number of cells showing DADs from either paced at 1 Hz or spontaneous action potential (gap-free)
measurements and the number of DADs per action potential (DADs/episode) from spontaneous action potential measurements only in
isogenic control (two differentiations) and TRDN~/~ (four differentiations) iPSC-CMs at baseline and after treatment with 1 uM ISO.
Fischer's exact tests were used to determine significance between two groups (first panel). Two-way ANOVAs with Tukey’s multiple

(legend continued on next page)
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donor iPSCs as an isogenic control and two independent
clones of the variant-inserted TKOS iPSCs referred to as
TRDN/~. Both clones of TRDN/~ expressed relevant
markers of pluripotency and had a normal karyotype (Fig-
ure S1). Sanger sequencing confirmed the presence of the ho-
mozygous p. D18fs*13 variant (Figure S2).

To study the mechanism of TKOS in humans, we differen-
tiated isogenic control and TRDN~/~ iPSCs into CMs (Fig-
ure S3). Western blot with a CT antibody confirmed the
absence of triadin in TRDN~/~ iPSC-CMs (Figure 2A). At
baseline, TRDN/~ iPSC-CMs displayed a significantly pro-
longed APD at 20% and 50% (APD20 and APDS50) repolari-
zation and APD90 (Figures 2B and 2C; Table S3).

Because many patients with TKOS have experienced car-
diac events during exertion, we also tested the effects of
isoproterenol (ISO) in our iPSC-CMs (Figure 2B). Following
treatment with 1 pM ISO, both APD50 and APD90 re-
mained prolonged in TRDN/~ iPSC-CMs compared with
isogenic control (Figure 2C; Table S3).

We also observed multiple unique cellular arrhythmias in
TRDN ™/~ iPSC-CMs both when paced at 1 Hz and during
spontaneous beating. These included delayed afterdepolari-
zations (DADs), early afterdepolarization (EAD)-like events,
and APD alternans (Figure 3A). DADs were not observed
while CMs were being paced but were significantly more
common in TRDN /= iPSC-CMs than isogenic control dur-
ing measurements of spontaneous beating at baseline and
following treatment with ISO (Figure 3B). We also assessed
the rate at which DADs occur by measuring the number of
DADs per AP (DADs/episode), and this rate was significantly
higher in TRDN/~ iPSC-CMs compared with isogenic con-
trol after ISO (Figure 3B). Unique EAD-like events were
observed only in TRDN~/~ iPSC-CMs and not in isogenic
control iPSC-CMs, but they did not reach statistical signifi-
cance at baseline or after ISO (Figures 3A and 3B). APD alter-
nans was the most common arrhythmia in TRDN~/~ iPSC-
CMs atbaseline (Figures 3A and 3B). Interestingly, alternans
was observed less often following treatment with ISO but
was still significantly more common in TRDN~/~ iPSC-
CMs (Figure 3B). These results indicate that loss of triadin
confers increased susceptibility for not only APD prolonga-
tion but also significant cellular arrhythmias.

Loss of triadin leads to slow inactivation of Cay1.2 in
TRDN /" iPSC-CMs

Based on previous studies in murine TKOS, we hypothesized
that the most likely cause of APD prolongation in TRDN '~
iPSC-CMs was slow inactivation of the cardiac LTCC

(Cay1.2) due to a decrease in calcium-dependent inactiva-
tion (CDI). To test this hypothesis, we performed Cay1.2 cur-
rent measurements using standard voltage-clamp protocols
(Figure S5A). Peak current density was slightly decreased in
TRDN/~ iPSC-CMs but did not reach statistical significance
(Figure S5B; Table S4). V4, of both activation and inactiva-
tion showed a minor right-shift toward more positive volt-
ages in TRDN~/~, but slope factor showed no change (Fig-
ure S5C; Table S4). Interestingly, fast inactivation T was
significantly slower in TRDN/~ iPSC-CMs compared with
isogenic control at 30 mV (Figures S5D and SSE), but there
were no changes in slow inactivation r (Figure S5F), ampli-
tude of fast and slow inactivation (Figure S6A), or normalized
Cay1.2 persistent current (Figure S5G; Table S4).

To better evaluate the effects of CDI on LTCC currents, we
performed a second set of Cayl.2 measurements using a
pipette solution with a low concentration of EGTA to in-
crease calcium-dependent coupling between Cayl.2 and
RYR?2 (Figure 4A). These measurements revealed an insignif-
icant decrease in peak current, only a minimal depolarized
shift in V,,, of activation, and no changes in slope factor
for activation or inactivation between isogenic control and
TRDN /= iPSC-CMs (Figures 4B and 4C; Table S4). Fast inac-
tivation T of TRDN~/~ iPSC-CMs was significantly slower at
20 mV (Figures 4D and 4E), whereas slow inactivation 7 (Fig-
ure 4F) and amplitude of both fast and slow inactivation (Fig-
ure S6B) remained unchanged. Notably, under these condi-
tions, the TRDN/~ normalized persistent current was
much greater than in isogenic control (Figure 4G; Table S4).

To confirm that impaired CDI was the underlying cause
of the altered Cay1.2 kinetics, we performed a third set of
Cay1.2 measurements in which we replaced Ca** with
Ba®* in the bath solution (in addition to using low EGTA
pipette solution; Figure 5A). This prevents calcium-induced
calcium release from the jSR and eliminates CDI of Cay1.2.
When we did this, we found that there were no differences
in fast or slow inactivation T at 0 mV (Figures 5B-5D) or
normalized persistent current in TRDN ™/~ iPSC-CMs
compared with isogenic control (Figure SE). These results
suggest that slow Cay1.2 inactivation and increased persis-
tent current resulting from decreased CDI are likely the
cellular mechanism for the observed APD prolongation in
TRDN /™ iPSC-CMs.

Loss of triadin leads to impaired calcium release in
TRDN /~ iPSC-CMs

To uncover the cause of decreased Cayl.2 CDI, we per-
formed Fluo-4 calcium imaging in both isogenic control

comparisons tests were used to determine statistical significance for more than three groups (second panel). The two right panels depict
the number of cells showing either EAD-like events or alternans from either paced at 1 Hz or spontaneous action potential measurements in
isogenic control (two differentiations) and TRDN ™/~ (four differentiations) iPSC-CMs at baseline and after treatment with ISO. Fischer’s

exact tests were used to determine significance between two groups.
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and TRDN/~ iPSC-CMs (Figure 6A). At baseline, both cal-
cium transient duration (CTD) at 50% (CTDS50) and 90%
(CTD90) decay were prolonged significantly in TRDN~/~
iPSC-CMs (Figure 6B; Table S5). Calcium transient decay
time at both 50% and 90% decay were unchanged and
therefore did not contribute to CTD prolongation (Fig-
ure 6C; Table S5). However, upstroke time of the calcium
transient in TRDN~/~ was increased significantly compared
with isogenic control, and upstroke velocity was signifi-
cantly slower (Figure 6D; Table S5). The slow upstroke ki-
netics in TRDN '~ iPSC-CMs therefore accounts for the
observed CTD prolongation, as can be clearly seen from
the representative traces in Figure 6A. In addition, the cal-
cium transient amplitude was significantly decreased in
TRDN /= iPSC-CMs compared with isogenic control (Fig-
ure 6F; Table S5). We also performed calcium imaging mea-
surements in the setting of f-adrenergic stimulation using
ISO and found that all changes in calcium transient ki-
netics remained consistent following B-adrenergic stimula-
tion (Figures 6A—6E; Table S5). These results suggest that jSR
calcium release through RYR2 is impaired and may
contribute to a decrease in Cay1.2 CDI, whereas calcium re-
uptake through SERCA2A remains unchanged.

Loss of triadin leads to decreased expression and co-
localization of key calcium handling proteins in
TRDN /™ iPSC-CMs

We next utilized immunofluorescence imaging of multiple
calcium handling proteins to determine the causes of slow
and decreased calcium release observed in our calcium imag-
ingexperiments. Staining of RYR2 and CASQ2, triadin’s main
interaction partners, revealed a significant decrease in fluo-
rescence of both proteins in TRDN~/~ iPSC-CMs (Figure 7A).
CASQ2 fluorescence was decreased by over 75%, and RYR2
fluorescence was decreased by ~45% compared with isogenic
control (Figure 7A). To confirm these results, we ran western
blots and found CASQZ2 expression was again decreased by

~75% (Figure 7B). However, RYR2 expression was un-
changed, which might be because of lack of good antibodies
or the limitations, such as phenotypic heterogeneity, ineffi-
cient recapitulation, and genetic instability (Figure 7C).

We also measured the fluorescence intensity of both
Cayl.2 and SERCA2A. Fluorescence of both proteins was
unchanged in TRDN~/~ iPSC-CMs (Figures S7A and S7B),
and these results were confirmed by western blot
(Figures S7C and S7D).

Finally, co-localization of RYR2 and CASQ2, which could
be visualized as yellow fluorescence in many isogenic control
iPSC-CMs, was completely absent in TRDN~/~ iPSC-CMs
(Figure 7D). The subsequent quantification of Pearson'’s coef-
ficient of RYR2 and CASQ2 in isogenic control (0.6 +0.03,n=
12) or TRDN /= iPSC-CMs (0.42 + 0.02, n = 18) indicated that
the loss of CASQ2 expression and its co-localization to RYR2
may play a role in impaired calcium release, and none of the
changes in calcium handling and Cay 1.2 currents are caused
by changes in Cay1.2 or SERCA2A expression.

DISCUSSION

Since 2012, multiple studies have been published showing
null variants in TRDN to the cause of a rare recessive ar-
rhythmogenic disease now known as TKOS (Altmann
et al., 2015; Broendberg et al., 2017; Clemens et al., 2019,
2020b; O’Callaghan et al., 2018; Rooryck et al., 2015; Rossi
et al., 2019; Roux-Buisson et al., 2012; Walsh et al., 2016).
Interestingly, prior to the discovery of TKOS in humans,
multiple studies were conducted in TKO mice to determine
the effects of the loss of triadin in both cardiac and skeletal
muscle (Cacheux et al., 2020; Chopra et al., 2009; Oddoux
etal., 2009). When studying the cardiac cellular phenotype
of TKO mice, a reduction in key proteins of the CRU and
altered structure of the jSR were observed. These structural
changes led to slow and decreased SR calcium release and
loss of the negative feedback loop on the LTCC, resulting

Figure 4. TRON/~ iPSC-CMs display slow Cay1.2 inactivation and increased persistent current at low EGTA conditions

(A) Whole-cell Cay1.2 representative traces from isogenic control and TRDN ™/~ iPSC-CMs determined from a holding potential of —90 mV to
testing potential of +70 mV in 10-mV increments with 500-ms duration.

(B and C) Cay1.2 current-voltage relationship and (C) Cay1.2 inactivation-activation curves in isogenic control (three differentiations) and
TRDN™/~ (three differentiations) iPSC-CMs. Steady-state inactivation was determined from a holding potential of —90 mV to prepulse of
20 mV in 10-mV increments with 5-s duration followed by a test pulse of 30 mV with 500-ms duration.

(D) Inactivation time constants () for the fast phase of Cay1.2 decay time in isogenic control (three differentiations) and TRDN~/~ (three
differentiations) iPSC-CMs at 20 mV. Time constants were determined by fitting a biexponential function to current decay.

(E) Representative Cay1.2 traces at 20 mV showing slow inactivation in TRON~/~ iPSC-CMs compared with isogenic control.

(F) Inactivation time constants () for the slow phase of Cay1.2 decay time in isogenic control (three differentiations) and TRON /= (three
differentiations) iPSC-CMs at 20 mV.

(G) Persistent current normalized to peak current at —20 mV shown as percentages for isogenic control (three differentiations) and
TRDN /" (three differentiations) iPSC-CMs.

Graphs are presented mean + SEM. Unpaired Student’s t tests were conducted to determine significance. G/Gax, normalized conductance;
I/I,,ax, Normalized calcium current; ns, not significant.
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Figure 5. Ba®* replacement eliminates differences in Cay1.2 inactivation and persistent current at low EGTA conditions in
TRDN /= iPSC-CMs

(A) Whole-cell Cay1.2 representative traces from isogenic control and TRDN ™/~ iPSC-CMs determined from a holding potential of —90 mV to
testing potential of +70 mV in 10-mV increments with 500-ms duration.

(B) Inactivation time constants () for the fast phase of Cay1.2 decay time in isogenic control (two differentiations) and TRON™/~ (two
differentiations) iPSC-CMs at 0 mV. Time constants were determined by fitting a biexponential function to current decay.

(C) Representative Cay1.2 traces at 0 mV showing no change in inactivation between isogenic control and TRDN ™/~ iPSC-CMs.

(legend continued on next page)
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in slow inactivation of the LTCC. This in turn led to spon-
taneous calcium release and ventricular arrhythmias in the
setting of B-adrenergic stimulation (Cacheux et al., 2020;
Chopra et al.,, 2009). Although these studies clearly
describe the mechanism by which loss of triadin leads to
arrhythmia in TKO mice, there are distinct differences be-
tween the phenotypes observed in these mice and human
patients with TKOS. For this reason, we set out to study the
mechanism of disease in humans using patient-specific
and patient-independent iPSC-CM models.

In many ways our results are strikingly similar to what
has been observed previously in mice. To begin with, as
in the TKO mice, loss of triadin in human iPSC-CMs leads
to a significant reduction in protein expression of CASQ2.
This significant decrease in CASQ2 expression has been
observed previously in not only murine cardiac tissue but
also skeletal muscle (Cacheux et al., 2020; Chopra et al.,
2009), and it is likely caused by an inability of CASQ2 to
traffic to the jSR membrane in the absence of triadin (Slei-
man et al., 2015). In addition, triadin binds to both RYR2
and CASQ2 and plays a role in mediating their functional
interaction (Guo and Campbell, 1995; Kobayashi et al.,
2000; Marty, 2015). Therefore, it is not surprising that in
TRDN~/~ iPSC-CMs we observed a clear loss of co-localiza-
tion between RYR2 and CASQ2.

Our TRDN ™/~ iPSC-CMs also displayed significant
changes in calcium handling similar to what was observed
in mice. Calcium transients in TRDN /= iPSC-CMs had a
slower upstroke and decreased amplitude compared with
isogenic control. These results indicate impairment of jSR
calcium release through RYR2. The limited ability of
RYR2 to interact with CASQ2, along with decreased jSR cal-
cium buffering caused by loss of CASQ2 expression, may
serve as an underlying cause of this abnormal calcium
release, although future studies will be required to further
explore this mechanism. In addition, decay time of calcium
transients was unchanged in TRDN~/~ iPSC-CMs, indi-
cating that reuptake of calcium into the jSR through
SERCAZ2A is normal, which is consistent with our data
showing similar expression of SERCA2A in both isogenic
control and TRDN~/~ iPSC-CMs.

Also, like the TKO mice, TKOS ™/~ iPSC-CMs exhibit slow
inactivation of the LTCC. Interestingly, when we per-
formed these experiments with a low EGTA pipette solu-
tion, thereby increasing coupling between Cayl.2 and
RYR2, TRDN /= iPSC-CMs also displayed a significantly
increased persistent current that was not observed at high

EGTA conditions. These results would indicate that the
gain of function observed in the LTCC is due to a decrease
in CDI, and we confirmed this by showing that Ba**
replacement eliminates changes in LTCC function.

Although there are many similarities between our study
and previous studies in mice, our work has uncovered sig-
nificant new findings. Notably, before a TKOS was discov-
ered in humans, observations from TKO mice prompted
speculation that slow inactivation of the LTCC in the
absence of triadin could theoretically lead to QT prolonga-
tion, and this speculation was satisfied when we later
discovered triadin null variants as the root cause for some
cases of previously genetically elusive LQTS (Altmann
et al., 2015). However, QT prolongation has never been re-
ported in TKO mice. Now, in this study, we have shown for
the first time that loss of triadin leads to APD prolongation
in a human cardiac cell model. Interestingly, we observed
this not only in our variant-inserted TRDN '~ iPSC-CMs
but also in two lines of iPSC-CMs derived from unrelated
TKOS patients with different disease-causative variants,
which suggests that triadin null status, regardless of the
causative variants, will render a similar QT-prolonging
phenotype in different patients. However, the genomic
background of the two unrelated TKOS patient iPSC-CMs
and the unrelated control iPSC-CMs differ not only at the
TRDN gene locus but will have many differences across
their entire genome. Additional genetic differences be-
tween the unrelated TKOS patient iPSC-CMs and the unre-
lated control iPSC-CMs could potentially modify the
cellular APD phenotype. When compared with unrelated
control, TRDN '~ CMs revealed only APD90 prolongation.
Whether additional genetic differences existing between
the unrelated control and the TRDN ™/~ iPSC-CMs resulted
in no significant difference in APD20 and APD50 between
the two models (unrelated control vs. TRDN /") is not
known. In addition, our data would suggest that slow inac-
tivation and increased persistent current in Cayl.2 are
indeed the underlying cause of QT prolongation in patients
with TKOS.

Another key difference between TKO mice and patients
with TKOS is the severity of the arrhythmic phenotype.
The mice do exhibit ventricular arrhythmias, but only in
the setting of B-adrenergic stimulation (Cacheux et al.,
2020; Chopra et al., 2009). Patients with TKOS, in contrast,
exhibit a severe arrhythmic phenotype that, left untreated,
has been fatal in multiple cases (Clemens et al., 2019; Roor-
ycketal., 2015). In addition, although many cardiac events

(D) Inactivation time constants (t) for the slow phase of Cay1.2 decay time in isogenic control (two differentiations) and TRDON™/~ (two

differentiations) iPSC-CMs at 0 mV.

(E) Persistent current normalized to peak current at —20 mV shown as percentages for isogenic control (two differentiations) and TRON ™/~

(two differentiations) iPSC-CMs.

Graphs are presented as mean + SEM. Unpaired Student’s t tests were conducted to determine significance.
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experienced by TKOS patients occurred in the setting of
B-adrenergic stimulation (physical exertion, fear, etc.),
many others had no trigger at all (Clemens et al., 2019).
Our data in TRDN /= iPSC-CMs also suggest a severe
arrhythmic phenotype. We observed multiple types of
cellular arrhythmia not only after treatment with ISO but
also at baseline. This would suggest that B-adrenergic stim-
ulation can serve as an arrhythmic trigger, but unlike in
mice, it is not necessary for an arrhythmia to occur.
Besides providing a mechanism by which loss of triadin
leads to arrhythmia, our results provide further evidence
for TKOS being a unique “crossover” disorder as opposed
to either simply LQTS or CPVT. Our TRDN '~ iPSC-CMs
displayed significant APD prolongation, as well as EAD-
like events and APD alternans, which are common features
of LQTS (Itzhaki et al., 2011; Maguy et al., 2020; Schwartz
et al., 2020). In addition, we observed jSR calcium mishan-
dling through RYR2 and DADs, which are hallmarks of
CPVT (Itzhaki et al., 2012; Schwartz et al., 2020). It is also
important to note that a significant decrease in CASQ2
expression, like what we see in TRDN~/~ iPSC-CMSs, under-
lies CPVT type 2, and this may also play a role in the
arrhythmic phenotype of TKOS (Lahat et al., 2001; Rizzi
et al.,, 2008). These data corroborate what has been
observed in patients with TKOS who display clinical fea-
tures of both LQTS and CPVT, such as QT prolongation
and ectopy on stress testing. Therefore, we encourage the
continued use of the term TKOS as opposed to either
LQT17 or CPVTS, as has been previously suggested.
Interestingly, TKO mice, which display a less malignant
phenotype than TKOS patients, do not show a significant
QT phenotype and more closely resemble CPVT, whereas
TRDN~/~ iPSC-CMs have a crossover phenotype of which
includes features of both LQTS and CPVT. Therefore, our
data would suggest that having features of multiple
arrhythmia disorders may serve as an explanation as to
why humans seem to exhibit a more malignant phenotype,
although further studies will be necessary to confirm this.
One of the features of the severe phenotype of TKOS is its
refractory nature to conventional treatment strategies,
which highlights the importance of developing novel ther-
apeutics. Because these patients are natural knockouts for
triadin, TKOS serves as an ideal candidate for protein

replacement treatment using an adeno-associated virus
serotype 9-based delivery of the wild-type CT1 isoform
(Bongianino and Priori, 2015). Introducing normal CT1
into a TKOS patient’s CMs may very well correct their
abnormal arrhythmogenic phenotype. In fact, this
approach has treated effectively the CPVT phenotype of
TKO mice (Cacheux et al., 2020), and we have now shown
in this study that protein replacement of triadin can correct
the APD prolongation observed in patient-specific TKOS
iPSC-CMs, thereby providing preliminary evidence that
TRDN gene therapy could serve as a more effective treat-
ment strategy for patients with TKOS.

Limitations

Although we have provided substantial evidence that slow
inactivation and increased persistent current in Cay1.2 un-
derlie the significant APD prolongation observed in
TRDN /= iPSC-CMs, we cannot currently rule out the po-
tential contribution of other ion channels, including the
Ky7.1 and Ky11.1 potassium channels, Nay1.5 sodium
channel, and Na*/Ca** exchanger (NCX).

Even we have shown that the calcium transients in
TRDN~/~ iPSC-CMs had a slower upstroke and decreased
amplitude compared with isogenic control by using non-
ratiometric dye Fluo-4, calcium transient amplitude
measured as AF/FO was obtained by implying no changes
in FO between groups. This is a limitation of the study, espe-
cially in the presence of ISO.

Mouse and human embryonic stem cell-derived CMs
(hESC-CMs) are known to exhibit immature Ca2* dy-
namics, such as small whole-cell peak amplitude and
slower kinetics relative to those of adult. Immature mouse
and hESC-CMs display unsynchronized Ca2* transients
because of the absence of t-tubules and gene products
crucial for their biogenesis (Deborah et al., 2009). The
absence of a proper transverse-axial tubular system in
hiPSC-CMs will affect the maturity of the cells as well,
which therefore results in the limitation of the disease
model in this study. Electrophysiological measurements
were carried out at room temperature (RT), not physiolog-
ical temperature (37°C), which is not able to completely
represent the in vivo condition resulting in another limita-
tion of the disease model in this study.

Figure 6. TRON/~ iPSC-CMs display impaired calcium release

(A) Representative Fluo-4 calcium imaging traces derived from isogenic control and TRDN™/~ iPSC-CMs at baseline (top) and after

treatment with 1 uM ISO (bottom).

(B) Calcium transient duration at 50% (CTD50; left) and 90% (CTD90; right) decay at baseline and after treatment with ISO.

(C) Calcium transient peak to 50% (left) and 90% (right) decay time at baseline and after treatment with ISO.

(D) Calcium transient upstroke time (left) and upstroke velocity (right) at baseline and after treatment with ISO.

(E) Calcium transient amplitude at baseline and after treatment with ISO (baseline: isogenic control, n = 115, two differentiations;
TRDN™/~, n = 115, four differentiations; ISO: isogenic control, n = 80, two differentiations; TRON™/~, n = 85, four differentiations).
Graphs are presented as mean + SEM. Two-way ANOVAs were used to determine significance.
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Figure 7. TRDN /= iPSC-CMs display decreased expression and co-localization of key calcium handling proteins

(A) Representative immunofluorescence images and quantification of RYR2 and CASQ2 protein expression in isogenic control (two dif-
ferentiations) and TRON~/~ (four differentiations) iPSC-CMs.

(B and C) Western blots detecting CASQ2 and RYR2 and subsequent quantification of relative expression (normalized to a-Actinin) in
isogenic control (three differentiations) and TRDN ™/~ iPSC-CMs (six differentiations).

(D) Representative immunofluorescence images showing co-localization of RYR2 and CASQ2 (yellow) and subsequent quantification of
Pearson'’s coefficient for RYR2 and CASQ2 co-localization in isogenic control or TRON ™/~ iPSC-CMs were analyzed using ImageJ with JACoP
plug-in. Scale bars, 50 um.

Graphs represent mean + SEM. Unpaired Student’s t tests (immunofluorescence) or Mann-Whitney tests (western blot) were used to
determine significance.

Conclusions vided preliminary evidence that protein replacement

Here, for the first time, we characterize multiple iPSC-CM
models of TKOS and provide further evidence for null
variants in TRDN as a self-sufficient monogenetic sub-
strate for genetic heart disease. These cells display loss
of expression and proper localization of key CRU pro-
teins, abnormal calcium handling, slow inactivation of
the LTCC, and APD prolongation, which serve as the un-
derlying cause of frequent cellular arrhythmias. These
findings suggest a mechanism of disease distinct from
either LQTS or CPVT, hence the basis for referring to
such patients as having TKOS. In addition, we have pro-
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gene therapy could serve as a more effective treatment
strategy for patients with this malignant and potentially
lethal disorder.

EXPERIMENTAL PROCEDURES

Resource availability
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Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author, Michael Ackerman (ackerman.michael@mayo.edu).
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Materials availability

All unique/stable reagents generated in this study are available
from the corresponding author with a completed Materials Trans-
fer Agreement.

Data and code availability

The data that support the findings of this study are available from
the corresponding author on reasonable request.

Samples

Human samples were obtained from patients with TKOS and an
unrelated healthy control following written informed consent un-
der Mayo Clinic Institutional Review Board (IRB, 09-006465)
study approval. Procedures followed were in accordance with insti-
tutional guidelines. Comprehensive methods are available in the
supplemental information.

Case descriptions

TKOS patient 1 is a white male who presented initially with fetal
bradycardia and subsequently experienced sudden cardiac arrest
at 1 year of age. In addition, he had multiple BCEs despite beta
blocker treatment. He exhibited a borderline QTc of 475 ms on
ECG, along with extensive T-wave inversions in leads V1-V3.
Interestingly, this patient also displayed a unique skeletal myop-
athy caused by the loss of triadin in skeletal muscle. Two com-
pound heterozygous frameshift variants in TRDN, p. K147fs*0
and p. N9fs*5, were identified as the basis for his TKOS. TKOS pa-
tient 2 is a black female who first experienced cardiac arrest at the
age of 1 year. She experienced multiple BCEs despite beta blocker
treatment and left cardiac sympathetic denervation. Her ECG
showed a prolonged QTc of 500 ms, along with extensive
T-wave inversions in precordial leads V1-V4, and she displayed
ectopy on stress testing. Whole-exome sequencing revealed a ho-
mozygous p.D18fs*13 variant in TRDN as the basis for her
TKOS.>?

Fluo-4-measured Ca®* imaging to assess calcium
handling

iPSC-CMs cultured on 35-mm glass-bottom dishes (MatTek Cor-
poration, Ashland, MA, USA) at 37°C, 5% CO, were loaded
with 2 uM Fluo-4 AM (Thermo Fisher Scientific, Waltham, MA,
USA) with 0.02% F-127 (Thermo Fisher Scientific, Waltham,
MA, USA) in Tyrode’s Solution (Alfa Aesar, Tewksbury, MA,
USA) for 30 min. Following washout, Tyrode’s solution was
added, and cells were imaged. During imaging, cells were kept
in a heated 37°C stage-top environment chamber supplied
with 5% CO,. Imaging of Ca®* transients was taken under a
40x water objective using a Nikon Eclipse Ti (Melville, NY,
USA) light microscope. iPSC-CMs were paced at 0.5 Hz using
an lonOptix MyoPacer Field Stimulator (Westwood, MA, USA).
Time-lapse videos were taken at a speed of 20 ms/frame for 20
s. For recordings with ISO, 1 uM ISO (12760; MilliporeSigma)
was added to the Tyrode’s solution, and video recordings were
taken between 6 and 10 min of incubation. The raw data were
exported to Excel software (Microsoft, Redmond, WA, USA)
and analyzed with a custom Excel-based script to correct for
photo bleaching.

Electrophysiological LTCC measurement

Standard whole-cell patch-clamp technique was used to measure
LTCC current at RT (22°C-24°C) with the use of an Axopatch
200B amplifier, Digidata 1440A and pClamp version 10.7 software
(Molecular Devices, San Jose, CA, USA). The extracellular (bath) so-
lution contained (mmol/L): 2 CaCl,, 1 MgCl,, 150 TEA-C], and 10
HEPES, pH adjusted to 7.35 with CsOH. For Ba?* replacement mea-
surements, we replaced CaCl, with 2 mmol/L BaCl,. The intracel-
lular (pipette) solution contained (mmol/L): 110 CsCl, 0.1 CaCl,,
10 HEPES, 10 EGTA, 2 MgATP, and 10 TEA-CI, pH adjusted to
7.30 with CsOH.'! For low EGTA conditions, the concentration
of EGTA in the intracellular solution was 0.2 mmol/L. Microelec-
trodes were pulled on a P-97 puller (Sutter Instruments, Novato,
CA, USA) and fire polished to a final resistance of 2-3 MQ. Series
resistance was compensated by 80%-85%. Currents were filtered
at 1 kHz and digitized at 5 kHz with an eight-pole Bessel filter.
Data were analyzed using Clampfit (Axon Instruments, Sunnyvale,
CA, USA) and Excel (Microsoft) and graphed with GraphPad Prism
8.3 (GraphPad Software, San Diego, CA, USA). The voltage depen-
dence of activation curve was fitted with a Boltzmann function:
Gca/Gea max = {1 + exp [(V — Vy2)/K]} ™}, where V,,, and k are
the half-maximal voltage of activation and the slope factor, respec-
tively. The steady-state inactivation curve was fitted with a Boltz-
mann function: Ic,/Ic, max = {1 + exp [(V — Vl/z)/k]}*l, where
V12 and k are the half-maximal voltage of inactivation and the
slope factor, respectively. I, decay was fitted with a biexponential
function: y = yo + {1 — [Af exp(—t/tp)] + [As exp(—t/Ts)]}, where A¢
and A represent the amplitudes of the fast and the slow inactivat-
ing components, respectively, and 1¢ and 7, represent the fast and
slow time constants of inactivation, respectively. Persistent
Cay1.2 current was measured at the end of a 500-ms-long depolar-
ization of —20 mV.

Electrophysiological AP measurement

Whole-cell ruptured patch was used for AP recordings. APs were re-
corded at RT (22°C-24°C) using current-clamp mode at a constant
rate of 1 Hz through 5-ms depolarizing current injections of 300-
500 pA and gap-free configuration with the use of an Axopatch
200B amplifier, Digidata 1440A, and pClamp version 10.7 soft-
ware. Following baseline measurement, 1 pM ISO was added to
the bath solution, and APs were recorded again after 10-min incu-
bation. The extracellular (bath) solution contained (mmol/L): 150
NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl,, 1 Na-pyruvate, and 15 HEPES,
pH adjusted to 7.4 with NaOH. The pipette solution contained
(mmol/L): 150 KCl, 5 NaCl, 2 CaCl,, 5 EGTA, 5 MgATP, and 10
HEPES, pH adjusted to 7.2 with KOH. Data were analyzed using
Clampfit, Excel (Microsoft) and graphed with GraphPad Prism
8.3 (GraphPad Software). Microelectrodes were pulled on a P-97
puller (Sutter Instruments) and fire polished to a final resistance
of 2-3 MQ. Series resistance was compensated by 80%-85%.

Arrhythmia events measurement

In the first, third, and fourth panels in Figure 3B, all AP recordings
from each cell were evaluated to determine whether a particular
arrhythmic event occurred in any of those recordings. Then the
percentage of cells (both WT and TRDN /") that exhibited a partic-
ular arrhythmic event was calculated by dividing the number of
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cells with an arrhythmia by the total number of cells. Finally, a
Fisher’s exact test was used to determine whether there was a statis-
tical difference between the number of WT and TRDN '~ cells
showing an arrhythmia.

In the second panel in Figure 3B, the number of DADs per AP
(DADs/episode) was evaluated only in spontaneous (gap-free) AP
recordings for each cell to count the total number of APs in those
recordings and the number of DADs present in those same record-
ings. Finally, the number of DADs was divided by the total number
of APs to derive the number of DADs per AP for each cell. Two-way
ANOVAs with multiple comparisons tests were used to determine
statistical significance. Although the data in the first panel in Fig-
ure 3B are getting at the number of cells showing DADs, the pur-
pose of the measurements in the second panel is to assess the
rate at which those DADs occur.

Statistics

All data are expressed as mean + standard error of the mean (SEM).
Error bars represent SEM. For all experiments, except western
blots, individual data points represent measurements from one
iPSC-CM, and these were considered technical replicates. For ex-
periments comparing two groups (i.e., isogenic control vs.
TRDN /"), technical replicates were derived from multiple CM dif-
ferentiations, which were considered biological replicates. Tech-
nical replicates were then grouped for statistical analysis. Individ-
ual data points shown for western blot quantification represent
separate CM differentiations. For continuous data, unpaired Stu-
dent’s t tests or Mann-Whitney tests were performed to determine
statistical significance between two groups, and Kruskal-Wallis
tests with post hoc Dunn’s multiple comparisons tests were used
to determine statistical significance between three groups. Two-
way ANOVAs with multiple comparisons tests were used to deter-
mine statistical significance for more than three groups. For
categorical data, Fischer’s exact tests were used to determine signif-
icance between two groups. A p value <5.0 X 102 was considered
to be significant. All statistical analysis was carried out using
GraphPad Prism 8.3.
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