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Transient titin-dependent ventricular defects
during development lead to adult atrial
arrhythmia and impaired contractility

Xinghang Jiang,1,2,3,12 Olivia T. Ly,4,5,12 Hanna Chen,4 Ziwei Zhang,6 Beatriz A. Ibarra,2,3 Mahmud A. Pavel,4

Grace E. Brown,5 Arvind Sridhar,4,7 David Tofovic,4,8 Abigail Swick,2,3 Richard Marszalek,7 Carlos G. Vanoye,9

Fritz Navales,2,3 Alfred L. George, Jr.,9 Salman R. Khetani,5 Jalees Rehman,4,10 Yu Gao,6 Dawood Darbar,4,8,*

and Ankur Saxena1,2,3,11,13,*
SUMMARY

Developmental causes of the most common arrhythmia, atrial fibrillation (AF), are poorly defined, with
compensation potentially masking arrhythmic risk. Here, we delete 9 amino acids (D9) within a conserved
domain of the giant protein titin’s A-band in zebrafish and human-induced pluripotent stem cell-derived
atrial cardiomyocytes (hiPSC-aCMs). We find that ttnaD9/D9 zebrafish embryos’ cardiac morphology is
perturbed and accompanied by reduced functional output, but ventricular function recovers within
days. Despite normal ventricular function, ttnaD9/D9 adults exhibit AF and atrial myopathy, which are reca-
pitulated in TTND9/D9-hiPSC-aCMs. Additionally, action potential is shortened and slow delayed rectifier
potassium current (IKs) is increased due to aberrant atrial natriuretic peptide (ANP) levels. Strikingly, sup-
pression of IKs in both models prevents AF and improves atrial contractility. Thus, a small internal deletion
in titin causes developmental abnormalities that increase the risk of AF via ion channel remodeling, with
implications for patients who harbor disease-causing variants in sarcomeric proteins.

INTRODUCTION

Atrial fibrillation (AF), the irregular beating of atria, is the most common type of cardiac arrhythmia and affects millions of adults who are at

increased risk of heart failure, stroke, and death.1–3 Genetic studies have identifiedmore than 140 common genetic loci associated with AF,4,5

and family-based studies have implicated rare variants primarily encoding cardiac ion channels.6 However, the advent of high-throughput

next-generation sequencing has identified familial/early-onset AF-associated mutations in myocardial structural proteins such as myosin

heavy chain 6 (MYH6),7 myosin light chain 4 (MYL4),8,9 and, more recently, titin.10,11 Titin is a major component of the sarcomere and critical

for both cardiac development and function.12 Several titin loss-of-function (LOF) variants are associated with AF,10,13–16 and both truncating

variants (TTNtvs) andmissense variants can cause dilated cardiomyopathy.16–21 However, large truncations of titin do not providemechanistic

insight into individual protein domains, especially titin’s understudied, highly conserved A-band, which includes 44 immunoglobulin (Ig)-like

domains that are enriched in AF-associated variants.10,13,14,22 Previous work deleting titin’s whole I-band/A-band junction uncovered an

important role for titin in diastolic dysfunction and heart failure with preserved ejection fraction.23 However, except for a few Ig-like domains

bound to myosin binding protein-C (MBPC),24 the roles of titin A-band’s Ig-like domains are poorly understood.

In some cases, AF correlates with dysregulated cardiac development, which can yield mistakes that increase the risk of adult disease.

Congenital heart defects are found in at least 1% of all live births,25 and individuals with developmental defects are at higher risk for devel-

oping AF later in life.26,27 While there has been rapid progress in uncovering the genetic determinants of abnormal cardiac development,

causal genetic relationships between developmental defects and AF are less well-defined.6,28 It remains unclear if and how adult cardiac
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Figure 1. ttnaD9 results in a 9 amino acid deletion in an immunoglobin-like domain corresponding to the human Ig-139 domain of titin A-band

(A) Schematic of major components of the sarcomere.

(B) Schematic of the full-length human titin protein and detailed layout of the C-zone in the A-band. Red, Ig domain. White, fibronectin type-III (FN3) domain.

There are 11 repeats of Ig-FN3-FN3-Ig-FN3-FN3-FN3-Ig-FN3-FN3-FN3 pattern of domains in the C-zone. Amino acid sequence alignment between human Ig

domain 139 (Ig-139) and its corresponding Ig domain (Ig-107) in the zebrafish ttna protein. Red box indicates the location of residues deleted in the TTN D9 and

ttnaD9 mutation.

(C–F00) Representative 3D projection images of in situ hybridization chain reaction with probes targeting ttna mRNA in either the 27 base pair deleted region

(ttna_D9, magenta) or regions approximately 1,500 base pairs upstream and downstream of the deletion (ttna_common, red) in ventricular (C–D00) and atrial

(E–F00) cardiomyocytes of wild-type (ttna+/+, n = 6) and ttnaD9/D9 (n = 6) zebrafish embryos at 48 h postfertilization (hpf). Optical section thickness: 29.8 mm.

Scale bar: 10 mm. See also Figure S1.
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function can adapt to undiagnosed and/or transient developmental defects and if compensatory recoverymightmask an increased risk for AF

in adulthood. Meanwhile, genetic studies have revealed a crucial role for ion channel remodeling in AF pathogenesis, but potential non-ca-

nonical roles for structural proteins in regulating atrial arrhythmogenicity are poorly understood.

A potential connection between titin’s roles in cardiac development and adult functionality has not been explored. Postulating that a small

alteration in titin, with its canonical structural role in the sarcomere, may give rise to unexpected lasting effects in adults, we deleted just 9

amino acids (D9) within an A-band Ig-like domain in both TTN’s zebrafish orthologue ttna and in TTN itself in human-induced pluripotent

stem cell-derived atrial cardiomyocytes (hiPSC-aCMs).29,30 Upon interrogating titin’s role in both cardiac development and function, including

AF pathogenesis, we find that homozygous mutant ttnaD9/D9 embryos demonstrate defects in atrial morphology and contraction as well as

overall cardiac function in comparison to ttna+/+ clutchmates. Most ttnaD9/D9 embryos survive these initial defects and exhibit significant

improvement in ventricular function by 72–96 h post fertilization (hpf), with 78% of homozygous embryos surviving to adulthood. However,

ttnaD9/D9 adult zebrafish and mature TTND9/D9-hiPSC-aCMs exhibit AF, atrial cardiomyopathy without fibrosis, sarcomeric disassembly,

reduced contraction, and atrial action potential (AP) shortening. We also identify aberrant atrial natriuretic peptide (ANP) expression leading

to enhanced slow delayed rectifier potassium current (IKs). Finally, targeted pharmacological inhibition of IKs both in vivo and in vitro amelio-

rates D9-driven AF and improves atrial contractility. Collectively, these data reveal a progression from developmental defects to functional

recovery to IKs-dependent AF due to TTND9-dependent ion channel remodeling and atrial cardiomyopathy, suggesting that ion channel mod-

ulation may offer a new therapeutic strategy for improving cardiac function in patients with mutations in structural proteins.

RESULTS

Targeted ttna mutagenesis yields a 9-amino acid deletion within zebrafish titin’s Ig-107 domain

To investigate the role of titin’s A-band in cardiac development and disease, we performed targeted CRISPR-Cas9-mediated mutagenesis of

TTN’s zebrafish orthologue, ttna, which is the dominant orthologue required for zebrafish embryo cardiac sarcomere assembly and contrac-

tion.31 The resulting ttnaD9 allele harbors a 9-amino acid, in-frame deletion (Chromosome 9: 42905440–42905466, GRCz11; p.Ala29817_-

Leu29825del, UniProt ID: A5X6X5) within the A-band in the Ig-107 domain, which corresponds to human TTN’s Ig-139 domain (UniProt ID:

Q8WZ42) (Figures 1A and 1B). In situ hybridization chain reaction (HCR)13 in zebrafish embryos targeted ttna mRNA’s 27 base pair deleted

region or regions �1.5 kb upstream and downstream of the deletion. Probes targeting the flanking regions detected similar levels of ttna

mRNA in wild-type (WT) ttna+/+ and homozygous mutant ttnaD9/D9 cardiomyocytes (Figures 1C–1D0 and 1E–1F0), while the deleted region

was detected only in ttna+/+ cardiomyocytes (Figures 1C00, 1D00, 1E00, and 1F00), confirming the deletion and unperturbed transcription of ttnaD9

mRNA. Similar results were observed in skeletal muscle tissue (Figure S1), consistent with the known conservation of A-band Ig domains

across almost all titin isoforms and their expression in striated muscles.32,33

ttnaD9/D9 zebrafish exhibit a transient reduction in ventricular function during development

ttna, the first sarcomeric gene expressed in the zebrafish heart, is essential for sarcomere assembly and cardiac contractility.31 Therefore, we

employed transmission electron microscopy (TEM) to determine the sarcomeric organization of embryonic cardiomyocytes at 48 hpf, when sig-

nificant assembly of the sarcomere has already occurred.34 We found that ttna+/+ and ttnaD9/D9 embryonic cardiomyocytes exhibit similar orga-

nizationandsarcomere length (Figures2A,2B,andS2A), indicating that ttnaD9doesnotdisrupt sarcomereassemblyduringcardiacdevelopment.

To determine organ-level functionality, we examined cardiac chamber morphology and function in live embryos by crossing ttnaD9/+ ze-

brafish into the background of cmlc2:eGFP; gata1:dsRed transgenic zebrafish, labeling cardiomyocytes and red blood cells. Almost all (91%)

ttnaD9/D9 embryos exhibit successful heart looping, but once atria and ventricles are well-formed at 48 hpf, ttnaD9/D9;eGFP+; dsRed+ (here-

after termed ttnaD9/D9) embryos have slightly smaller ventricles (Figures 2C and S2B), reduced ventricular contraction (Figures 2D and S2C),

and slower blood circulation (Figure 2E; Video S1) in comparison to ttna+/+;eGFP+; dsRed+ and ttnaD9/+;eGFP+; dsRed+ (hereafter termed

ttna+/+ and ttnaD9/+) clutchmates. However, ventricular size, contraction, and blood circulation recover in ttnaD9/D9 embryos to a similar level

as that observed in clutchmates by 72 hpf and 96 hpf (Figures 2C–2E and S2C; Video S1). Consistent with these measurements, blood regur-

gitation and pooling in the inflow tract at 48 hpf also improve by 72–96 hpf (Figures 2F–2K; Video S2). Meanwhile, heart rate and rhythm are

unchanged throughout these time points (48–96 hpf; Figures S2D and S2E). Approximately 78% of ttnaD9/D9 embryos grow to be active and

fertile adults, compared to ttnaD9/+ and ttnaD9/D9 clutchmates. Having observed no ttnaD9/+ phenotypes, we analyzed ttnaD9/D9 adults along-

side ttna+/+ clutchmates and found ventricles of a similar size (Figure 2L) as well as a similarly organized but slightly elongated sarcomere
iScience 27, 110395, July 19, 2024 3
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Figure 2. ttnaD9/D9 zebrafish exhibit a transient reduction in ventricular function during development

(A and B) Representative transmission electron microscopy (TEM) images of sarcomeres in wild-type (ttna+/+, n = 2) and ttnaD9/D9 (n = 5) zebrafish embryonic

cardiomyocytes at 48 hpf.

(C–E) Quantification of ventricular end-diastolic volume (C), ejection fraction (D), and red blood cell velocity (E) for ttna+/+, ttnaD9/+, and ttnaD9/D9 embryos at 48,

72, and 96 hpf.

(F–I) Representative images of wild-type and ttnaD9/D9 embryos’ blood flow in the inflow tract, visualized with the red blood cell-labeling transgenic line

gata1:dsRed at 48 and 72 hpf. Red boxes indicate the location of the inflow tract, and red arrow indicates blood pooling.

(J) Quantification of the blood retrograde flow fraction between the atrium and inflow tract for ttna+/+, ttnaD9/+, and ttnaD9/D9 embryos at 48, 72, and 96 hpf.

(K) Quantification of blood-pooling area in the inflow tract of ttnaD9/D9 embryos at 48, 60, and 72 hpf.

(L) 12–15-months-old ttna+/+ (n = 10), ttnaD9/+ (n = 9), and ttnaD9/D9 (n = 8) ventricular relative size.

(M andN) Representative TEM images of sarcomeres in ttna+/+ (n= 3) and ttnaD9/D9 (n= 3) ventricular cardiomyocytes at 6months of age. n value for (C–K): ttna+/+

n = 20, ttnaD9/+ n = 39, ttnaD9/D9 n = 33. Data in (C–E, J–L) are represented as mean G95% confidence intervals. ns p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001. See also Figures S2 and S4.
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structure (Figures 2M–2N and S2F). Collectively, these data indicate that ttnaD9/D9 embryos have initial physiological and functional defects

that rapidly recover, providing sufficient ventricular function and normal electrophysiology for survival and growth.

ttnaD9/D9 zebrafish exhibit persistent atrial enlargement, and sarcomeric disorganization is present in both adult ttnaD9/D9

zebrafish atrial cardiomyocytes and TTND9/D9-hiPSC-aCMs

In contrast to their ventricular recovery, ttnaD9/D9 embryos develop and sustain significant atrial enlargement in comparison to ttna+/+ and

ttnaD9/+ clutchmates from 48 to 96 hpf (Figures 3A–3C and S3A; Video S3), suggesting a primary atrial phenotype. At 96 hpf, ttnaD9/D9 embryos

exhibit an abnormally bulbous atrial shape (Figures 3A, 3B, and S3B) and significantly thickened atrial walls (Figures 3D–3F), while ttnaD9/D9

ventricular morphology and thickness are normal (Figures S3C–S3E). Atrial enlargement persists in ttnaD9/D9 adults (Figures 3G–3I) and lacks

atrial fibrosis (Figures 3J and 3K), consistent with unchanged levels of titin and the profibrotic proteins col1a1b and acta2 (Figure S4A). Addi-

tionally, ttnaD9/D9 adult zebrafish atrial cardiomyocytes have significantly disorganized and shortened sarcomeres, including M-line absence

and blurry boundaries between light and dark bands, in comparison to both ttna+/+ atrial cardiomyocytes and ttnaD9/D9 ventricular cardio-

myocytes (Figures 2N, 3L, 3M, and S4B), indicating an atrial-specific phenotype that persists in adults.

To determine theD9 deletion’s effects in human cardiomyocytes, we generated TTND9mutant hiPSCs and applied electrometabolicmatu-

ration (EMM) for the generation of mature hiPSC-aCMs.35 Retinoic acid (RA) was used to induce aCM differentiation from hiPSCs. Flow cy-

tometry revealed a significant increase in the percentage of cells expressing Kv1.5 in RA-treated cells compared to dimethyl sulfoxide

(DMSO)-treated cells in both TTN+/+-hiPSC-aCMs and TTND9/D9-hiPSC-aCMs (Figure S5).We also applied cardiacmicropatterning and cocul-

ture (cMPCC) with atrial fibroblasts to create a comprehensive EMM-cMPCC protocol (Figure S6).36 Clearly demarcated Z-discs and M-lines

are visible in TTN+/+-hiPSC-aCMs (Figures 3N and 3N0), whereas TTND9/D9-hiPSC-aCM organization is diffuse and lacks consistent Z and

M-lines (Figures 3O and 3O0). TTND9/D9-hiPSC-aCMs demonstrate decreased sarcomeric organization and significantly shortened sarcomere

lengths (Figures 3P–3T).

ttnaD9/D9 zebrafish atria and TTND9/D9-hiPSC-aCMs both exhibit reduced contraction, and ttnaD9/D9 adult zebrafish exhibit

AF

Consistent with their developmental morphological defects, ttnaD9/D9 embryos have reduced atrial contraction in comparison to ttna+/+ and

ttnaD9/+ clutchmates (Figure 4A; Video S3). To determine the persistence of this functional change, we performed transthoracic echocardi-

ography andDoppler pulsewave imaging and found that ttnaD9/D9 and ttnaD9/+ adults exhibit reducedpeakAwave velocities, with no change

in peak Ewave velocities (Figure S7; Table S1). These results indicate persistent reduction in atrial contraction and atrial-dependent ventricular

filling in ttnaD9/D9 adults, while potential long-lasting effects of the ttnaD9/+ heterozygous mutation decrease atrial contraction in ttnaD9/+

adults. Similarly, TTND9/D9-hiPSC-aCMs demonstrate significant defects in both contraction and relaxation (Figures 4B and 4C; Videos S4

and S5). Compared to TTN+/+-hiPSC-aCMs, TTND9/D9-hiPSC-aCMs display increased contraction frequency (Figure 4D), reduced displace-

ment (a surrogate marker of relative force) (Figure 4E), shortened wave duration (Figure 4F), and decreased maximum velocity (Figure 4G).

To investigate whether the observed structural and functional changes might lead to electrophysiological abnormalities, we performed

electrocardiography and found that 52% of ttnaD9/D9 adult zebrafish demonstrate P-wave loss and irregular R-R intervals, indicating AF

(Figures 5A–5C). To test whether cellular electrophysiology is affected by the D9 deletion, we performed ex vivo patch-clamp and optical

voltage mapping experiments on adult zebrafish ttnaD9/D9 atrial cardiomyocytes and TTND9/D9-hiPSC-aCMs, respectively, and observed

altered AP amplitudes (APAs) and shortened AP durations (APDs) in both model systems (Figures 5D–5G and S8).

ttnaD9/D9 zebrafish embryos and TTND9/D9-hiPSC-aCMs exhibit aberrant ANP regulation and ANP-dependent changes in IKs

We next explored how our transient ventricular and persistent atrial embryonic defects could mechanistically lead to adult AF. The ANP hor-

mone has been shown to be overexpressed in response to ventricular dysfunction by reactivation of developmental gene expression,37–39 and

its overexpression has been linked to AF via an increased slow delayed rectifier potassium current (IKs).
30,40 The IKs channel in cardiomyocytes

consists of KCNQ1and KCNE1 subunits, with KCNQ1 functioning as the pore-forming subunit and KCNE1 as a regulator subunit.41–43We first

examined mRNA expression levels for ANP (nppa), kcnq1, and kcne1 in zebrafish embryos and found that, at 48 hpf, nppa expression is
iScience 27, 110395, July 19, 2024 5
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Figure 3. ttnaD9/D9 zebrafish exhibit persistent atrial enlargement, and sarcomeric disorganization is found in ttnaD9/D9 zebrafish atrial cardiomyocytes

and TTND9/D9-hiPSC-aCMs

(A and B) Representative images of 96 hpf ttna+/+ and ttnaD9/D9 zebrafish hearts visualized with the cardiomyocyte-labeling transgenic line cmlc2:eGFP. Yellow

dashed lines outline the atria.

(C) Quantification of atrial end-diastolic area for ttna+/+ (n = 20), ttnaD9/+ (n = 39), and ttnaD9/D9 (n = 33) embryos at 48, 72, and 96 hpf.

(D–F) Representative images of 96 hpf ttna+/+ and ttnaD9/D9 hearts and blood visualized with bright field and the red blood cell-labeling transgenic line

gata1:dsRed, respectively. White arrows indicate the atrial myocardial wall. (F) Quantification of atrial myocardial wall thickness at 96 hpf. n value: ttna+/+ =

16, ttnaD9/+ = 37, ttnaD9/D9 = 32.

(G and H) Representative bright-field images of dissected hearts from 8–15-months-old ttna+/+ and ttnaD9/D9 zebrafish. A, atrium. V, ventricle.

(I) Relative atrial size of ttna+/+ (n = 16), ttnaD9/D9 (n = 9), and ttnaD9/D9 (n = 16) zebrafish.

(J and K) Representative images of atria trichrome staining from 12-months-old ttna+/+ (n = 4) and ttnaD9/D9 (n = 3) zebrafish. A, atrium. V, ventricle.

(L and M) Representative TEM images of sarcomeres in ttna+/+ (n = 3) and ttnaD9/D9 (n = 3) zebrafish atrial cardiomyocytes at 6 months of age.

(N–O0) Representative images of immunofluorescence staining targeting cardiac troponin T (cTnT; green) and a-actinin (red) in TTN+/+-hiPSC-aCMs (N) and

TTND9/D9-hiPSC-aCMs (O) with insets (N0 , O0). Scale bar: (N, O) 30 mm; (N0 , O0) 15 mm.

(P and Q) Representative TEM images of TTN+/+-hiPSC-aCMs and TTND9/D9-hiPSC-aCMs.

(R–T) Quantification of sarcomeric length in TTN+/+-hiPSC-aCMs and TTND9/D9-hiPSC-aCMs (n = 3 independent batches, n = 8–9 cells per batch). (S–T)

Measurement of non-cortical actinin alignment against perpendicular and parallel axes of TTN+/+-hiPSC-aCMs and TTND9/D9-hiPSC-aCMs (n = 3 independent

batches, n = 2–3 cells per batch). Data in (C, F, I, R, and T) are represented as mean G95% confidence intervals. *p < 0.05; **p < 0.01; ****p < 0.0001. See also

Figures S3–S6.
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significantly higher, kcnq1 is unchanged, and kcne1 is significantly lower in ttnaD9/D9 embryos in comparison with ttna+/+ clutchmates

(Figure 6A), with ANP overexpression persisting in adult ttnaD9/D9 atria (Figure S4A). To establish a direct connection between ANP and

the downregulation of kcne1/KCNE1 in the D9 deletion, we injected a translation-blocking morpholino targeting ANP in both ttna+/+ and

ttnaD9/D9 zebrafish embryos. ANP knockdown in ttnaD9/D9 embryos yields increased kcne1 expression (Figure 6B) and improved atrial contrac-

tion in comparison to control morpholino-treated ttnaD9/D9 embryos (Figure 6C). In contrast, both atrial contraction in ttna+/+ embryos and

ventricular contraction in ttnaD9/D9 zebrafish embryos remain unaffected (Figures 6D and 6E). Finally, knockdown of closely related brain natri-

uretic peptide (BNP) fails to improve ttnaD9/D9 embryonic atrial contraction (Figure S9), pointing to the specificity of an ANP-mediated effect.

We also examined NPPA expression in mature TTND9/D9-hiPSC-aCMs and found it to be significantly downregulated (Figure S10A) in

contrast to the upregulation observed in ttnaD9/D9 adult zebrafish atria. Meanwhile, we observed greater KCNQ1 and lower KCNE1 expres-

sion in TTND9/D9- versus TTN+/+-hiPSC-aCMs (Figure S10B). Collectively, our data suggest that D9 deletion-induced aberrant regulation of

ANP expression impairs atrial function via IKs channel modulation.

ttnaD9/D9 zebrafish atrial cardiomyocytes and TTND9/D9-hiPSC-aCMs demonstrate IKs potassium channel remodeling

To determine whether IKs function is affected byD9’s downregulation of KCNE1, we performed high-throughput whole-cell voltage clamping

of hiPSC-aCMs. While sodium (INa) and L-type calcium current (ICa,L) densities are not different (Figure S11), peak IKs density is significantly

higher in TTND9/D9-hiPSC-aCMs in comparison to TTN+/+-hiPSC-aCMs (Figures 7A and 7B).

Targeted pharmacological blockade of IKs rescues arrhythmia and improves atrial contraction and relaxation in TTND9/D9-

hiPSC-aCMs and ttnaD9/D9 zebrafish atria

To further understand the relevance of a D9-mediated increase in IKs, we first treated both TTN+/+- and TTND9/D9-hiPSC-aCMs with vehicle

(DMSO) and observedmarkedAPD90 shortening and irregular AP impulses in the latter, indicative of AF (Figures 7C–7E).While the addition of

the calcium channel blocker verapamil has no effect (Figure S12), the addition of the IKs-blocker HMR-1556 abrogates APD90 shortening and

prevents induction of AF (Figures 7C–7E). HMR-1556 treatment also improves atrial contractility of TTND9/D9-hiPSC-aCMs, indicated by a

similar level of contraction frequency, relaxation, and wave component duration to that seen in TTN+/+-hiPSC-aCMs (Figures 7F–7J and

S13A; Videos S6, S7, and S8), while maximal velocity is unaffected (Figure S13B).

We similarly treated ttnaD9/D9 zebrafishwith HMR-1556 at 50–54 hpf and found that, as early as 54 hpf, IKs inhibition accelerates the recovery

of atrial contraction, with contractility comparable to that seen in untreated ttnaD9/D9 embryos 42 h later (96 hpf; Figures 4A, 7K, and S13C;

Video S9), while atrial size andwall thickness are unaffected (Figures S13D and S13E). Collectively, these data across bothmodels suggest that

a TTND9/D9/ttnaD9/D9-mediated increase in IKs contributes to AF, reduced atrial contraction, and atrial cardiomyopathy.

DISCUSSION

Elucidating the molecular mechanisms by which developmental defects lead to increased risk of AF in adults has been challenging, with rare

known examples such as the association of the developmentally important transcription factor paired-like homeodomain transcription factor

2 (PITX2) with common forms of AF.44 Meanwhile, titin contributes to the structural formation and integrity of the developing and adult

heart12, with TTNtvs associated not only with AF and dilated cardiomyopathy10,13–20 but also increased mortality for early-onset AF patients

harboring TTNtvs.11 However, the mechanism(s) by which TTNtvs cause AF has been elusive, partly due to broad analysis of large truncations

that eliminate numerous distinct regions such as the understudied A-band Ig domains, leaving titin’s domain-specific functions unclear. Here,

to explore the relationship between developmental defects and the pathogenesis of AF, we deleted just 9 amino acids in titin’s A-band and
iScience 27, 110395, July 19, 2024 7



Figure 4. ttnaD9/D9 zebrafish atria and TTND9/D9-hiPSC-aCMs exhibit reduced atrial contractility

(A) Quantification of atrial contraction for ttna+/+ (n = 20), ttnaD9/+ (n = 39), and ttnaD9/D9 (n = 33) embryos at 48, 72, and 96 hpf.

(B and C) Representative recordings of the contraction of TTN+/+-hiPSC-aCMs and TTND9/D9-hiPSC-aCMs.

(D–G) Quantification of contraction frequency (D), displacement (E), wave component duration (F), and maximal velocity (G) during contraction and relaxation of

hiPSC-aCMs (n = 3 independent batches, n = 3 biological replicates per batch). Data in (A, D–G) are represented as mean G95% confidence intervals. ns

p > 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. See also Figure S7 and Table S1.
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identified an unexpected role for this giant protein in mediating both ion channel-dependent remodeling and impaired atrial contractility.

Notably, early cardiac dysfunction and recovery lead to aberrant ANP expression and ion channel remodeling, with potential implications

for how subtle structural mutations might cause subclinical abnormalities that lead to AF in adulthood.

Previous studies have revealed an association between TTNtvs and early-onset AF,16 but the underlying mechanisms are poorly under-

stood. Additionally, heterozygous TTN variants in patients may yield subclinical phenotypes similar to that seen in ttnaD9/+ adult zebrafish

(normal atrial morphology and no AF but reduced atrial contractility) that may increase the risk of AF in adulthood. Here, using homozygous
8 iScience 27, 110395, July 19, 2024



Figure 5. ttnaD9/D9 adult zebrafish exhibit atrial fibrillation (AF), and both ttnaD9/D9 zebrafish atrial cardiomyocytes and TTND9/D9-hiPSC-aCMs

demonstrate abnormal electrophysiology

(A) Representative electrocardiogram (ECG) recordings of 7–15-months-old ttna+/+ (n= 20), ttnaD9/D9 (n= 17), and ttnaD9/D9 (n= 27) zebrafish hearts. Upper panel:

ttna+/+ ECG trace; middle panel: ttnaD9/+ ECG trace; lower panel: ttnaD9/D9 ECG trace demonstrating P-wave loss and arrhythmia.

(B) Quantification of AF incidence in ttna+/+, ttnaD9/+, and ttnaD9/D9 adult zebrafish.

(C) Quantification of heartbeat interval standard deviation in zebrafish with AF in comparison to ttna+/+ adults.

(D) Representative recordings of action potential (AP) on isolated ttna+/+ (n = 5) and ttnaD9/D9 (n = 6) zebrafish atrial cardiomyocytes at 12 months of age.

(E) Quantification of AP duration at 90% repolarization (APD90) in isolated zebrafish atrial cardiomyocytes.

(F) Representative optical AP recordings of TTN+/+-hiPSC-aCMs and TTND9/D9-hiPSC-aCMs with voltage-sensitive dye VF2.1Cl.

(G) Quantification of APD90 in hiPSC-aCMs (n = 4 independent batches, n = 5–6 biological replicates per batch). Data in (C, E, and G) are represented as

mean G95% confidence intervals. *p < 0.05; **p < 0.01; ***p < 0.001. See also Figure S8.
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mutant zebrafish and hiPSC-aCMs to reveal a primary phenotype directly, we show for the first time that the TTN-D9 deletion creates an elec-

trophysiological substrate for AF by ion channel remodeling, with IKs augmentation. The regulatory subunit KCNE1 modulates Kv7.1 channel

activation by ensuring that it only opens in a specific conformation, thereby affecting voltage sensor-to-gate kinetics, and the absence of

KCNE1 may facilitate new interactions between KCNQ1 and other proteins.45,46 We found that NPPA expression in TTND9/D9-hiPSC-aCMs

was downregulated, in contrast to the upregulation observed in ttnaD9/D9 adult zebrafish.While this downregulationwas unexpected, it is strik-

ing that, in both models, the D9 deletion yields not only aberrant levels of NPPA/nppa and KCNQ1/KCNE1 expression but also enhanced IKs
channel activity, resulting in a similar electrophysiological phenotype. Previous work has shown that there are differences in the binding of

KCNE1/kcne1 to KCNQ1/kcnq1 in zebrafish as compared to mammalian IKs channels.
47 Thus, one plausible explanation for the variable

NPPA/nppa expression but similar enhancement of IKs in ttna
D9/D9 adult zebrafish and TTND9/D9-hiPSC-aCMsmay relate to different accessory

proteins such as telethonin, calmodulin, PIP2, or protein kinases binding to KCNE accessory proteins.48 Future studies will need to determine

the mechanistic differences between species, perhaps centered on divergent regulation of the IKs channel’s KCNQ1 and KCNE1 subunits.
iScience 27, 110395, July 19, 2024 9



Figure 6. ttnaD9/D9 zebrafish embryos exhibit ANP upregulation and ANP-dependent changes in IKs channel components and atrial function

(A) Quantification of mRNA levels for nppa, kcnq1, and kcne1 in zebrafish embryos at 48 hpf. Each dot represents a biological replicate, and each replicate

contains 5–10 embryos.

(B) Quantification of mRNA levels for kcne1 in negative control morpholino (Control MO)-treated or morpholino targeting nppa (nppa MO)-treated ttnaD9/D9

zebrafish embryos at 48 hpf. Each data point represents a biological replicate, and each replicate contains 5–10 embryos.

(C) Quantification for atrial contraction of Control MO-treated (n = 47) or nppa MO-treated (n = 38) ttnaD9/D9 zebrafish embryos at 48 hpf.

(D) Quantification for atrial contraction of Control MO-treated (n = 19) or nppa MO-treated (n = 17) ttna+/+ zebrafish embryos at 48 hpf.

(E) Quantification of ventricular contraction of Control MO-treated (n = 26) or nppa MO-treated (n = 17) ttnaD9/D9 zebrafish embryos at 48 hpf. Data are

represented as mean G95% confidence intervals. ns p > 0.05; *p < 0.05; ***p < 0.001; ****p < 0.0001. See also Figures S9 and S10.
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Given the known contributions of titin in ventricular cardiomyocytes and skeletal muscle, it is intriguing that the primary, persistent ef-

fect of the D9 deletion is atria specific. Ahlberg et al.16 previously suggested that increased atrial fibrosis in adult zebrafish carrying an

N-terminal TTNtv was an important risk factor for the development of AF. However, ttna/TTN-D9 failed to show significant fibrosis in

both zebrafish and mature hiPSC-aCMs, suggesting domain-specific differences in pathogenesis and a novel role for the D9 region in

driving AF independent of atrial fibrosis. While ttnaD9/D9 zebrafish ventricles recover rapidly, persistent atrial defects accompanied by

ANP overexpression suggest that, in line with previous studies,35,40 ANP increases IKs and leads to AF, providing an atrial-specific mech-

anistic link between developmental defects and adult AF that is further strengthened by the absence of a skeletal muscle phenotype. Addi-

tionally, adult ttnaD9/D9 zebrafish exhibit atrial-specific sarcomere disorganization, perhaps due to the long-term effects of persistent weak

atrial contraction and/or compensatory structural remodeling. It will be interesting to see if future studies identify atrial-specific titin-bind-

ing partners that contribute to sarcomere instability over time. We also showed that the D9 deletion leads to markedly reduced cTnT

expression in TTND9/D9-hiPSC-aCMs. While studies have shown that cTnT is essential in sarcomere assembly and cardiac contractility in

the ventricles,49 it is intriguing that our 9 amino acid deletion in the A-band of titin leads to sarcomeric defects and reduced contractility

in the atria instead.

Mature TTN-D9-hiPSC-aCMs displayed pathologies closely resembling those exhibited by patients harboring TTNtvs, including AF, atrial

cardiomyopathy, sarcomere disassembly, abnormal myocardial relaxation, and reduced contractility. Our analyses of matured TTN-D9-

hiPSC-aCMs revealed markedly compromised cardiac tissue integrity by TEM analysis. The mechanisms whereby some TTNtvs cause dilated

cardiomyopathy while others predispose to AF remain unclear, and pleiotropic variability in titin-linked disease may relate to chamber- or

disease-specific interactions between titin and a variety of cardiac-associated partners. Our findings connecting titin to IKs, and AF may stim-

ulate future work that integrates multiple signaling pathways to provide a holistic view of how cardiac development impacts AF in adults. Of

note, PITX2 regulates ion channel gene expression during cardiac development in both zebrafish andmice,44,50,51 and this transcription factor

may play a key role alongside titin in ion channel regulation. Another potential contributor is Four and a Half LIM domains 2 (FHL2), which has

been suggested to bind to titin’s M-line52 and, separately, to interact with IKs and affect its activity.53 Thus, theremay be a number of signaling

mechanisms that work in concert to connect structural proteins to ion channel modulation and the regulation of atrial rhythmicity.
10 iScience 27, 110395, July 19, 2024
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Figure 7. Targeted pharmacological blockade of IKs rescues the arrhythmia and improves contraction and relaxation in TTND9/D9-hiPSC-aCMs and

ttnaD9/D9 zebrafish atria

(A and B) High-throughput voltage clamping showing IKs in TTND9/D9-hiPSC-aCMs (n = 71) compared to TTN+/+-hiPSC-aCMs (n = 59): current-voltage (I-V) curves

(A) and quantification of IKs densities at +60 mV (B).

(C) Representative optical action potential recordings of TTN+/+-hiPSC-aCMs and TTND9/D9-hiPSC-aCMs treated with either vehicle (DMSO) or HMR-1556 in

DMSO.

(D and E) Quantification of APD90 (D) and contraction rhythm (E) of DMSO- or HMR-1556/DMSO-treated TTN+/+-hiPSC-aCMs and TTND9/D9-hiPSC-aCMs. (n = 3

independent batches, n = 5–9 biological replicates per batch).

(F–H) Representative recordings of contractility analysis on hiPSC-aCMs treated with DMSO or HMR-1556/DMSO.

(I and J) Quantification of contractility parameters including contraction frequency (I, 1-way ANOVA with Bonferroni’s correction) and displacement (J, two-way

ANOVA with Bonferroni’s correction, n = 3 independent batches, n = 2 biological replicates per batch).

(K) Quantification of ttnaD9/D9 zebrafish embryo atrial contraction under either DMSO (n = 28) or 10 mM HMR-1556/DMSO (n = 27) treatment from 50 to 54 hpf.

Data in (A, B, D–E, and I–K) are represented as mean G95% confidence intervals. ns p > 0.05; *p < 0.05; **p < 0.01; ****p < 0.0001. See also Figures S11–S13.
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Patients harboring TTNtvs are at increased risk of developing dilated cardiomyopathy and cardiac arrhythmias, but there is an incomplete

understanding of the underlying mechanisms and the implications for broadly effective therapies. Childhood atrial function has not been

studied in patients carrying TTNtvs and is not routinely evaluated, leaving open the possibility that congenital defects could give rise to

AF predisposition at an early age, particularly in combination with risk factors such as atrial dilatation.54 Meanwhile, the clinical relevance

of many missense variants in titin remains unclear.55 Strikingly, our IKs blockade in zebrafish and mature hiPSC-aCMs not only prevented

AF but also improved atrial function in embryos, which has potential clinical implications for both pediatric and adult patients. As titin serves

as an electromechanical bridge connecting sarcomeric structures with ion channels, developing drug treatments targeting ion channel re-

modeling may not only restore and maintain sinus rhythm and improve contractility but also improve the long-term outcome for patients

who harbor disease-causing rare variants in titin or other sarcomeric proteins by reducing the risk of thromboembolic complications.
Limitations of the study

While the zebrafish serves as a robust model system for cardiovascular research, differences such as the number of heart chambers limit the

degree to which human disease-relevant conclusions can be drawn. Similarly, at themolecular level, ANP expression appears to be regulated

differently between zebrafish and hiPSC-aCMs, complicating investigation of divergentmechanisms but also offering opportunities for future

comparative studies. Finally, the structure of the domain containing the D9 deletion has not been solved due to titin’s large size, limiting the

ability to predict and determine D9’s effect on titin’s binding partners.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Natriuretic peptides A antibody [EPR20247] Abcam Cat#ab209232

anti-cTnT polyclonal (rabbit) Abcam Cat#ab45932; RRID:AB_956386

anti-KCNQ1 polyclonal (rabbit) Abcam Cat#ab181798

Chemicals, peptides, and recombinant proteins

Tricaine/MS-222 Sigma-Aldrich Cat#A5040

Methyl cellulose Sigma-Aldrich Cat#M0512

Cas9 protein IDT Cat#1081058

HMR-1556 Sigma-Aldrich Cat#SML2354

Critical commercial assays

Hybridization Chain Reaction Probes

and Hairpins Version 3

Molecular Instruments N/A

DreamTaq Hot Start Green PCR Master Mix Thermo Scientific Cat#K9022

LA Taq DNA polymerase TaKaRa Cat#RR042B

RNeasy Mini Kit QIAGEN Cat#74104

SuperScript IV VILO Master Mix Invitrogen Cat#11756050

KiCqStart SYBR Green qPCR ReadyMix Sigma-Aldrich Cat#KCQS00

iTaq Universal SYBR Green Supermix Bio-Rad Cat#1725121

Deposited data

Adult zebrafish heart proteomics data ProteomeXchange Consortium PRIDE Identifier: PXD038300

Experimental models: Organisms/strains

Zebrafish: AB wild-type ZIRC Cat#ZL1

Zebrafish: Tg(cmlc2:eGFP) Tsai et al., 200356 ZDB-TGCONSTRCT-070117-164

Zebrafish: Tg(gata1:dsRed) Zon et al., 200357 ZDB-TGCONSTRCT-070117-38

Oligonucleotides

crRNA for ttna gRNA: AAGCTCAGTACGTTCTTCAC IDT N/A

TracrRNA for ttna gRNA IDT N/A

Forward primer for ttnaD9 genotyping:

GCCTTCCTTCCACATTTATTTTCCA

IDT N/A

Reverse primer for ttnaD9 genotyping:

CAGGCTATCAGTGCCCATCA

IDT N/A

Translation-blocking morpholino against nppa:

TCAGAATTAGTCCCCCGGCCATCTC

Becker et al.58 N/A

Translation-blocking morpholino against nppb:

TGTGAAGCGATTTCATGTCTCCTGA

Becker et al.58 N/A

Control morpholino: CCTCTTACCTCAGTTACAATTTATA Gene Tools SKU:PCO-StandardControl-100

gRNA for generating D9 deletion in TTN:

TGTTTCAGATGTTGCAATCA

IDT N/A

HDR template for generating D9 deletion in TTN:

CAATCATTGCACGCTTACTAATATCCTGGCCTT

IDT N/A

Primers/Probes for qPCR IDT See Table S2

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Imaris Bitplane https://imaris.oxinst.com/

GraphPad Prism GraphPad https://www.graphpad.com/

CHOPCHOP Labun et al.59 https://chopchop.cbu.uib.no/

AMT Imaging software V.7.0.1 Advanced Microscopy

Techniques Corp.

https://www.amtimaging.com/

Spinnaker SDK software FLIR https://www.flir.com/products/spinnaker-sdk/

Fiji/ImageJ Schindelin et al.60 https://fiji.sc/

Zen software Zeiss https://www.zeiss.com/microscopy/en/

products/software/zeiss-zen.html

LabScribe ECG recording software iWorx https://iworx.com/labscribe/?v=7516fd43adaa

VisualSonics Echocardiogram Software Fujifilm VevoCQ

OpenCV Open Source Computer

Vision Library

https://opencv.org

scikit-learn Scikit-learn https://scikit-learn.org

pCLAMP 10 Moleculardevices https://support.moleculardevices.com/s/article/

Axon-pCLAMP-10-Electrophysiology-Data-

Acquisition-Analysis-Software-Download-Page

Other

High-speed camera FLIR BFS-U3-17S7M-C

Zebrafish ECG recording system iWorx ZS-200

Vevo2100 Imaging System Fujifilm Vevo2100

MX550S Ultrasound Transducer Fujifilm MX550S

Axopatch Amplifier Moleculardevices 200B

PatchStar Micromanipulator Scientifica https://www.scientifica.uk.com/products/

scientifica-patchstar-micromanipulator

Nikon Eclipse Nikon Ti

Axon Digidata Moleculardevices 1550A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Ankur Saxena (asaxena1@uab.edu).
Materials availability

All unique reagents generated in this study are available from the lead contact.
Data and code availability

� Data: Zebrafish heart proteomics mass spectrometry data have been deposited to the ProteomeXchange Consortium and are publicly

available as of the date of publication. Accession numbers are listed in the key resources table.

� Code: This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Zebrafish model

Zebrafish husbandry

Zebrafish were treated and cared for according to the National Institutes of Health Guide for the Care and Use of Laboratory animals. All

experiments were approved by the University of Illinois at Chicago Institutional Animal Care Committee. Zebrafish embryos were grown,
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staged, and collected as previously described.61,62 The transgenic zebrafish line Tg(cmlc2:eGFP;gata1:dsRed) was used in the AB wild-type

background, and its abbreviation in the text is cmlc2:eGFP; gata1:dsRed.56,57 For experiments using embryos, the sex was not determined,

and therefore, sex distribution was random and roughly equal in all experimental groups and treatments. For experiments using adults, the

sex was determined, and sex distribution was roughly equal in all experimental groups and treatments.

Generation of ttnaD9 in zebrafish and genotyping

The crRNA (AAGCTCAGTACGTTCTTCAC) was designed with the online bioinformatics tool CHOPCHOP59 to direct Cas9 protein to the

desired chromosomal location, (Chr9: 42905439–42905458, GRCz11), in ttna’s Ig-107 domain. TracrRNA, customized crRNA, andCas9 protein

were ordered from Integrated DNA Technologies (IDT). The injection solution containing assembled ribonucleoproteins was prepared ac-

cording to an established protocol provided by IDT.63 Briefly, the crRNA and tracrRNA were resuspended in Nuclease-Free IDTE Buffer

(IDT) to final concentrations of 100 mMeach. Then, 3 mL of crRNA, 3 mL of tracrRNA, and 94 of mLNuclease-FreeDuplex Buffer (IDT) weremixed

and heated at 95�C for 5min to create a 3 mMgRNA solution. The gRNA solution was cooled to room temperature on the bench top. 0.5 mL of

10 mg/mL Cas9 protein stock solution was added into 9.5 mL of Cas9 working buffer (20 mM HEPES; 150 mM KCl, pH 7.5) to get a 0.5 mg/mL

working concentration. The injection solution containing the assembled RNP complexes was made by combining 3 mL of gRNA solution with

3 mL of Cas9 protein working solution and incubating at 37�C for 10 min. The solution was injected (0.7–1.5 nL) into wild-type AB strain zebra-

fish embryos at the one-cell stage. Genomic DNA were extracted with the Hot Sodium Hydroxide and Tris (HotSHOT) method: whole em-

bryos or 3 mm tail-clip samples of adults were dissolved in 50 mM NaOH at 95�C for 15 min, cooled down, and neutralized with 1/10

NaOH volume of 1 M Tris-HCl, pH 8.0. DNA fragments for genotyping were amplified with DreamTaq Hot Start Green PCR Master Mix

(Thermo Scientific, K9022) and primers (Forward: GCCTTCCTTCCACATTTATTTTCCA; reverse: CAGGCTATCAGTGCCCATCA) and then

run on a 3% agarose gel. LA Taq DNA polymerase (TaKaRa, RR042B) was used to amplify DNA fragments for regular Sanger sequencing,

performed by UIC’s Genome Research Core.
Human induced pluripotent stem cell-derived atrial cardiomyocytes (hiPSC-aCM) model

Genomic editing of TTN in hiPSCs with CRISPR-Cas9

HiPSC lines were generated frompatient’s peripheral bloodmononuclear cells (PBMCs) (IRB Protocol #2015-0681 ‘‘TheGenetic Basis of Atrial

Fibrillation’’). The reprogramming process was completed with Sendai virus using the CytoTune-iPS 2.0 Sendai Reprogramming Kit (Thermo

Fisher Scientific kit). After colony appearance at 3–4 weeks, colonies were manually picked. Generated hiPSC colonies were screened and

karyotyped (Diagnostic Wicell Inc.). Our protocol typically yields�80 to 90% pure iPSC-aCMs and <6% fibroblasts based on immunostaining

analysis, as previously described30,64 and shown in Figure S5.

The TTN-D9 CRISPR-Cas9 sgRNA (TGTTTCAGATGTTGCAATCA) and ssODN (CAATCATTGCACGCTTACTAATATCCTGGCCTT) were

designed to target the wild-type (WT) genomic DNA location: chr2:178539785-178539811 (GRCh38.p13). TTN+/+ hiPSCs were dissociated

into single cells, then electroporated with Cas9 ribonucleoprotein (RNP) complexes targeting exon 352 and sgRNA using the Neon Trans-

fection System (Invitrogen). Cells were transferred into one well of a Matrigel-coated 24-well plate containing 400 mL of mTesR with

10 mM Y-27632. After expansion for several days, half of the cell population was used to analyze editing efficiency with next-generation

sequencing (NGS). Upon confirming editing efficiency, 96 individual cells were manually sorted to establish single-cell colonies. 50 edited

clones were selected for expansion and verification by NGS sequencing. Karyotype analysis was performed by the Cytogenetics laboratory

at WiCell Research Institute Inc. Twenty metaphase cells were harvested and their chromosomes were analyzed using the giemsa trypsin

wright (GTW) banding method, showing a normal karyotype (46, XY).

HiPSC culture and atrial cardiomyocyte differentiation and maturation

To culture hiPSCs, the cells were seeded at an initial density of 500,000 cells/well on 6-well plates coated with human recombinant vitronectin

(VTN). The hiPSCs were cultured in mTesRmedia with daily media exchanges until 80–90% confluent, after differentiation begins. After briefly

washing hiPSCs with DPBS without Ca2+ or Mg2+, MediumA (Day 1) of conditioned differentiation kit (Gibco) was added for 2 days. On Day 3,

themedia was replacedwithMediumBof conditioneddifferentiation kit (Gibco) for 2 days. To guide hiPSC-CMs into atrial maturation, onDay

5, the cells were treatedwith 1 mM/all-trans retinoic acid (RA) for 4 days withmedia changes every 2 days.65 Population purification was accom-

plished using glucose starvation and lactate replacement. Contractingmonolayers were visualized betweenDays 9–12, depending on the cell

culture and batch-batch variability.

Human atrial cardiac fibroblasts (aCFs) were purchased cryopreserved from Lonza and grown in medium containing 10% fetal bovine

serum (FBS, Thermo Fisher Scientific) in Ham’s F-12 medium containing L-glutamine (Gibco), 1% v/v penicillin/streptomycin (Corning),

4 ng/mL FGF-b (EMD Millpore), and human insulin (Sigma-Aldrich). aCFs were passaged by treatment with 0.05% trypsin/EDTA for 7 min,

which was neutralized with medium containing serum. The cell suspension was then spun at 1100 rpm for 8 min to pellet the cells. The super-

natant was removed, and cells were resuspended in fresh medium for further passaging or coculture experimentation. Cardiac fibroblasts

were utilized between passages 3–6 to limit passage-passage variation. Prior to use in coculture studies, aCFs were growth arrested with

1 mg/mL mitomycin C (Millipore Sigma).

In order to improve maturity and control homotypic vs. heterotypic interactions, hiPSC-aCMs and aCFs were sequentially seeded onto

patterned plates to create micropatterned cocultures. Briefly, an SU-8 mold was fabricated with 80 mm pillars and 55 mm trenches. To create
18 iScience 27, 110395, July 19, 2024
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polydimethylsiloxane (PDMS, Dow-Corning) stamps, Sylgard-184 base and curing agents were mixed at a 10:1 ratio (w/w) and subsequently

cast onto SU-8 molds, degassed, and thermally cured at 75�C for 1 h. To create micropatterns for cell seeding, tissue culture polystyrene

(TCPS) plates were exposed to oxygen plasma for 2 min and then treated with 5% (3-Aminopropyl)triethoxysilane (APTES, Sigma-Aldrich)

in 95% ethanol for 30 min in order to improve adhesion of the PDMS stamp to the plate. The plates were then dried and cured at 80�C
for 1 h. PDMS stamps were placed in each well, followed by exposure to oxygen plasma to etch the APTES unprotected by the PDMS stamp

in order to improve pattern distinction. Next, 0.05% bovine serum albumin (BSA, Fisher Scientific) dissolved in ddH2O (w/v) was added to the

microchannels created between the plate and PDMS stamp via vacuum suction. The BSA treated plates were incubated overnight at 4�C,
rinsed with ddH2O to remove excess BSA, dried, and sterilized via UV treatment. Finally, 30 mg/mL fibronectin (EMD Millpore) in 1x DPBS

without calcium and magnesium was added to the BSA-blocked plates and incubated overnight at 4�C. Prior to cell seeding, the plates

were rinsed with 1x DPBS without calcium and magnesium.

On Day 15, we dissociated the hiPSC-aCMs into single cells and reseeded onto fibronectin (FBN) coated micropatterned plates at a den-

sity of 800,000 cells/mL. To dissociate hiPSC-aCMs, media was aspirated and the cells were incubated with DPBS without calcium or magne-

sium for 20 min in 37�C, followed by 5min in TrypLE in 37�C and 20min in 25 mg/mL of liberase at 37�C. The cells were dissociated with gentle

aspiration, centrifuged for 5 min at 500 g, then resuspended in Cardiomyocyte Maintenance Media (CMM; Gibco) supplemented with 10%

FBS. Plates were gently shaken every 20min for 3 h to ensure attachment to patterns. The following day, themedia was changed to CMMwith

5% FBS. The next day, atrial fibroblasts were seeded (200,000 cells/well in a 12-well plate). Two hours prior to fibroblast seeding, a half media

change was performed with media containing 50 mg/mL collagen (to a final concentration of 25 mg/mL). Then the media was removed and

replaced with electrometabolic maturation (EMM) media, after which the EMM protocol was applied.35

Magnetic cell sorting

After dissociating hiPSC-aCMs as described above, cells were centrifuged at 500 g for 5 min. After removing the supernatant, cells were re-

suspended in 80 mL of MACS buffer (Miltenyi Biotec) per 500,000 cells. 20 mL Non-Cardiomyocyte Depletion Cocktail (Miltenyi Biotec) was

added per 500,000 cells, followed by gentle mixing and incubation for 5 min at 4�C. The cells were then washed in 1 mL of MACS buffer,

followed by centrifugation at 200g for 5 min. The cells were resuspended in 80 mL of MACS buffer, mixed with 20 mL of Anti-Biotin Microbeads

(Miltenyi Biotec), and incubated for 10 min at 4�C. The cell volume was increased to 500 mL. An LS column was hydrated in the MidiMACS

Separator (Miltenyi Biotec) with 3 mL of MACS buffer, and the 500 mL cell sample was passed through. The column was washed with

3x3 mL of MACS buffer. All flow through is centrifuged at 200 g for 5 min. The cell pellet is resuspended in CMM supplemented with 10%

FBS and penicillin/streptomycin, then seeded onto fibronectin-coated plates at a density of 500,000–750,000 cells/mL. Cell sorting was per-

formed prior to immunofluorescence, RT-PCR, RNA-sequencing, high-throughput electrophysiology (SyncroPatch), western blotting, and co-

immunoprecipitation experiments to ensure all analysis was performed on a purely atrial cardiomyocyte population.

METHOD DETAILS

In situ hybridization chain reaction (HCR)

Zebrafish embryos were fixed at 48 hpf and theHCR v3.0 protocol was used as previously described66,67 with custom-designed probe sets tar-

geting zebrafish ttnaD9 deleted regionor the 1500-base-pair sequence flanking thedeleted region (Molecular Instruments, Inc.). Embryoswere

also stainedwithDAPI (1:2000) to label nuclei. 2 pmol of eachHCRprobe set was hybridized at 37�Covernight in hybridization buffer, followed

by washes at 37�C. Probes were detected by annealing of fluorescent hairpins in amplification buffer overnight at room temperature, followed

by washes with 5x SSC/0.1% Tween 20. HCR probe sets, fluorescent hairpins, and buffers were purchased from Molecular Instruments, Inc.

Zebrafish transmission electron microscopy

Zebrafish embryos were anesthetized at 48 hpf with tricaine, and zebrafish adults were euthanized by rapid chilling in ice water bath. Adult

zebrafish hearts were dissected out as previously described,68 and atria and ventricles were then separated. Whole embryos and dissected

adult atria and ventricles were fixed in 2%PFA and 2.5%glutaraldehyde in 0.1MSodiumPhosphate Buffer, pH 7.4 for 2 h at room temperature,

and then overnight at 4�C. Fixed samples were then washed in 0.1 M Sorensen’s sodium phosphate buffer (SPB, pH 7.2) and post-fixed in

buffered 1% osmium tetroxide for 1.5 h. After further buffer washes, samples were dehydrated in ascending concentrations of ethanol leading

to 100% ethanol, followed by 2 changes in propylene oxide (PO) transition fluid. Specimens were infiltrated overnight in a 1:1 mixture of PO

and LX-112 epoxy resin and for aminimumof 3 h in 100% pure LX-112 resin, then placed in a 60�C oven to polymerize for 3 days. Alternatively,

embryonic specimens were embedded in LX-112 resin between 2 sheets of thin Aclar plastic. Semi-thin sections (1.0 mm) were cut and stained

with 1% Toluidine blue-O to confirm orientations and/or areas of interest. Ultra-thin sections (70–80 nm) were cut using a Leica Ultracut UCT

model ultramicrotome, collected onto 200-mesh copper grids, and contrastedwith 6% uranyl acetate and lead citrate stains. Specimens were

examined using a JEOL JEM-1400 Flash transmission electronmicroscope operating at 80 kV.Micrographs were acquired using an AMT Side-

Mount Nano Sprint Model 1200S-B and/or BioSprint 12M-B cameras, loaded with AMT Imaging software V.7.0.1.

Zebrafish adult survival determination

Embryos from three ttnaD9/+ incrosses were genotyped at 1 dpf, and 23.3% of themwere ttnaD9/D9. Adults from 4 ttnaD9/+ incrosses were gen-

otyped at 6–8 months age; 18.3% were ttnaD9/D9.
iScience 27, 110395, July 19, 2024 19



ll
OPEN ACCESS

iScience
Article
Zebrafish live imaging and cardiac parameter measurements

48, 72, and 96 hpf cmlc2:eGFP; gata1:dsRed-dual positive embryos were embedded in 0.9% low-melting agarose and covered with Danieau

solution. Lateral view videos of whole embryos were recorded with Spinnaker SDK software (FLIR) and a high-speed camera (BFS-U3-17S7M-

C, FLIR) through Axio Zoom.V16 microscope (ZEISS) at room temperature with the following frame rates: heart contraction, 50 frame per sec-

ond (fps); blood circulation, 195–202 fps). Heart rate and rhythmweremeasured and analyzed based on an establishedmethod, ZebraPace.69

Fiji/ImageJ60 was used to measure the following parameters: wall thickness of atria and ventricles, area of blood pooling, area of atria and

ventricles at the end-diastolic (EDA) and end-systolic (ESA) phases, and ventricular long diameters (DL) and short diameters (DS) at ED and

ES. Fractional area change (FAC), end-diastolic volume (EDV), end-systolic volume (ESV), ejection fraction (EF), and red blood cell (RBC) ve-

locity in the dorsal aorta were calculated by the following equations, which have been previously described70:

FAC ð%Þ =
EDA � ESA

EDA
3 100
Volume =
1

6
3p3DL 3D2

S

EF ð%Þ =
EDV � ESV

EDV
3 100
RBC velocity =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 � x1Þ2 � ðy2 � y1Þ2

q

Dt

The retrograde flow fraction was measured as previously described.71 Briefly, the movement of gata1:dsRed-labeled blood cells was

captured using the same high-speed camera, and the blood flow direction during each cardiac cycle was determined for every frame. The

retrograde flow fraction (RFF) was calculated by dividing the total number of frames showing retrograde flow from the atrium to the inflow

tract by the total number of frames per cardiac cycle.

Zebrafish embryo quantitative reverse transcription PCR (RT-qPCR): Total RNA from dechorionated zebrafish embryos at 48 or 96 hpf was

extracted with RNeasy Mini Kit (QIAGEN). cDNA was synthesized using SuperScript IV VILO Master Mix (Invitrogen). qPCR was performed

with KiCqStart SYBR Green qPCR ReadyMix (Sigma) or iTaq Universal SYBR Green Supermix (Bio-Rad) and CFX Connect Real-Time PCR

Detection System (Bio-Rad). Each genotype contained 3 biological replicates, and each biological replicate contained 4–5 embryos.

mRNA expression levels of target genes were normalized to the expression of rpl13. Primers used for RT-qPCR of nppa, nppb, neurod1,

kcnq1, kcne1, and rpl13 are listed in Table S2.

Zebrafish adult heart dissection and histology

Adult zebrafish were euthanized by rapid chilling in an ice water bath, and hearts and surrounding tissue were dissected out and fixed in 4%

paraformaldehyde (PFA) phosphate-buffered saline solution for 1.5 h at room temperature and then 24 h at 4�C. Following the fixation, zebra-

fish specimens were loaded into ASP 300s automated tissue processor (Leica Biosystems) and dehydrated by a series of ascending graded

ethanol, cleared in xylene, and infused with paraffin following a preset protocol. Samples were then embedded in paraffin in lateral orienta-

tion, and 5 mmsections were cut andmounted on positively charged slides, dried, and baked at 60�C for 1 h. Adhered sections were deparaffi-

nized in Leica Autostainer XL automated stainer (Leica Biosystems) using xylene and descending ethanol series, rehydrated in tap water, and

stained with hematoxylin (Vintage Hematoxylin, StatLab#SL100) and eosin (Vintage Eosin, StatLab #SL101) using a preset protocol. A subset

of slides was also stained with modifiedMasson’s trichrome stain. In brief, deparaffinized sections were incubated in Bouin’s fixative (Electron

Microscopy Sciences, #26367-01) for 1 h at 56�C, rinsed with tap water, stained with Biebrich Scarlet Acid Fuchsin solution (Electron Micro-

scopy Sciences, #26033-25) for 8 min at room temperature, washed in distilled water, incubated in Phostotungsten/Phosphomolybdic

Acid (StatLab, #AHP0543) for 15 min, and stained with Aniline Blue solution for 4 min. Both H&E and Trichrome-stained slides were dehy-

drated on Autostainer XL and mounted with Micromount media (Leica Biosystems) on CV5030 automated coverslipper (Leica Biosystems).

Adult heart size measurement

Dissected whole hearts were imaged with a brightfield microscope and Zen software (Zeiss). Atrial and ventricular sizes were quantified with

ImageJ and normalized to the standard length (distance from the snout to the caudal peduncle) of each zebrafish.

Zebrafish adult echocardiography

Adult zebrafish (14–15months old) were anesthetized for 3min in a chamber containing systemwater and 0.2mg/mL tricaine, after which echo-

cardiographywas performedusing theVevo2100 ImagingSystemandVisualSonics Softwareequippedwith theMX550S transducer (bandwidth

25–55MHz, central operating frequency 40MHz) with continued anesthesia. Two-dimensional (B-mode) images were obtained in the long axis

and short axis views along with color Doppler and pulsed wave Doppler imaging, as previously described.72 We optimized B-mode imaging

quality by adjusting focal depth, gain, and image width/depth, with ventricular inflow measured just distal to the atrioventricular valve leaflet
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tips by pulse wave Doppler imaging after ensuring parallel beam direction to flow. The heart rate was averaged from 5 s windows with the B

mode andDopplermeasurements averaged across at least 3 cardiac cycles.We indexedmeasurements by body surface area, which was calcu-

lated using previously validated methods.73 Zebrafish were subsequently transferred to system water without anesthetic and monitored for

recovery.

Zebrafish adult electrocardiography (ECG)

Adult zebrafish ECG recording was performed as previously described74 with iWorx ZS-200 zebrafish ECG recording system. Briefly, 6–

11months old zebrafishwere anesthetized in 200mg/L Tricaine solution for 7–8min until there was no gill motion. Each anesthetized zebrafish

was transferred to the ECG chamber and positioned on its back, with electrodes placed on the chest and along the midline. ECG was re-

corded for at least 2min at 27�C–28�C and analyzedwith iWorx LabScribe ECG recording software (zebrafish default setting). After recording,

each zebrafish was transferred to regular systemwater for recovery. Statistical analysis of AF incidence was performedwith Fisher’s exact test.

Zebrafish proteomics analysis

Adult zebrafishwere euthanizedby rapid chilling in an icewater bath, and hearts were dissected as previously described.68 Atria and ventricles

were then separated, and 10 atria or 10 ventricles were pooled for each genotype and processed as previously described.75 Briefly, pooled

samples were homogenized in buffer (50 mM Tris-HCl, pH 8.5, 5 mM EDTA, 150 mM NaCl, 10 mM KCl, 1% Triton X-100, protease inhibitor

(SKU#11836170001, Roche)) and centrifuged at 15,000 g for 20min at 4�C to collect the soluble supernatant. Protein was precipitated with ice-

cold acetone (25% final concentration) for 1 h at �20�C, and the pellet was collected after centrifugation at 400g for 1.5 min and dissolved in

8 M urea, 100mM Tris-HCl, pH 8.5. Protein sample was reduced by 5 mM Tris(2-carboxyethyl)phosphine (TCEP) at room temperature for

15 min, followed by 50 mM chloroacetamide (CAA) alkylation in the dark at room temperature for 20 min. Protein was digested with trypsin

(Promega, V5111) at 1:50 (w/w) ratio for 20 h at 37�C. Digestion was quenched by formic acid and the supernatant was collected after centri-

fugation at 18,000 g for 20 min at 4�C. Digestion product was desalted with C18 column (Pierce Peptide Desalting Spin Column) according to

the manufacturer’s protocol. Peptide sample was cleaned with detergent removal column (Pierce). 2 mg peptide from each replicate sample

was isobaric labeled with TMT6plex and fractionated with High pH Reversed-Phase Peptide Fractionation Kit (Pierce). Fractions were dried by

SpeedVac, reconstituted in 0.1% formic acid, and analyzed by an Ultimate 3000 RSLCNano UPLC system coupled to a Thermo QExactive HF

quadrupole�Orbitrap mass spectrometer. The HPLC was equipped with fused-silica capillary analytical columns (Acclaim PepMap, 75 mm *

25 cm, 3 mm, 100 Å). A stepped 90 min gradient of 80% acetonitrile (solvent B) and 0.1% formic acid (solvent A) at 300 nL/min flow rate was

used: 5%–60% B in 70 min, 60%–95% B in 5 min, and 95% B for 15 min. The survey scan range was from 375 to 1600 m/z at a resolution of

120,000 with AGC target of 3*106. The top 10 intense peaks were selected with 1.2 m/z isolation window for MS/MS at resolution of

60,000 with AGC target of 105. MS/MS was performed with fixed first mass of 100.0 m/z. 32% normalized collision energy (NCE) was applied

for peptide fragmentation. LC/MS/MS raw files were searched usingMSFragger76 and the Uniprot zebrafish database (July 2021 release) with

these parameters: full tryptic specificity, miss cleavage site maximum 2, carbamidomethylation of cysteine residues and TMT6plex (K) as fixed

modification; proteinN terminal acetylation, TMT6plex (peptideN-term), andmethionine oxidation as variablemodifications. False discovery

rate for protein were set to 1%. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the

PRIDE77 partner repository with dataset identifier PXD038300.

Electrophysiological recording of zebrafish atrial cardiomyocytes

Adult zebrafish atrial cardiomyocytes were isolated as previously described78 at 12months old. Briefly, atria and ventricles from3 to 4 zebrafish

hearts were separated under amicroscope, and each tissue type was pooled together in tricaine solution (Sigma, cat. no. A5040), followed by

transfer to amicrocentrifuge tube containing 1mL perfusion buffer (10 mMHEPES, 30mM taurine, 5.5M glucose, and 10mMBDM in 1x PBS).

The combined tissue strips were then transferred to a microcentrifuge containing 750 mL digestion buffer (5 mg/mL Collagenase II and Colla-

genase IV and 12.5 mMCaCl2 in perfusion buffer). Tissue strips were gently agitated every 10 min for 1–2 h. At the end of digestion, an equal

volume of stop buffer (10% FBS and 12.5 mM CaCl2 in perfusion buffer) was added, the suspension was centrifuged at 500 g, the pellet was

washed and centrifuged with a series of calcium reintroduction buffers (5% FBS +12.5 mM, 62 mM, 112 mM, 212 mM, 500 mM, and 100 mMCaCl2
in perfusion buffer), and the final cell pellet was resuspended in the respective external solution to use for AP recordings. APs were recorded

using the amphotericin-B patch clamp method, as described previously.79,80 Briefly, isolated atrial myocytes were bathed with a modified

Tyrode’s solution containing (mM): 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1.0 MgCl2, 5 glucose, 5 HEPES; pH 7.4 (NaOH). Patch pipette resistance

was within 7–10 MU when filled with intracellular solution containing (mM): 125 K-gluconate, 20 KCl, 10 NaCl, 0.44 amphotericin-B, 10

HEPES; pH 7.2 (KOH). Action potentials were elicited by 5ms sub-threshold current steps through the patch pipette. Axopatch 200B amplifier

and Digidata 1550A were used for data acquisition, and analysis was performed using pClamp 9.0 software. Action potential duration (APD)

was measured as the duration to three different percentages of repolarization: APD20, APD50, APD90.

Zebrafish morpholino treatment

nppa translation-inhibiting morpholino (TCAGAATTAGTCCCCCGGCCATCTC), nppb translation-inhibiting morpholino (TGTGAAGCGATT

TCATGTCTCCTGA) or negative control morpholino (CCTCTTACCTCAGTTACAATTTATA) was diluted in water and injected into embryos at

one-cell stage with concentration of 2 ng per embryo. The specificity of morpholino targeting nppa was tested in a previous study.58
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Zebrafish embryo drug treatment

Dechorionated cmlc2:eGFP-positive zebrafish embryos’ atrial contraction was measured at 48 hpf, as described above. Embryos were then

individually transferred into Danieau solution containing either 1%DMSO for control groups or 10 mMHMR-1556 (Sigma-Aldrich) in 1%DMSO

for experimental groups. After 4 h of treatment, atrial contraction for each embryo was remeasured.

Immunofluorescence cellular preparation, imaging, and analysis

hiPSC-aCMs were dissociated using the above protocol and replated onto confocal grade polymer bottom dishes (ibidi), then allowed to

recover for 2 days. The cells were washedwith PBS, fixedwith 4% paraformaldehyde (PFA) in 37�C for 10min, permeabilized using 0.1% Triton

X-100 for 15 min, and blocked with 3% BSA for 1 h. Primary antibody was diluted 1:200 in 0.1% BSA and incubated in 0.1% BSA in 4�C over-

night. Primary antibodies used were cTnT (Abcam; ab45932) and a-actinin (Abcam; EA-53 ab9465). Secondary antibody was incubated at a

1:500 dilution in 0.1%BSA for 1 h. Nuclei were stainedwith DAPI at 1:1000 dilution in PBS for 20min. The cells were visualized using Zeiss Laser

Scanning Confocal Microscope (LSM 710) (META) with a 63x oil objective and analyzed with ImageJ. Sarcomere length was determined by

measuring the distance between long axis intensity peaks indicating cellular sarcomeric striations (stained with a-actinin). Ten sarcomere

lengths were obtained per cell. In order to quantify disorganization of sarcomeres, a-actinin objects were segmented with Trainable Weka

Segmentation81 in ImageJ, skeletonized, and converted into datasets of branches. Branch angles for each cell were adjusted by the cell’s

long-axis. The number of branches angled 15� within 0� or 90� were counted and divided by the total number of branches. Kernel density

was used to estimate angular distributions.

Transmission electron microscopy (TEM) sample preparation

hiPSC-aCMs are washed in wells with DPBS without Ca2+ and Mg2+ to remove protein deposition. Warmed (37�C) 2.5% glutaraldehyde in

0.1MSorenson’s Buffer was added for 60min at room temperature for the first round of fixation, followedby gently scraping cells into amicro-

centrifuge tube prefilled with 2.5% glutaraldehyde in 0.1 M Sorenson’s buffer. Samples were centrifuged at 2500 g for 10 min at room tem-

perature, and the pellet was dislodged and flipped with a hypodermic needle to ensure fixative solution penetrated the entire sample. The

pellet was kept at room temperature to fix for an additional 60 min, then the 2.5% glutaraldehyde in 0.1 M Sorenson’s buffer solution was

removed and replaced with 1% glutaraldehyde +4% paraformaldehyde in 0.1 M Sorenson’s buffer and stored at 4�C.

Contractility analysis

Dense optical flow with the Gunnar-Farneback algorithm82 was applied to brightfieldmonolayer contraction videos in OpenCV using python.

The magnitude of every vector per frame was summed, divided by the area of the active field, and plotted in waveform charts. To expand

features for classification, the net vector from the field was summed and integrated. The feature list included 3 consecutives past timepoints

and 1 future timepoint with a univariate Gaussian filter applied to velocities. A random forest classifier83 from sklearn.ensemble84 was trained

with segments of annotated waveform charts resulting in a 97.7% validation accuracy. The classifier was applied to all waveform data for sub-

sequent data tabulation.

HiPSC-aCMs RNA isolation, cDNA synthesis, and RT-qPCR: TRIzol (Invitrogen) was used to extract total RNA from hiPSC-aCMs, which was

then reverse-transcribed using SuperScript III Reverse Transcriptase (ThermoFisher) according to manufacturer protocols. RT-qPCR TaqMan

Fast Advanced Master Mix (ThermoFisher) was used for RT-qPCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used to

normalize mRNA expression, and data was analyzed with the DDCt method. TaqMan probes for KCNQ1, KCNE1, GAPDH, and primers

for NPPA were listed in Table S2.

Myocyte isolation for automated electrophysiology

Myocytes grown in 6-well plates were isolated using the following protocol: Media was aspirated from wells, 1 mL PBS without Ca/Mg was

added to each well and swirled gently 2–3 times, and then was replaced with 2 mL fresh PBS without Ca/Mg per well and incubated for 30 min

at 37�C, 5% CO2. Solution was then removed, and 1 mL PBS without Ca/Mg + Liberase (25 mg/mL. Liberase TH Research Grade, Roche) was

added to each well. Cells were incubated for 25 min at 37�C, 5% CO2. After the incubation, cells in each well were separated by gentle trit-

uration using a 5 mL pipette and cell mixture transferred to a 15 mL conical tube. 1 mL of PBS without Ca/Mg was added to each well to

recover remaining cells and added to the conical tube. Cells were gently mixed by aspirating up and down with 5 mL pipette. An aliquot

(500 mL) was used to determine cell number and viability with automated cell counting (ViCell, Beckman Coulter). Cells were diluted to

500,000 cells/mL with PBS without Ca/Mg and allowed to recover 20–30 min at 15�C while shaking on a rotating platform at 250 rpm before

starting recordings.

Automated electrophysiology

Weperformed automatedpatch clamp recording using the SyncroPatch 384i platform (Nanion Technologies) using single-hole, 384-well thin-

glass recording chips. To record sodium current (INa) and calcium current (ICa), the internal solution contained (in mM): CsF 110, CsCl 10, NaCl

10, HEPES 10, EGTA 20, ATP-Mg 4, with the final pH adjusted to 7.2 with NaOH. The standard external solution contained (in mM): NaCl 140,

KCl 4, CaCl2 2, MgCl2 1, HEPES 10, glucose 5. ICa was also recorded after diluting the standard external solution 1:1 with a Ba2+-containing,

Ca/Mg-free external solution (in mM): NaCl 140, KCl 4, HEPES 10, glucose 5, BaCl2 30, with the final pH adjusted to 7.4 with NaOH. IK was
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recorded using an internal solution containing (inmM): KF 60, KCl 60, NaCl 10, HEPES 10, EGTA 20, ATP-Mg 2, with the final pH adjusted to 7.2

with KOH. The external solution contained (in mM): NaCl 140, KCl 4, CaCl2 2, MgCl2 1, HEPES 10, glucose 5, with the final pH adjusted to 7.4

with NaOH. Non-specific currents were removed by recording whole-cell currents following the addition of 1 mMHMR-1556 or 2 mM JNJ-303

(Tocris) and digital subtraction from control currents. Only blocker-sensitive currents were analyzed.

Pulse generation and data collection were conducted with PatchController384 V.1.9.7 software (Nanion Technologies). Whole-cell cur-

rents were recorded at room temperature in the whole-cell configuration, filtered at 3 kHz and acquired at 10 kHz for INa and ICa and filtered

at 3 kHz and acquired at 1 kHz for IK. The access resistance and apparent membrane capacitance were estimated using built-in protocols.

Access resistance compensation was set to 80% and leak and capacitance artifacts were subtracted out using the P/4 method.

Voltage protocols: INa: Peak whole-cell currents were elicited from a holding potential of�120 mV using 500 ms depolarizing pulses (from

�120 + 60 mV in +10mV steps, every 7.5 s), followed by a 20 ms step to�20 mV where currents were measured to determine voltage-depen-

dence of inactivation. ICa: Whole-cell currents were measured from a holding potential of�120 mV. INa was inactivated by a 2000 ms pulse at

�80mV, preceded by 800 ms ramp pulse to �50 mV before each test pulse. ICa was then elicited by 500 ms pulses from �80 to +50 mV

in +10mV steps, every 10 s). IKs: Whole-cell currents were elicited from a holding potential of �80 mV using 2000 ms depolarizing pulses

(from �60 mV to +60 mV in +10mV steps, every 15 s), followed by a 2000 ms step to �30 mV. Peak currents were measured 1990 ms after

the start of the depolarizing voltage pulse.
Data analysis for automated electrophysiology

Data were analyzed and plotted using a combination of DataController384 V1.8.0.24 (Nanion Technologies, Excel (Microsoft Office 365, Mi-

crosoft), SigmaPlot V14 (Systat Software, Inc., San Jose, CA) and GraphPad Prism V9.31 (GraphPad Software, San Diego, CA). Additional

custom semi-automated data handling routines were used for rapid analysis of current density and voltage-dependence of activation and

inactivation.Whole-cell currents were normalized for membrane capacitance and results expressed asmeanG SEM. INa voltage dependence

of activation and inactivation:Whole-cell conductance (GNa) was calculated as GNa = I/(V� Erev), where I is themeasured peak current, V is the

step potential, and Erev is the calculated sodium reversal potential. GNa at each voltage step was normalized to the maximum conductance

between�120mV and 40mV. To calculate voltage dependence of activation, normalized GNa was plotted against voltage and fitted with the

Boltzmann function. Voltage dependence of inactivation was determined by plotting the normalized currents measured at the �20 mV step

against the first voltage step voltages from �120 to 0 mV and fitted with the Boltzmann function.
Optical voltage mapping and drug exposures

Cells were washed 5 timeswith indicator-free Tyrode’s solution. After reconstituting the 2mMVF2.1Cl dye to 1mM in 10%Pluronic-F127, then

diluting the dye to 100 nM in Tyrode’s solution, the VF2.1Cl dye was added to each well for 50 min in a 37�C 5%CO2 incubator. The cells were

then washed 5 times with indicator-free Tyrode’s solution and returned to the 37�C, 5% CO2 incubator for 10 min to recover. The dye was

excited at 514 nm wavelength, and time series images were acquired at an acquisition frequency of 45 Hz for 40 s in Epi-fluorescence

mode using Zeiss Laser TIRF Microscope fitted with a Hamamatsu ORCA-Flash 4.0 V3 digital CMOS camera C13440-20CU. For drug chal-

lenges, dofetilide (3 nM), HMR-1556 (1 mM), and verapamil (1 mM) were added 30 min prior to image acquisition and incubated in a 37�C,
5% CO2 incubator. APD90 was calculated as described previously.85
QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise noted, data are presented as meanG95% confidence interval. For data with normal distribution, parametric unpaired and

two-tailed T-test was used to determine statistical significance between two groups, and either one-way or two-way ANOVA for multiple

groups with post-hoc Bonferroni corrections. For data with nonnormal distribution, nonparametric Mann-Whitney U test was used. All statis-

tical analyses for significance were performed using Microsoft Excel or GraphPad Prism 9.2. ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001;

****p < 0.0001.
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