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Abstract

Aim: Several inherited arrhythmic diseases have been linked to single gene mutations in cardiac
ion channels and interacting proteins. However, the mechanisms underlying most arrhythmias,
are thought to involve altered expression regulation of multiple effectors. In this study, we
aimed to examine the role of a transcription factor belonging to the Iroquois homeobox family,
IRX3, in cardiac electrical function.

Methods and results: Using human cardiac tissues, transcriptomic correlative analyses
between IRX5 and genes involved in cardiac electrical activity showed that in human
ventricular compartment, /RX5 expression strongly correlated to the expression of major actors
of cardiac conduction, including the sodium channel, Navl.5, and Connexin 40 (Cx40). We
then generated human induced pluripotent stem cells (hiPSCs) derived from two Hamamy
Syndrome-affected patients carrying distinct homozygous loss-of-function mutations in /RX5
gene. Cardiomyocytes derived from these hiPSCs showed impaired cardiac gene expression
program, including mysregulation in the control of Navl.5, Cx40 and Cx43 expression. In
accordance with the prolonged QRS interval observed in Hamamy Syndrome patients, a slower
ventricular action potential depolarization due to sodium current reduction was observed on
electrophysiological analyses performed on patient-derived cardiomyocytes, confirming the
functional role of IRXS5 in electrical conduction. Finally, a novel cardiac transcription factor
complex was identified, composed by IRXS and GATAA4, in which IRXS potentiated GATA4-
induction of SCN54 expression.

Conclusions: Altogether, this work unveils a key role for IRXS in the regulation of human
ventricular depolarization and cardiac electrical conduction, providing therefore new insights

into our understanding of cardiac diseases.

Keywords:
IRXS, transcription factors, conduction, arrhythmia, Hamamy syndrome, human induced

pluripotent stem cells.
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Translational perspectives

Inherited cardiac arrhythmias account for about 20% of sudden cardiac deaths, of which a small
portion are monogenic familial diseases with mutations in cardiac ion channels. However,
pathogeny of inherited cardiac arrhythmias is increasingly thought to result from complex
mechanisms involving altered expression regulation of multiple effectors. Taking advantage of
cardiomyocytes derived from Hamamy syndrome patients, carrying loss-of-function mutations
in IRX5 transcription factor, we uncovered an important role for IRXS5 in the regulation of
several major players of ventricular depolarization conduction and in arrhythmogenesis. Thus,
this study supports systematic screening for genetic variants in IRXS5 in inherited cardiac

arrhythmias.
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1. Introduction

Inherited cardiac arrhythmias account for about 20% of sudden cardiac deaths. Only a small
portion of these arrhythmias are monogenic familial diseases, having been successfully linked
to rare mutations in cardiac ion channels and related proteins [1]. However, pathogeny of
inherited cardiac arrhythmias is increasingly thought to be based on complex mechanisms
involving polygenic inheritance and/or altered expression regulation of multiple effectors [2].
In this context, investigating how dysfunction of transcriptional regulators participates in the
mechanism of these diseases is of major importance.

The regulation of global cardiac electrical transcriptional program, including ion channels and
gap junctions, is a major determinant of proper initiation and propagation of action potential
(AP) through the cardiac muscle. In animal models, several transcription factors (TFs) have
been shown to play mechanistic roles in cardiac electrical activity and arrhythmias [3.4],
including members of the Iroquois (IRX) family of TFs [5].

Autosomal recessive mutations in /RX5, an Iroquois homeobox TF, cause an inherited
congenital disorder named Hamamy Syndrome (HMMS, OMIM611174) which clinical
description revealed on the electrocardiogram, a QRS prolongation, illustrating a delayed
ventricular electrical conduction, and a bradycardia [6,7]. Surprisingly, in mice, deletion of /rx5
leads to a different phenotype, a ventricular repolarization defect, due to the role of Irx5 in
controlling potassium channel gene expression [8]. Inversely, another murine member of the
Irx family, Irx3, is essential for fine regulation of intercellular coupling within the ventricular
conduction system, through the regulation of connexins expression [9,10]. This suggests that
distinct regulatory pathways govern the differences between human and animal cardiac
electrical physiology.

In this study, our goal was to decipher whether IRXS5 controls human cardiac electrical activity.
First, correlative transcriptomic analyses between IRXS and cardiac electrophysiology genes in
human cardiac tissues, suggested that IRXS5 may regulate several major actors of cardiac
conduction. Then, human induced pluripotent stem cells (hiPSCs) derived from HMMS patients
carrying /RX5 mutations were used to elucidate the role of IRXS5 in regulating expression of
these actors of cardiac conduction and to uncover a cooperative activity between TFs. This
work reveals how LOF mutation in one key TF affects the expression of multiple effectors of
ventricular electrical conduction and improves our understanding of cardiac disease, paving the

way therefore for more effective therapies.
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2. Methods

Ethical Statement:

The study was conducted according to the principles set forth under the Declaration of Helsinki
(1989) and European guidelines for clinical and genetic research. Institutional review board
approvals of the study were obtained before the initiation of patient enrollment. Regarding the
patient-derived biological samples, signed informed consent allowing the experiments to be
conducted have been received from all individuals. Any related health information was
collected in compliance with applicable law/regulation and with any applicable policy of the
ethics committee with jurisdiction over the biological sample collection. All biological samples
and their related health information have been provided in coded form such that subjects cannot
be identified directly. The provisions of French law, article L1110-4 of the Code de la santé
publique, related to the privacy and confidentiality of information regarding patients, have been
observed. The transfer of the Hamamy syndrome-affected (HMMS) patient’s biological
samples has complied with all applicable laws as well as legal, regulatory and ethical
requirements in transferring and obtaining such Material and the corresponding informed

consents (Authorization IE 2009-505(1)).

2.1 Transcriptional analysis of human and murine tissues

RNA sequencing data in human heart were collected from the GTEx portal website
(http://gtexportal.org). Briefly, transcripts per million (TPM) were downloaded for 297 atrial
and 303 ventricular available tissue samples.

Regarding murine samples, animal experiments were performed in accordance with
institutional guidelines for animal use in research. Hearts were excised from six 10-week-old
C57BL/6 male mice and atria and ventricles were carefully dissected as previously described
[11].

Two-way hierarchical agglomerative clustering was applied to gene-expression matrices (see
TLDA section below), by centering gene expression values on the values-median and using
average linkage-clustering with uncentered correlation (Cluster 3.0). GTEx left ventricular
tissues RNA sequencing data of major cardiac sodium channels and connexins were ranked
according to ascending expression of IRXS5. Expression correlations were tested using Pearson

correlation package on R software.

2.2 Human induced pluripotent stem cells (hiPSC) generation
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Primary dermal fibroblasts were derived from skin biopsies were obtained from donors of two
different consanguineous families, previously described with Hamamy Syndrome [6,7]. The
first diseased donor is a 4-year-old boy, homozygous carrier of the ¢.448G>C [RX5 mutation
(p.Alal50Pro annotated as A150P) in whom a QRS prolongation on the ECG was diagnosed.
The second donor is a 17-year-old boy belonging to another family harboring the homozygous
c.498C>A [RX5 mutation (p.Asn166Lys annotated as N166K) who presents a prolonged QRS
duration on the ECG, in addition to a tiny patent ductus arteriosus. In parallel, fibroblasts from
three individuals lacking the /RX5 mutations were used as controls: the unaffected sister of the
first donor, a healthy subject with comparable gender, age, and ethnicity as second donor, as
well as an unrelated previously described control [13]. HiPSC lines were generated using
Sendai virus method. For each line, two to three hiPSC clones were selected and expanded on
stem cell-qualified Matrigel-coated plates (0.1 mg/ml; BD Bioscience) with StemMACS™ iPS
Brew XF medium (Miltenyi Biotec).

2.3 HiPSC characterization

For all clones, genomic DNA was extracted and mutations were verified by sequencing using
primers specific for the genomic regions surrounding the A150P and N166K mutations
(Supplemental Table 1). Pluripotency marker gene expression was assessed using flow
cytometry, qRT-PCR, and immunofluorescence as previously described [ 13]. Single nucleotide
polymorphism (SNP) analysis of hiPSCs compared to their parental skin fibroblast cells was
used to confirm genome integrity after reprogramming. DNA was extracted from somatic and
hiPSC samples using the QIAGEN QiaAmp kit, according to the manufacturer’s
recommendations. The gDNA was quantified using a nanodrop. 200 ng of gDNA was
outsourced to Integragen Company (Evry, France) for karyotype analysis using HumanCore-
24-v1 SNP arrays. This array contains over 300,000 probes distributed throughout the genome
with a median coverage of one probe every 5700 bases. All genomic positions were based on
Human Genome Build 37 (hgl9). Analysis was performed with GenomeStudio software.
Chromosome abnormalities were determined by visual inspection of logR ratios and B-allele
frequencies (BAF) values and comparing parental cells and hiPS-derived samples. LogR ratio,
the ratio between observed and expected probe intensity, is informative of copy number
variation (CNV, i.e., deletions/duplications), whereas BAF is informative of heterozygosity.
SNP data was used to compute CNV. In particular, this type of chips allows detecting loss of
heterozygosity (LOH), an important concern for hiPSC, which is not detectable with classical
CGH arrays.
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2.4 Differentiation of hiPSCs into cardiomyocytes (CMs)

At 80% of cell confluency, hiPSC lines were passaged using Gentle Cell Dissociation Reagent
(STEMCELL Technologies) and Y-27632 Rho-kinase inhibitor (STEMCELL Technologies).
The matrix sandwich method was used to generate CMs, as previously described [13]. From
day 5 of differentiation, cell media was changed every other day with RPMI-1640 medium
supplemented with B27 (with insulin; Thermo Fisher Scientific). After 20 to 28 days following
the beginning of differentiation, spontaneously beating cell clusters were mechanically isolated

using a needle and then used for electrophysiological, biochemical and molecular analyses.

2.5 RNA expression

RNA extraction: Samples of total RNA were obtained using the NucleoSpin RNA kit
(MACHEREY-NAGEL) following manufacturer’s specifications.

TaqMan low-density array (TLDA) : TLDA studies were conducted using six ventricular and
six atrial control murine tissues as well as beating clusters of hiPS-CMs obtained from 12
control and 9 JRX5-mutant CM differentiations. 1ug of RNA was reverse transcribed into
cDNA using SuperScript IV Vilo Master Mix (Thermo Fisher Scientific). For murine tissues,
three specifically designed 384-well TLDA were used: one containing 4x 96 primers and probes
for cardiac ion channels [11] and 2 others, each containing a set of 4x 96 primers and probes
for cardiac transcription factors (Supplemental Table 2A). For hiPS-CMs, TLDA probe
selection covered gene families implicated in cardiac ion channel expression and regulation,
and cardiomyocyte structure (Supplemental Table 2B). Genes with average Ct > 32 in all
compared groups were considered undetectable and excluded from the analysis (SCN10A and
ABCCS). Average Ct of remaining genes for each sample was used for data normalization [14—
16].

3’ Sequencing RNA Profiling (3’SRP): 3’SRP protocol was performed according to Kilens
et al [17]. Briefly, the libraries were prepared from 10 ng of total RNA. 40 RNA samples were
extracted from 8 /RX5-mutated and 13 control hiPSC samples (a duplicate for each clone
obtained at different cell passages) and 19 samples of corresponding hiPS-CMs. The mRNA
poly(A) tail was tagged with universal adapters, well-specific barcodes and unique molecular
identifiers (UMIs) during template-switching reverse transcriptase. Barcoded cDNAs from
multiple samples were then pooled, amplified and tagmented using a transposon-fragmentation
approach which enriches for 3’ends of cDNA. A library of 350-800bp was run on an Illumina
HiSeq 2500 using a HiSeq Rapid SBS Kit v2 (50 cycles; FC-402-4022) and a HiSeq Rapid PE
Cluster Kit v2 (PE-402-4002). Read pairs used for analysis matched the following criteria: all
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sixteen bases of the first read had quality scores of at least 10 and the first six bases correspond
exactly to a designed well-specific barcode. The second reads were aligned to RefSeq human
mRNA sequences (hgl9) using bwa version 0.7.4 4. Reads mapping to several positions into
the genome were filtered out from the analysis. Digital gene expression profiles were generated
by counting the number of unique UMIs associated with each RefSeq genes, for each sample.
R package DESeq2 was used to normalize gene expression. Differentially expressed genes were
finally clustered using cluster 3.0 software. Enriched biological pathways were assigned for
differentially expressed genes in /RX5-mutated vs. control hiPS-CMs. For that, Reactome
pathways were attributed to the most variant genes with p-value <0.05 [18,19]. However, genes
encoding for ion channels exhibited low expression levels and therefore they were not taken
into consideration for differentially expressed genes analysis. To overcome this issue, p-values
for these genes were calculated based on TLDA analysis. Babelomics was then used to calculate
enrichment of Reactome pathways for genes differentially expressed in both TLDA and 3’SRP

analyses. Finally, enrichment scores (ES) were calculated [20,21].

2.6 Protein expression and interaction

Protein extraction: IRX5, Nav1.5, Cx40 and GATA4 expression were evaluated in human left
and right ventricular tissues obtained from three non-diseased individuals as previously
described [22]. Corresponding sub-endocardial and sub-epicardial tissue slices were obtained
at the cardiac base and snap-frozen in liquid nitrogen. Protein expressions and interactions were
also investigated in beating hiPS-CMs at day 28 of differentiation. For protein extraction, cells
were homogenized on ice using lysis buffer containing in mM: 1% TritonX-100; 100 NaCl; 50
Tris-HCI; 1 EGTA; 1 Na3VOs; 50 NaF; 1 phenylmethylsulfonyl fluoride and protease inhibitors
cocktail (P8340, Sigma-Aldrich). Extracted samples were sonicated and centrifuged at 15,000
x g for 15 min at 4°C. Protein quantification was carried out using Pierce™ BCA Protein Assay
Kit (Thermo Fisher).

Subcellular protein fractionation: To unveil the impact of IRX5 mutations on its cellular
localization, nuclear and cytosolic proteins were separated. For that, cytoplasmic membranes
were disrupted on ice in a hypotonic solution including in mM: 500 HEPES, 500 MgCl,, 500
KCl, 0.1 DTT and protease inhibitor cocktail. Cells nuclei were pelleted by 2000 rpm
centrifugation and the supernatant contained the cytosolic fraction. In order to extract nuclear
proteins, a protein extraction buffer was added to pellets followed by sonication.
Co-immunoprecipitation: This was performed to investigate protein-to-protein interactions

between IRX5 and GATA4 in hiPS-CMs. A total of 12.5 ul magnetic Dynabeads® Protein G
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(Thermo Fisher Scientific) were added to 3 pg anti-IRXS5 antibody (WH0010265M1, Sigma-
Aldrich) or anti-mouse IgG antibody as control (02-6502, Thermo Fisher Scientific) and
conjugated by incubation for 40 min at room temperature with rotation. The complex beads-
antibody was cross-linked using 27 mg DMP (dimethyl pimelimidate, Thermo Fisher
Scientific), and then incubated for 2 hours with 800 pg of total lysate at 4°C. The supernatant
was then discarded and the beads were washed with the lysis buffer. Proteins were eluted in 30
ul of a mixture of NuPAGE® Sample Reducing Agent (10X) and LDS Sample Buffer (4X)
(Invitrogen) and heated at 60°C. The samples were then loaded onto a 4-15% precast
polyacrylamide gel (Bio-Rad).

2.7 Immunofluorescence

HiPSCs or hiPS-CMs at day 20 of differentiation were dissociated using collagenase II (Gibco)
and seeded onto 8-wells iBidi plates (Biovalley) coated with Matrigel (Corning). Twelve days
later, cultured cells were immunostained using a staining buffer set according to the
manufacturer’s instructions (00-5523-00, Thermo Fisher Scientific). HiPS-CMs were labeled
by cardiac differentiation markers, i.e., Troponin I (Santa Cruz) and Troponin T (Abcam)
together with either cardiac conduction actors, i.e., Nav1.5 (Cell signaling), Cx40 (Santa Cruz)
and Cx43 (Sigma) or transcription factor, i.e., IRX5 (Sigma-Aldrich). DNA was highlighted
using DAPI and pictures were taken using confocal microscopy (Nikon; MicroPICell core

facility).

2.8 Chromatin immunoprecipitation (ChIP)

IRXS binding sites: Promoter DNA sequences were found using Ensembl. Consensus
sequences known to mediate Iroquois transcription factor interaction with DNA [23-25] were
screened on gene promoters. Each site was verified for its conservation among species using
rVista 2.0. Primers surrounding the identified conserved potential binding sites (BS) were
designed using Primer 3. Corresponding primer sequences are detailed in Supplemental Table
3.

ChIP: At day 28 of differentiation, beating cardiomyocyte clusters were isolated and
crosslinked. After chromatin sonication, IRXS5 antibody was added followed by the addition of
protein G-coated dynabeads. Following an overnight incubation, the chromatin was then eluted
and reverse-crosslinked. SYBER green qRT-PCR method was finally performed using the
designed primers (Supplemental Table 3) to test for enrichment of the targeted sequences.

Results are shown as percentage of input.
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2.9 Cellular electrophysiology

Cell dissociation: hiPS-CMS were enzymatically dissociated into single cells using
collagenase II (Gibco) at 37°C for 20 min. Cells were then incubated at RT for 30 min in Kraft-
Bruhe solution containing (in mM): 85 KCl; 30 KoHPO4; 5 MgS0Os4; 20 glucose; 20 taurine; 5
Na pyruvate; 5 creatine; 2 K2-ATP; 1 EGTA; pH 7.2 adjusted with KOH. Single cells were
then plated at low density on Matrigel-coated Petri-dishes (Nunc) and recorded 11 to 14 days
after dissociation.

Data recording and analysis: Stimulation and data recording were performed at 37°C using
an Axopatch 200B amplifier controlled by Axon pClamp 10.6 software through an A/D
converter (Digidata 1440A) (all Molecular Devices). Data were analyzed using Clampfit 10.6
software. For all cell lines, data were collected from at least 3 independent differentiations.
Experimental details regarding solutions composition are described in Supplemental Table 4.
Current clamp: Action potential (AP) recordings were obtained using the amphotericin-B-
perforated patch-clamp technique. Patch pipettes were pulled from borosilicate glass capillaries
(Sutter instruments) to obtain a tip resistance of 2 to 3 MQ were utilized. APs were first
recorded from spontaneously beating cells which were then paced by injecting a current denisity
of 30-35 pA/pF during 1 ms, at various frequencies. Based on several parameters previously
described (maximum upstroke velocity, dV/dtmax; action potential duration, APD; resting
membrane potential, RMP), cells were classified as either ventricular, atrial or nodal [12]. Only
ventricular cells were selected for further analysis. Electronic expression of the inward rectifier
potassium current, Ik, was realized using dynamic patch-clamp [26]. At 2 pA/pF of in silico Ik
injection, hiPS-CM membrane resting potential was about -80 £10 mV. Averaged parameters
were obtained from 7 consecutive APs. Both cell stimulation and injection of Ix; were realized
by a custom-made software running on RT-Linux and a National Instrument A/D converter (NI
PCI-6221) connected to the current command of the amplifier.

Voltage clamp: Ina and Icap recordings were performed in the ruptured whole-cell
configuration using voltage clamp protocol as depicted in the figures. Pipettes (Sutter
instruments) with 1.7-2.5MQ tip resistance were waxed before use to decease pipette capacitive
currents. Ica1, and Ina recordings were low-pass filtered at, respectively, 3 KHz and 10 KHz.
Holding potentials were respectively -80 mV and -100 mV. The capacitance and series were
compensated using a VE-2 amplifier (Alembic Instrument, Qc, Canada). Leak current was
subtracted. Current densities were calculated by dividing the current to the membrane

capacitance (Cm). Steady-state activation and inactivation curves were fitted using a Boltzmann

10
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equation: I/Ina= A/ {1.0+exp [(V12 — V)/k} with k>0 for the activation curve and k<0 for the
inactivation curve.

Action potential clamp: In order to record specific currents during AP cycles, and especially
during the depolarization phase, cells membrane potential was clamped according to voltage-
AP-like protocols. Representative APs acquired from spontaneously beating control hiPS-CMs
with (dV/dtmax = 100 V/s; APDgo = 280 ms; RMP = - 83 mV) or without (dV/dtmax = 12 V/s;
APDgo =300 ms; RMP =-57 mV) in silico Ixi injection were selected. Activated sodium current
during AP was measured by subtracting traces before and after adding 30 uM tetrodotoxin TTX
in Ina-specific intracellular and extracellular (with 130 mM NaCl concentration) solutions
(Supplemental Table 4). Icar was considered as the Nifedipine-sensitive (4 uM) calcium

current recorded using Ica,L solutions (Supplemental Table 4).

2.10 Luciferase assay

SCN5A4 BS2- (from -261 to +613 bp of the TSS) and BS2+ (from -261 to +1072 bp from TSS)
Plasmids (150 ng), pGL2-Renilla (15 ng) with or without GATA4 expressing vector (150 ng)
and with or without either of the wild-type or mutated forms of IRXS expressing vectors (150
ng) were transfected into HEK293 cells using Lipofectamine 2000 (Thermo Fisher Scientific).
DNA quantities were equalized in each condition using empty pcDNA3.1. Cells were harvested
48 hours later and luciferase activity was measured using Dual Luciferase reporter assay system

(Promega).

2.11 Microscale Thermophoresis (MST)

MST was used to verify protein interaction with DNA according to Nanotemper instructions.
Briefly, HEK293 cells transfected by IRX5-GFP expressing vector were used to produce
fluorescently labeled IRXS protein. Cell lysates were prepared using a buffer containing 20 mM
Tris HCI, 130 mM NacCl, 1% NP40 and protease inhibitors cocktail. Titration series were
performed to obtain varying concentrations of SCN5A plasmids. Measurements were
accomplished in standard treated capillaries on Monolith NT.115 instrument using 80% of laser

power.

2.12 Statistical analysis

Results are expressed as mean = SEM. Comparisons were made by use Student #-test, or two-
way ANOVA with Bonferroni post-hoc test for repeated measures. Values of p < 0.05 were
considered statistically significant. Statistical analyses were performed with GraphPad Prism

software.

11
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3. Results

3.1 IRXS TF expression correlates with conduction genes expression in human cardiac
tissues

In order to identify evolutionary-conserved /RX5-coregulated genes in contractile tissues,
expression profiles of cardiac genes including ion channels and TFs were compared between
murine and human tissues. Overall, the global gene expression contrast profile between atrial
and ventricular murine tissues were conserved in human samples (Figure 1A). The cluster of
genes that are more expressed in ventricular tissues, included /RX5 and several genes involved
in cardiac conduction, such as SCN54, which encodes the main cardiac sodium channel Nay1.5
(Figure 1A). Then, the correlations between /RX5 gene expression level and those of sodium
channels and connexins (Cx), the two main families of genes implicated in cardiac conduction
in humans, were investigated in the ventricles. Interestingly, SCN54 and GJAS5, encoding one
of the main cardiac Cx, Cx40, showed the strongest correlations with IRXS (Figure 1B). In
accordance with these results and confirming previous results concerning IRXS human protein
expression [22], both Nay1.5 and Cx40 shared a gradient of protein expression similar to that
of IRXS5 throughout the human ventricular wall with a higher level in sub-endocardium as
compared to sub-epicardium (Figure 1C).

Taken together, these analyses shed light on the importance of studying the role of IRXS5 in the
regulation of cardiac ventricular genes, and more specifically in the regulation of players of
cardiac electrical conduction in human ventricles. The analysis of the role of IRXS in humans
was then pursued using hiPSCs obtained from three non-diseased individuals (shown as
averaged) as well as from two patients carrying different loss-of-function (LOF) mutations in

IRX5 gene associated to a QRS prolongation on the ECG (Figure S1A) [7].

3.2 IRX5-mutated hiPS-CMs derived from HMMS patients are a relevant model to study
IRXS role.

Dermal fibroblasts of two homozygous carriers of either the A150P- or the N166K-IRXS5
mutation [7] and of 3 intra- and extra-familial control subjects were reprogrammed into hiPSCs.
Mutations were confirmed by sequencing in hiPSCs (Figure S1B). Genome integrity was
validated using SNP analysis (data not shown). Expression of pluripotency markers was
verified in hiPSCs (Figure S1C-E).

We then investigated whether all hiPSC lines differentiated in a comparable manner. Principal

Component Analysis (PCA) of individual transcriptomic profiles as well as correlation analysis

12
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showed that samples mainly clustered according to their differentiation stage (Figure 2A and
2B). Furthermore, all control and /RX5-mutated hiPS-CMs presented a similar global change
in gene expression compared to that of hiPSCs (Figure 2C). These data showed that all hiPSCs,
irrespectively of their genetic background, differentiated similarly into cardiac cells.
Immunostaining analysis showed that striated Troponin I was present in CMs derived from each
hiPSC line (Figure 2D). Moreover, the proportions of nodal-like, atrial-like and ventricular-like
cells identified using patch-clamp were comparable in control and mutated hiPS-CMs, with the
ventricular-like type forming the majority of hiPS-CMs (Figure 2E). Altogether, these data
confirmed that control and /RX5-mutated hiPSCs differentiated similarly into cardiomyocytes,
and therefore that hiPS-CMs are a relevant model to investigate the role of IRXS in ventricular
electrical conduction.

Regarding the impact of /RX5 mutations on its own expression, transcriptional analysis and
nuclear protein expression revelation showed comparable IRXS5 expression levels in control
and JRX5-mutated hiPS-CMs (Figure 2F-2G). Finally, immunostainings of hiPS-CMs
constantly showed localization of IRX5 in CM nuclei (Figure 2D). These data showed that
A150P and N166K mutations neither alter IRXS5 expression nor its localization in hiPS-CMs.

3.3 Key cardiac electrical conduction gene expression depends on IRX5

Global transcriptomic analysis in hiPS-CMs, using 3’SRP, unveiled 745 genes differentially
expressed between control and /RX5-mutated cells, including several cardiac electrical
conduction genes (Figure 3A). Using high-throughput real-time RT-PCR (TLDA) we also
analyzed a set of 96 genes, including mostly genes with low expression level that could not be
properly detected using 3’SRP (Figure 3B). Overall, for the genes detected with both
techniques, expression profiles were concordant (Figure S2). Biological pathway enrichment
analysis revealed that differentially expressed genes were enriched in muscle contraction
pathway, and more specifically in the cardiac conduction and phase 0 AP-depolarization
functions, mainly linked to the activity of SCN54 and GJAS5 (Figure 3C). More precisely,
analyses of IRX5-A150P and -N166K hiPS-CMs concordantly showed major mRNA and
protein expression reductions of both SCN54 and GJAS5 (Figure 4A-4B). Also, confocal
microscopy further confirmed that Nay1.5 and Cx40 expression was decreased in troponin T
positive IRX5-A150P and -N166K mutated hiPS-CMs (Figure 4C). In accordance with the
delayed conduction in HMMS patients, mRNA and protein levels of Cx43, which has a lower

conductance than Cx40, were increased in both mutated hiPS-CMs, with an apparent
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abnormally cytoplasmic localization, suggesting that this increase in Cx pool may not be
functional (Figure S3).

Taken together, hiPS-CMs carrying /RX5 LOF mutations, exhibited altered expression of key
genes involved in cardiac electrical conduction, suggesting a role for IRXS5 in the direct

transcriptional control of these genes.

3.4 AP depolarization and Ina density are modulated by IRXS

Given the delayed ventricular conduction phenotype observed in HMMS, a slower AP
depolarization in patient-derived hiPS-CMs was expected. However, the depolarization
velocity (dV/dtmax) of ventricular APs, was not statistically reduced in /RX5-mutated hiPS-CMs
(Figure 5A). Therefore, we hypothesized that this could be due to low Ixi density, as recorded
cellular resting membrane potentials (RMPs) of all hiPS-CMs were at about -60mV (Figure
5B), that may not be suitable for proper activation of depolarizing currents. To overcome this
issue, an in-silico Iki injection was performed. It brought ventricular RMPs to about -80mV
(Figure 5B) and revealed a significant reduction in dV/dtmax in /RX5-mutated hiPS-CMs (Figure
5C). The contribution of Ina and IcarL to AP depolarization was then investigated. They were
measured when ventricular-like AP voltages, recorded with or without Ix; injection, were
applied to control hiPS-CMs. Without Ix; injection, Icar contribution to the depolarization
phase was greater than that of Ina, while with Ix; injection, Ina became the main contributor
(Figure 5D). This suggests that the dV/dtmax reduction observed in /RX5-mutated hiPS-CMs
under Ix1 injection was due to a functional reduction of Ina, but not of IcaL. Confirming this
hypothesis, Ina was reduced by half in /RX5-mutated hiPS-CMs (Figure SE and Figure S4A)
without any change in the (in)activation kinetics (Figure S4B and Supplemental Table 5). In
contrast to Ina reduction, no modification in Ica density was observed (Figure 5F). Together
with the SCN5A4 expression alteration, these data suggest that a slower ventricular AP

depolarization due to Ina reduction may participate to the prolonged QRS observed in HMMS.

3.5 IRXS interacts with SCN54, GJA5 and GJAI promoters

Considering the altered transcription of Cx and SCN5A4 induced by /RX5 LOF, we explored
whether IRXS regulates directly their promoters. An in-silico analysis showed that SCN5A4
promoter region includes three potential TF-binding sites (BS) for IRXS5 (Figure 6A). In
accordance with previous studies on mice [9], human GJAS5 promoter region was free from any
conserved /RX BS (Figure 6B) while GJAI promoter contained 2 conserved /RX BSs (Figure
6C). Immunoprecipitation of IRX5-associated chromatin showed an enrichment of SCN54-BS2
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in control hiPS-CMs, revealing an interaction with IRXS5, but not in /RX5-mutated hiPS-CMs
(Figure 6A). On the other hand, despite the absence of in-silico identification of conserved /RX-
BS on GJAS promoter, an interaction between IRXS5 and GJAS5 core promoter was found in
control hiPS-CMs, that was again absent in /RX5-mutated hiPS-CMs (Figure 6B). Finally,
binding of IRXS was detected on GJA/-BS1 in control hiPS-CMs that was again not observed
in /RX5-mutated iPS-CMs (Figure 6C). These data strongly suggest that IRXS interacts with
SCN5A4, GJAS, and GJA I promoters to regulate their expression in hiPS-CMs.

To further investigate the direct interaction between SCN5A4 promoter and IRXS, their binding
affinity was evaluated. Two different DNA constructs containing SCN5A4 promoter were used:
BS2+ plasmid, containing /RX5 BS2 and BS2- plasmid, lacking /RX5 BS2. Interestingly, IRXS
protein did bind to BS2+ plasmid but not to BS2- plasmid, confirming that IRXS protein binds
to SCN5A4 promoter when BS2 is present (Figure 6D).

Finally, the functional consequences of IRX5 binding on SCN54 promoter were further
evaluated using luciferase assay with the BS2+ plasmid construct. Unexpectedly, neither IRXS
nor its mutated forms activated the luciferase reporter gene (Figure 6E), indicating that another
TF may be required to allow IRXS5 to regulate SCN5A4 expression. This prompted us to
investigate the role of potential critical partners for IRXS, already known to be important for
regulation of cardiac development and electrical function, such as GATA4. GATA4, a
cardiogenic TF, has indeed been previously shown to regulate SCN5A4 expression [27] and an
interaction between Irx5 and another member of the Gata family of TFs, Gata3, has been

unveiled during craniofacial development [7].

3.6 IRXS5 and GATAA4 cooperatively regulate SCN5A4 expression in human cardiomyocytes
Comparably in human cardiac ventricular samples and control hiPS-CMs, among GATA family
members, GATA4 was the most strongly expressed (Figure 7A). In control hiPS-CMs, GATA4
co-immunoprecipitated with IRXS and this interaction was not altered in /RX5-mutated hiPS-
CMs (Figure 7B). As SCN5A4 promoter contains two sites for GATA4 binding (BSa and BSbD)
[27], ChIP experiments using IRXS antibody showed that IRXS interacted with GATA4 BSb
region in control and /RX5-mutated hiPS-CMs (Figure 7C). Binding affinity analysis further
validated the direct interaction between SCN5A promoter and the heterodimer IRX5-GATAA4,
as a binding was observed when both IRXS5 and GATA4 proteins were mixed with BS2-
plasmid, in opposition to when IRXS5 alone was mixed with BS2- plasmid (Figure S5).
Therefore, IRXS not only binds directly to BS2 on SCN5A4 promoter but also binds the BSb site
together with GATA4. Finally, to further dissect the role of IRXS5 and GATA4 on SCN5A4
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transcription activation, luciferase assays were performed with plasmids containing either BSh
only (BS2- plasmid) or BSh and BS2 (BS2+ plasmid). Co-transfection of GATA4 expressing
vector with either plasmid triggered a similar increase in luciferase activity, confirming that
GATA4 activated SCN5A promoter through a direct interaction with BSh (Figure 7D).
Interestingly, when IRXS was added to these combinations, it potentiated by 1.6 times the effect
of GATA4 on BS2- plasmid, and by 3.9 times the effect of GATA4 on BS2+ plasmid (Figure
7D). This further demonstrated that the direct binding of IRXS5 to BS2 is important for proper
activation of SCN5A4 expression. Conversely, no potentiation of GATA4 activation of SCN5A4
promoter was observed when A150P- or N166K-mutated IRX5 were added to the various
combinations (Figure 7D). Interestingly, in contrast to /RX5 and SCN5A, which shared
similarly-graded expression patterns, GATA4 was homogeneously expressed both in atria and
ventricles, and throughout the ventricular wall (Figure S6A-D). This suggests that GATA4
triggers basal expression of SCN5A throughout cardiac tissues, while IRXS5 is responsible for

the establishment of its expression gradient.
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4. Discussion

This study demonstrates that IRX5 TF is instrumental for proper control of electrical activity
in human cardiomyocytes. Overall, the present data suggest that the specific ventricular
transmural expression pattern of IRXS is essential for graded regulation of sodium channel- and
connexin-gene expression, ensuring coordinated conduction of the electrical influx through the

ventricles.

4.1 HiPSCs as a model to study TFs

It is commonly acknowledged that stem cell-derived cardiomyocytes fail to recapitulate adult
CM features [28]. Nevertheless, hiPS-CMs have been used successfully so far in more than 35
studies of cardiac arrhythmic diseases and channelopathies [28]. Recently, 2 studies showed
the role of TFs in cellular dysfunction associated to cardiac morphogenetic and electrical
defects using hiPS-CMs [29,30]. The present work additionally enforces the use of hiPSCs as
a relevant model for studying the role of TF in the regulation of cardiac electrical conduction.
Indeed, with in-silico Ix: injection, we revealed cellular phenotypic traits that are consistent
with the patient’s clinical phenotype, e.g. QRS complex prolongation observed on the patient’s

ECG.

4.2 Interspecies regulatory pathway differences

Electrophysiological properties across species are known to be different [31], suggesting that
the roles of cardiac TFs can differ from one species to another. Here, in agreement with this
postulate, comparably to what was previously demonstrated for Irx3 and its regulation of fast
conduction in the murine heart [9], a direct repression of GJA/ and indirect induction of GJA5
by IRXS has been described in human iPS-derived cardiomyocytes. However, /rx5KO mice did
not exhibit conduction delay and murine Irx5 was not found to regulate the expression of Cx
[32].

Moreover, the patients, unlike /rx5KO mice, do not display ventricular repolarization
abnormalities, but a conduction defect. Indeed, the deletion of /rx5 in mice leads to the
abolishment of the T wave on the ECG due to the loss of the transmural gradient of expression
of Kcnd?2, at the root of one major player of ventricular repolarization in mice, I, but not in
human heart, where KCND3 constitute the predominant alpha-subunit generating I, [22].
Another argument in favor of interspecies differences in gene regulation by IRX TFs is that,
due to its transmural gradient of expression, Irx5 establishes gradients of expression for its

target genes. That is how, in mice, Kcnd2 ventricular gradient is known to be established. In
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human, it is unlikely that IRXS regulates KCND3 expression, as, in opposition to IRXS, its
expression is uniform across the ventricular wall [8,22].

Along with this rational, in this study, using patient-derived cardiomyocytes, a role for IRXS in
the regulation of the expression of the major actors of conduction of the electrical influx, sodium
channel subunit and connexins, was elucidated. These data illustrate interspecies differences in
the mechanism of action of Iroquois TFs, demonstrating the importance of using appropriate

models to study human diseases.

4.3 Complex regulatory pathway underlies electrical conduction

Conduction of electrical influx throughout the ventricles is mediated not only by connexins but
also by inward currents responsible for the depolarization phase of APs. Here, among these
inward currents (Ina and Ica,1), Ina reduction has been identified as the trigger of the impaired
AP upstroke velocity in mutated hiPS-CMs. In agreement, IRXS binds to and activates SCN5A4
proximal promoter in control hiPS-CMs whereas mutations in IRXS5 prevent this interaction.
Surprisingly, at the functional level, luciferase assays showed that IRXS alone was not able to
activate SCN54, suggesting that regulation of SCN54 is due to a combinatorial effect of several
factors. In accordance, IRXS5 and GATA4 have been found to interact with each other allowing
IRXS to bind to a previously described GATA4 BS on SCN5A promoter and to enhance GATA4
effect on SCN5A activation. Interestingly, while /RX5 and SCN5A4 display a comparable
gradient of expression through the ventricular wall, as well as a between atria and ventricles,
GATA4 has a more uniform pattern of expression. We thus hypothesized that GATA4 and IRXS
could act cooperatively where GATA4 may be important for basal expression of SCN54 in
human cardiomyocytes while IRXS5 creates its gradients of expression in the heart. Genetic
expression and/or function abnormalities of SCN5A together with conduction defects, have
been previously linked to other rare arrhythmic diseases, such as Brugada syndrome [33,34].
Thus, the current study elaborating the role of IRXS5 in the control of ventricular conduction
through the regulation of SCN5A presents a framework for future studies on its potential

implication in other complex disease such as Brugada syndrome.

4.4 Study limitations

Arrhythmic diseases often present with a wide spectrum of phenotypes, even among patients
belonging to the same family. The individual genetic background is thought to play a major
role in this heterogeneity. In the context of hiPSC-based disease modeling, the use of isogenic

control, where the genetic variant has been corrected in the patient iPS cell line, is increasingly
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employed. The present study aimed at dissecting IRXS5 regulatory mechanisms of human
cardiac electrical function by modeling HMMS. Therefore, we chose to perform a comparative
analysis between control and two hiPSC lines obtained from two HMMS patients belonging to
different families and harboring different LOF mutations in /RX5. For all studied parameters,
similar results have been obtained for both types of mutated hiPS-CMs as compared to control
cells, strongly supporting a specific role for IRXS in the pathological phenotype and thereby

minimizing the relevance of using isogenic controls.
5. Conclusion

In conclusion, hiPS-CMs generated from patients with rare mutations in IRXS recapitulated
their clinical features of ventricular depolarization delay. Furthermore, a role for this
transcription factor in the orchestration of the gene expression program governing ventricular
electrical depolarization in human, was uncovered, bringing to light a new potential option for

therapeutic intervention.
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Figure legends :

Figure 1: IRXS TF and conduction genes expression in human cardiac tissues.

A. Heatmap displaying expression level of 212 cardiac genes (ion channels and TFs) in murine
atrial and ventricular tissues measured by TLDA (-ACt), and in human atrial and left
ventricular samples (GTEx). Murine genes were clustered using hierarchical ascending
method with an uncentered correlation metric and average linkage. Heatmap of the same
genes was obtained in human tissues based on the murine cluster, in a supervised hierarchical
manner. Yellow and blue indicate high and low expression levels respectively.
Representative genes of the ventricular-specific gene cluster are listed in the yellow box.

B. Expression level of genes encoding sodium channels and gap junction proteins in left
ventricular tissues. Samples were ordered according to their IRX5 expression levels (purple
gradient). Pearson correlation between each sodium channel or gap junction gene and IRXS5
expression profiles are shown using pink gradients.

C. Representative immunoblots of IRXS5, Nay1.5 and Cx40 levels in human protein lysates of
ventricular sub-endocardial (Endo) and sub-epicardial (Epi) samples obtained from three
human left (LV) and right ventricles (RV). Corresponding averaged IRXS5, Nay1.5 and Cx40
protein expression levels obtained from tissue samples of three individuals, normalized to

Stain free.

Figure 2: Characterization of JRX5-mutated hiPS-cardiomyocytes

A. Principal Component Analysis (PCA) of 21 hiPSC samples (in pink) and 19 hiPS-CM
samples (in blue) based on their expression pattern of 27106 analyzed transcripts (3’SRP
data).

B. Correlation matrix of hiPSCs and hiPS-CMs expression profiles (same samples as in A).
Samples were clustered using an ascending hierarchical method with Pearson as metric and
ward.D2 linkage. Yellow and orange indicate high and low correlation, respectively.

C. Heatmap showing expression levels for 9661 differentially expressed genes between hiPSCs
and hiPS-CMs (same samples as in A). Genes were clustered using a hierarchical ascending
method with an uncentered correlation metric and average linkage. Yellow and blue indicate
high and low levels respectively.

D. Illustrative immunostainings of IRXS5 (red) and Troponin I (green) in hiPS-CMs, merged
with a nuclear staining using DAPI (blue). To confirm nuclear localization of IRXS, XZ

orthogonal planes are illustrated next to each picture.
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E. Representative traces and distribution (as percentage) of nodal-like, atrial-like and

ventricular-like cells, based on the analysis of AP parameters in spontaneously beating hiPS-

CMs.

F. IRX5 mRNA expression level in control and mutated hiPS-CMs at day 28 of cardiac

differentiation using TagMan® technique (Ctrl: n=22; A150P: n=8; N166K: n=14).

G. Nuclear expression level of IRXS protein in control and mutated hiPS-CMs, normalized to

Stain free. Representative immunoblot showing IRX5 expression in the nuclear protein

fraction (Ctrl: n=11; A150P: n=10; N166K: n=11).

Figure 3: Transcriptomic aberrations in /RX5-mutated cardiomyocytes.

A. Heatmap showing hierarchical clustering of expression profiles of the 745 differentially

expressed genes obtained by 3’SRP in control (Ctrl) and /RX5-mutated hiPS-CMs at day 28
of differentiation. 41% and 59% genes were upregulated and downregulated in /RX5-
mutated hiPS-CMs, respectively. Yellow and blue represent high and low expression levels
respectively. Relevant genes implicated in the function or regulation of cardiac electrical

conduction are highlighted on the right.

. Histograms showing expression levels of differentially expressed genes in /RX5-mutated

hiPS-CMs (n=9) identified using TLDA, as compared to control hiPS-CMs (n=12). * and
*%: p<0.05 and p<0.01 vs. control, respectively ( test).

. Top panel: Functional annotation of differentially expressed genes at day 28 of

differentiation, obtained by 3’SRP and TaqMan. Histograms showing over-represented
Reactome pathways. Only pathways with Enrichment Score>2 and p<0.05 are shown.

Bottom panel: Detailed muscle contraction pathway is represented.

Figure 4: Impaired expression of GJAS and SCN5A in JRX5-mutated hiPS-CMs.
A. TagMan® analysis showing mRNA expression of SCN54 and GJAS5 in control (n=21),

A150P (n=8) and N166K (n=12) IRX5-mutated hiPS-CMs. Cts were normalized to ACTB

and 222 was calculated. * and **: p<0.05 and p<0.01 vs. control, respectively (Z test).

B. Representative immunoblots for Nay1.5 and Cx40 and ratios of Nay1.5 and Cx40 expression

levels normalized to Transferrin receptor (TFRC). Blots were quantified using Image Lab
software. ** and ***: p<0.01 and p<0.001 vs. control, respectively (¢ test). Ctrl: n=38;
A150P: n=22; N166K: n=22.
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C. Representative confocal images for immunostainings of Nayl.5 and Cx40 (green) in
Troponin I positive (red) control and /RX5-mutated hiPS-CMs. Nuclei are stained in blue
using DAPL.

Figure 5: IRXS loss-of-function leads to a slower upstroke velocity via reduction of Ina

A. Top panel: representative traces of ventricular APs measured in IRX5-A150P and -N166K
mutated and control hiPS-CMs paced at 700ms cycle length with their corresponding first
derivatives of AP upstroke velocity (arrows). Bottom panel: Box whisker plots of maximum
upstroke velocities of ventricular APs when pacing at 700ms cycle length without in-silico
Ik1 injection.

B. Resting membrane potentials (RMPs) measured from ventricular APs paced at 700ms cycle
length with or without in-silico Ik: injection. Mean and SEM are indicated; n: same as in A
and C.

C. Top panel: representative traces of ventricular APs measured in A150P and N166K IRXS5-
mutated and control hiPS-CMs paced at 700ms cycle length with their corresponding first
derivatives of AP upstroke velocities (arrows). Bottom panel: Box whisker plots of
maximum upstroke velocities of ventricular APs when pacing at 700ms cycle length and
under dynamic clamp with in-silico Ixi injection. * and **: p<0.05 and p<0.01 vs. control,
respectively ( test).

D. Representative traces of Ina-TTX-sensitive and Ica-Nifedipine-sensitive in control hiPS-
CMs, obtained by subtraction of the current recorded before and after application of the
inhibitors, when applying typical ventricular-like AP voltages, depicted on top.

E. Superimposed representative traces of Ina recorded when applying the depicted voltage-
clamp protocol, and mean current densities (pA/pF) vs. membrane potential (EM) recorded
in hiPS-CMs. *** and ### p<0.001 vs. control for respectively IRX5-A150P and -N166K
hiPS-CMs (Two-way Anova with Bonferroni post hoc test).

F. Superimposed representative traces of Ica,L recorded when applying the depicted voltage-
clamp protocol, and mean current densities (pA/pF) vs. membrane potential (EM) obtained

in hiPS-CMs.

Figure 6: IRXS interacts with SCN54, GJA5 and GJAI promoters.

A. Schematic representation of potential binding sites for IRX5 (BS, in green; numbers indicate
position referring to TSS) on SCN5A4 promoter identified in-silico, and PCR amplification
using primers specific for each BS after hiPS-CMs chromatin immunoprecipitation (ChIP)

with an antibody against IRX5. Results are shown as ratio of the immunoprecipitated (IPed)
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DNA relative to intergenic region (IR). TSS: transcription starting site; CP: core promoter.
#: p<0.05 vs. IR in control samples (n=8); ***: p<0.001 vs. control in IRX5-mutated
samples; A150P n=5 and N166K: n=7 (¢ test).

B and C. IRXS interaction with GJAS5 and GJAI promoters, respectively, obtained as in A Ctrl:

D.

n=6; A150P: n=5; N166K: n=7..

Dissociation constant (Kd) between IRXS5 protein and SCN54 promoter obtained after
microscale thermophoresis (MST) test using constant concentration of IRXS5 protein and
decreasing concentration of SCN5A4 promoter plasmids (from 650nM to 0.0099nM). Two
different plasmids containing parts of SCN5A4 promoter were used: BS2- Plasmid, from -261
to +613bp, that did not contain /RX5 BS2, and BS2+ Plasmid, from -261 to +1072bp, which
contained /RX5 BS2. Left panel, fitted curves issued using law of mass action. Right panel,
histograms showing mean and SEM Kd (n=3 per group).

. Luciferase experiments in HEK293 cells cotransfected with BS2+ Plasmid, containing

luciferase cDNA under the control of SCN5A promoter region (from -261bp to +1072bp),
and with expressing vectors encoding wild-type (WT), A150P or N166K-mutated /RX5
cDNA. Firefly luciferase activity was normalized to Renilla activity (mean + SEM, n=3 per

group) and is shown as ratio vs. condition without IRXS plasmid.

Figure 7: IRXS and GATAA4 cooperate to regulate SCN5A4 expression.

A.

GATA transcripts expression ratios vs. GATAS5S (GATA TF with the lowest expression).
Transcript expression ratios were calculated using GTEx data for human ventricular tissues

and using TLDA analysis for control hiPS-CMs. Data are expressed as mean + SEM.

. Representative western blots of IRX5 and GATA4 in control and IRX5-A150P mutated

hiPS-CM lysates immunoprecipitated with anti-IRX5 antibody. Quantification of the
amount of GATA4 co-immunoprecipitated with IRXS, in control and, IRX5-A150P and -
N166K mutated hiPS-CMs. Results are shown as ratios of the co-immunoprecipitated (IPed)
GATAA4 normalized to the [Ped IRXS amounts (Ctrl: n=20; A150P: n=11; N166K: n=8).

. Schematic representation of /RX5 binding site (BS; green) and GATA4 BS (pink) on SCN5A4

promoter (numbers indicate position referring to TSS), and PCR amplification using primers
specific for each BS after hiPS-CMs ChIP with an antibody against IRXS. Results are shown
as ratio of the IPed DNA relative to intergenic region (IR). TSS: transcription starting site.
#: p<0.05 vs. intergenic region (¢ test). Ctrl: n=7; A150P n=4 and N166K: n=6.

. Luciferase experiments in HEK293 cells cotransfected with BS2- plasmid, containing

luciferase cDNA under the control of SCN54 promoter region (-261bp to +613bp) with
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GATA4 BSb but not IRX5 BS2 (white bars), or BS2+ plasmid, containing /uciferase cDNA
under the control of SCN5A4 promoter region (-261bp to +1072bp) with GATA4 BSbh and
IRX5 BS2 (green bars), and with the indicated GATA4 or/and IRXS expressing plasmids.
Firefly luciferase activity was normalized to Renilla and is shown as ratio to its activity when
transfected with SCN54 plasmids only. ****: p<0.0001 vs. condition with no IRX5/GATA4
plasmid; ### and ####: p<0.001 and p<0.0001 vs. condition with GATA4 plasmid only;
$3$: p<0.001 vs. condition with GATA4 + WT-IRXS plasmids (¢ test).
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Human disease model of /RX5 mutations reveals key role

for this transcription factor in cardiac conduction
Zeina R Al Sayed et al.
SUPPLEMENTAL MATERIAL

Quantitative RT-PCR

Reverse transcription of 1 pg total RNA into cDNA was achieved using the high-capacity
cDNA reverse transcription Kit (Thermo Fisher Scientific). Quantitative Polymerase Chain
Reactions (QPCR) were executed in duplicates using TagMan® PCR Universal Master Mix
(Thermo Fisher Scientific). TagMan probes targeting /RX5 (Hs04334749 ml), SCN5A
(Hs00165693 ml), GJA5 (Hs00270952 sl), GJAI (Hs00748445 sl) and MYH7
(Hs01110632 m1) were used. Threshold cycles (Cts) were normalized to ACTB
(Hs99999903 ml).

Immunoblotting: 2 pul NuPAGE Sample Reducing Agent and 5 ul NuPAGE LDS Sample
Buffer were added to 40 pg proteins. The protein running was performed in 4-15% precast
polyacrylamide gels (Bio-Rad) and proteins were then transferred onto Trans-Blot® Turbo™
Nitrocellulose Transfer Packs (Bio-Rad). Membranes were blocked using 5% non-fat milk.
Expression of Cx40, Cx43, GATA4, IRXS, and Navl.5 was revealed using respectively anti-
Cx40 (Santa Cruz), anti-Cx43 (Sigma-Aldrich), anti-GATA4 (Santa Cruz), anti-Irx5 (Sigma-
Aldrich) and anti-Navl1.5 (Cell signaling), and adequate secondary antibodies (Santa Cruz).
Blots were revealed using chemiluminescence camera (Bio-Rad). Proteins were quantified
using Image Lab software and normalized using Stain free technology or using endogenous

transferrin expression.

Chromatin immunoprecipitation (ChIP): At day 28 of differentiation, beating
cardiomyocyte clusters were isolated and crosslinked using 11% formaldehyde during 10 min
at RT. Fixation was then stopped using 2.5M glycine for 3 min on ice. After 3 washes with
PBS, cell lysis was performed using lysis buffer (10% glycerol, 140 mM NacCl, 0.5% NP40,
0.25% Triton X-100, and 1 mM EDTA) at 4°C for 10 min on a rotating platform. The cell
pellets were washed with a solution containing: 200 mM NaCl, 10 mM Tris Base HCL, 0.5 mM
EGTA and 1 mM EDTA. Then, the pellets were resuspended in a low salt buffer (1% Triton
X-100, 140 mM NaCl, 0.1% Na deoxycholate, 0.1% SDS and 1 mM EDTA) supplemented

with protease inhibitors (Sigma-Aldrich). Chromatin was sonicated with Misonix S-4000

i
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(Qsonica). After 10 min centrifugation at 14000 rpm, supernatants were collected and incubated
overnight at 4°C with 4 pg of anti-IRX5 antibody. Protein G-coated dynabeads, pre-blocked
with BSA, were then added and allowed to couple with antibody-protein-DNA complexes
overnight at 4°C. The dynabeads were collected, washed and then resuspended in an elution
buffer (1% SDS, 50 mM Tris HCI and 10 mM EDTA). The chromatin was eluted at 65°C and
then reverse-crosslinked at 65°C overnight. The DNA was treated with RNase A (Thermo
Fisher) and proteinase K, purified using phenol-chloroform-isoamyl alcohol (25:24:1) and
precipitated with 100% ethanol, 5 M NaCl, and 0.15 pg/ul Glycogen. SYBER green qRT-PCR
method was finally performed using the designed primers (Online Table 3) to test for

enrichment of the targeted sequences. Results are shown as percentage of input.

Plasmid constructs

SCN5A4 promoter-luciferase construct, covering the region from -261 to +613 bp of the TSS
(BS2- Plasmid), contains GATA4 BSb and is a kind gift from Dr. Dan Roden (Vanderbilt
University, Nashville, TN, USA). A total of 459 bp were added to this construct to cover +1072
bp from TSS (BS2+ Plasmid) using the NEBuilder HiFi DNA assembly cloning kit (New
England Biolabs) and following manufacturer’s instructions. pCMV6-GATA4 Myc-tagged
(RC210945; OriGene) and pCMV6-IRXS5 GFP-tagged (RG234228; OriGene) vectors encode
human GATA4 and IRXS, respectively. The A150P and N166K mutations were added to the
IRXS5 expressing vector using the Q5® Site-Directed Mutagenesis kit (New England Biolabs).
The A150P was produced by G/C transversion at +448 using the following primers: Fw:
GATCATGCTcCCATCATCACCAAGATG and Rv: TTCTCGCCCTTGGTGGGG. The
N166K mutation was produced by C/A transversion at +498 using the following primers: Fw
GGTTCGCCAAaGCGCGCCGGC and Rv: AGGTGGACACCTGGGTGAGGG.
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Figure S1: Validation of hiPSCs derived from Hamamy syndrome-affected patients.
A.Leads V1 to V6 from electrocardiogram (ECG) of patients carrying A150P- and N166K-
IRX5 mutations. Conduction defect presented by Right Bundle Branch Block at the V1 lead

and QRS prolongation is visible in both patient ECG.

B. Genomic sequence chromatograms validate the presence of ¢.448G>C and c.498C>A [RX5

mutations in mutant hiPSCs but not in control hiPSCs.



C. Flow cytometry quantification of pluripotent stem cell markers TRA1-60 and SSEA4 in
control and /RX5-mutated hiPSCs.

D. mRNA expression levels of endogenous pluripotent stem cell markers, NANOG and
OCT3/4, in control and /RX5-mutated hiPSCs as compared to their corresponding skin
fibroblasts (Fibro) using TagMan® technique.

E. Representative immunostainings of endogenous OCT4 nuclear pluripotency marker and
TRA1-60 pluripotency marker expressed at the membrane. Nuclei are stained in blue by

DAPIL
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Figure S2: TLDA and 3’SRP data are correlated.

Ratios of mRNA expression in /RX5-mutated over control hiPS-CMs for 93 genes selected for
TLDA analysis. For each gene, ratio obtained by TLDA was plotted in X coordinate and ratio
obtained by 3’SRP was plotted in Y coordinate. Green Line represents identity line. Examples
of genes relevant to cardiac conduction are shown in pink. For instance, /[RX4 increased
according to both 3’SRP and TLDA (3X vs 4.2X, respectively) whereas SCN54, SCN9A4 and
GJAS5 decreased according to both 3’SRP and TLDA (1.3X vs 1.8X; 2X vs 2.5X and 4.3X vs

1.4X, respectively).
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Figure S3: Cx43 ectopic expression in both A150P- and N166K-hiPS-CMs.

A. TagMan quantification of GJA1 transcript expression. Cts were normalized to MYH7, a
myosin specific to ventricular cardiomyocytes. Ctrl n=19; A150P n=8; N166K n=8. *
p<0.05 vs. control (¢ test).

B. Representative immunoblot showing Cx43 protein expression with corresponding
transferrin (transf) expression in A150P and N166K /RX5-mutated and control hiPS-CMs.
Ratio of Cx43 expression level (normalized to transferrin expression level) in A150P (n=12)
and N166K (n=14) IRX5-mutated hiPS-CMs vs. control hiPS-CMs (n=16). ** p<0.01 vs.
control (7 test).

C. Immunostainings illustrating Cx43 expression and localization (green) in Troponin T (red)

positive hiPS-CMs, merged with a nuclear staining using DAPI (blue)
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Figure S4: Ina density was reduced in IRX5-mutated hiPS-CMs with no change in
activation and inactivation parameters.

A. Current densities measured in control and /RX5-mutated hiPS-CMs, determined at -20 mV.
xRk p<0.0001 vs. control (7 test).

B. Ina voltage dependence of activation and steady-state inactivation (respective protocols
depicted in insets).
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Figure S5: In contrast with IRXS alone, the complex GATA4-IRXS was able to bind to
SCN5A plasmid lacking BS2

MST analysis of dissociation constant for interaction between SCN5A promoter (BS2- Plasmid)
and IRXS5 alone or IRX5 + GATAA4. Protein lysates were prepared from HEK293T transfected
with either IRX5-GFP only or both IRX5-GFP and GATA4 expressing vectors. Binding was
tested with different concentrations of BS2- Plasmid containing GATA4 BSb but not IRX5 BS?2
(n=2 per group).
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Figure S6: IRXS but not GATA4 has a comparable expression profile to SCN5A.

A, B and C represents respectively transcriptomic profiles of SCN5A, IRX5 and GATA4 in
atrial and ventricular human tissues, respectively. TPMs were obtained from GTEx database
(n=297 and 303 for atrial and ventricular tissues, respectively).

D. Top: Representative immunoblot of GATA4 expression levels in protein lysates of
ventricular sub-endocardial (Endo) and sub-epicardial (Epi) samples obtained from three
human left (LV) and right ventricles (RV). Bottom: GATA4 protein expression level

quantifications (n=3 per group), normalized to Stain free.



Supplemental Tables

Supplemental Table 1. Primer sequences used to validate mutations in mutant hiPSCs.

Sequence

IRX5A150P-F |ccctgggatcgtacccttac
IRX5A150P-R | ggcgtccacgtcattttatt

IRX5N166K-F |aacgagcaccgcaagaac

IRX5N166K-R | gtcctegtegttettcteca




Supplemental Table 1. A. Murine tissue TLDA probe references and corresponding genes. B.

Human iPS-CMs TLDA probe references and corresponding genes.

A B
ipti Transcripti HumanZTLDA
185 Mm03928990_g1 185 Mm03928990_g1 185 Mm03928990_g1 ABCC8 Hs01093761_m1
Arnt Mm00507836_m1 Ank2 MmO0618325_m1 Abccd  Mm00441638_m1 ABCCY Hs00245832_m1
Arntl MmO0500226_m1 Gapdh  Mm99999915_g1 Actcl Mm00477277_g1 ATP1A3 Hs00958036_m1
Atbf1 MmO00464368_m1 Hprt Mm00446968_m1 Ank2 MmO0618325_m1 ATP1B1 Hs00426868_g1
Atf1 MmO0657594_m1 Kena5  Mm00524346_s1 Atplal  Mm00523255_m1 ATP2A2 Hs00544877_m1
Atf2 Mm00833804_g1 Kenabl — Mm00440018_m1 Atplbl  Mm00437612_m1 ATP2A3 Hs00193090_m1
Atf3 Mm00476032_m1 Kenbl  Mm00492791_m1 Atp2a2  Mm00437634_m1 ATP2B4 Hs00608066_m1
Atfa MmO0515324_m1 Kend2  Mm00498065_m1 Bop MmO0477663_m1 CACNA1C Hs00167681_m1
Bachl  Mm00476077_m1 Kenip2 ~ Mm00518914_m1 Cacnalc  Mm00437917_m1 CACNA1D Hs00167753_m1
Bcllla  Mm00479358_m1l Mef2a  Mm00488969_m1 Cacnald  Mm00551384_m1 CACNA1G Hs00367969_m1
Bcl6 Mm00477633_m1 Mef2b  Mm00484950_m1 Cacnalg  Mm00486549_m1 185 Hs99999901_s1
Bl6b MmO00455914_m1 Mef2c  Mm00600423_m1 Cacnalh  Mm00445369_m1 CACNATH Hs01103527_m1
Cacnalc  Mm00437917_ml Mef2d  Mm00504929_m1 Cacna2dl Mm00486607_m1 CACNA2D1  Hs00984856_m1
Cacnald  Mm00551384_m1 Meisl  Mm00487664_m1 Cacna2d2  Mm00457825_m1 CACNA2D2  Hs01021049_m1
Cacnalg  Mm00486549_m1 Meox2  Mm00801881_m1l Cacna2d3  Mm00486613_m1 CACNB2 Hs01100744_m1
Cacna2dl Mm00486607_m1 Mitf Mm00434954_m1 Cacnbl  Mm00518940_m1 CALM1 Hs00300085_s1
Cacna2d2  Mm00457825_m1 Miitzh  Mm00547601_s1 Cacnb2  Mm00659092_m1 CALM3 Hs00968732_g1
Cacnb3  Mm00432233_m1 Mrg1 Mm00487748_m1 Cacnb3  Mm00432233_m1 CASQ2 Hs00154286_m1
Cbfa2tlh  Mm00486771_m1 Mrg2 Mm00485209_m1 Cacng?7  Mm00519216_m1 GIAL Hs00748445_s1
Citedl ~ Mm00455934_m1 Msx1 Mm00440330_m1 Calml  MmO00486655_m1 GIAS Hs00270952_s1
Cited2  Mm00516121_m1 Msx2 Mm00442992_m1 Calm3  Mm00482929_m1 Gic1 Hs00271416_s1
Cnbpl  Mm00488938_m1 Myb Mm00501741_m1 Casq2  Mm00486738_m1 GID3 Hs00987388_s1
Cops2  Mm00487179_m1 Myc Mm00487803_m1 cda Mm00442754_m1 HCN1 Hs01085412_m1
Cops5  Mm00489065_m1 Myl2 Mm00440384_m1 cftr Mm00445197_m1 HCN2 Hs00606903_m1
Crebl  MmO00501607_m1 Myla Mm00440378_m1 Clen2 Mm00438245_m1 HCN3 Hs00380018_m1
Creb3  Mm00457268_m1 Myog MmO0446194_m1 Clen3 Mm00432566_m1 HCN4 Hs00975492_m1
Crem MmO0516346_m1 Nab1 MmO0476263_m1 cnn1 Mm00487032_m1 ITPRL Hs00181881_m1
crit MmO0517974_s1 Nfats MmO0467257_m1 Coléal ~ MmO00487160_m1 ITPR3 Hs00609908_m1
cutll Mm00501628_m1 Nfkbl ~ Mm00476361_m1l Dighl  Mm00492174_m1 KCNA2 Hs00270656_s1
Dazap2  Mm00726901_s1 Nkx2-5  Mm00657783_m1 Digh4  Mm00492193_m1 KCNA4 Hs00937357_s1
Ddx20  Mm00600300_g1 Nmycl  Mm00476449_m1 Eifdg2  Mm00469036_m1 KCNAS Hs00969279_s1
Dmrt2  Mm00659912_m1 Nrobl  Mm00431729_m1 G6pdx  Mm00656735_g1 KCNA7 Hs00361015_m1
E2f1 Mm00432939_m1 Nrid2  Mm00441730_m1 Gapd Mm99999915_g1 KCNAB2 Hs00186308_m1
E2f2 Mm00624964_m1 Nr2f1 MmO0657937_m1 Gatad  Mm00484689_m1 KCNAB3 Hs01085073_m1
E2f4 MmO0514160_m1 Nr2f2 Mm00772789_m1 Gjal Mm00439105_m1 KCNB1 Hs00270657_m1
E2f5 MmO00468171_m1 Nrdal  Mm00439358_m1l Gjad Mm00433610_s1 KCNCa Hs00428198_m1
E2f6 Mm00519030_m1 Nrda3  Mm00450074_m1 Gjas Mm00433619_s1 KCND2 Hs01054873_m1
E4f1 MmO00468177_m1 Nrip1 MmO0476537_s1 Gja7 Mm00433624_m1 KCND3 Hs00542597_m1
Eifdg2  Mm00469036_m1 odd1 Mm00726880_s1 Henl Mm00468832_m1 KCNE1 Hs00264799_s1
En2 Mm00438710_m1 Pax3 Mm00435491_m1 Hen2 MmO00468538_m1 KCNELL Hs01085745_s1
Ep300  Mm00625535_m1 Pax8 Mm00440623_m1 Hen3 MmO00468543_m1 KCNE2 Hs00270822_s1
Erg MmO00504897_m1 Pitx2 Mm00440826_m1 Hprt MmO00446968_m1 KCNE3 Hs01921543_s1
Esrl Mm00433149_m1 Pitx2 MmO0660192_g1 Hsp86  Mm00658568_gH KCNE4 Hs01851577_s1
Esrrg MmO0516267_m1 Pknox1 ~ Mm00479320_m1 Hspall ~ Mm00442854_m1 KCNH2 Hs04234270_g1
Ets2 MmO00468972_m1 Polrza  Mm00839493_m1 13 Mm00446190_m1 KCNIP2 Hs01552688_g1
Etvl MmO0514804_m1 Pou2afl Mm00448326_m1 Itpr2 Mm00444937_m1 KCNJ11 Hs00265026_s1
Fkhi18  Mm00809617_s1 Pou2fl  Mm00448332_m1 Kenal — Mm00439977_s1 KCNJ2 Hs01876357_s1
Flil Mm00484410_m1 Ppara  Mm00440939_m1 Kena2  Mm00434584_s1 KCNJ3 Hs04334861_s1
Fos Mm00487425_m1 Ppargcla  Mm00447183_m1 Kenad  Mm00445241_s1 KCNJ4 Hs00705379_s1
Foxa3  Mm00484714_m1l Rara Mm00436264_m1 Kena5  Mm00524346_s1 KCNJ5 Hs00168476_m1
Foxc2  Mm00546194_s1 Rora Mm00443103_m1 Kena6  Mm00496625_s1 KCNJ8 Hs00958961_m1
FoxkI  Mm00440301_m1 Runxl  Mm00486762_m1 Kenabl — Mm00440018_m1 KCNK1 Hs00158428_m1
Foxml  Mm00514924_m1l shox2  Mm00443183_m1 Kenab2  Mm00440022_m1 KCNK3 Hs00605529_m1
Foxol ~ Mm00490672_m1l Smad3  Mm00489637_m1 Kenbl — Mm00492791_mi KCNKS Hs00186652_m1
Fus MmO0836363_g1 Smydl  MmO00477663_m1 Kendl  Mm00492796_m1 KeNQ1 Hs00923522_m1
Gabpa  Mm00484598_m1 Snai3 Mm00502016_m1 Kend2  Mm00498065_m1 NPPA Hs00383230_g1
Gapdh  Mm99999915_gl Sox4 Mm00486317_s1 Kend3  Mm00498260_m1 NPPB Hs01057466_g1
Gatal ~ MmO00484678_m1 Sox6 MmO0488393_m1 Kenel — Mm00434615_m1 PLN Hs01848144_s1
Gata3  Mm00484683_m1 Sox7 MmO0776876_m1 Kenell  Mm00517596_s1 PPP3CA Hs00174223_m1
Gatad  Mm00484689_m1 Sox8 Mm00803423_m1 Kene2  Mm00506492_m1 RYR2 Hs00181461_m1
Gata5  Mm00484692_m1 Sox9 Mm00448840_m1 Kene3  Mm00445119_m1 SCN10A Hs01045137_m1
Gata6  Mm00802636_m1 spl1 Mm00489039_m1 Kenh2  Mm00465370_m1 SCN1B Hs03987893_m1
Gjal Mm00439105_m1 sp3 Mm00803425_m1 Kenipl ~ Mm00471928_m1 SCN2B Hs00394952_m1
Gjas Mm00433619_s1 Sqstml  Mm00448091_m1 Kenip2 ~ Mm00518914_m1 SCN3A Hs00366913_m1
Gja7 Mm00433624_m1 srf Mm00491032_m1 Kenjll  Mm00440050_s1 SCN3B Hs01024483_m1
Gtf2irdl  MmO00465654_m1 stat1 Mm00439518_m1 Kenjl2  Mm00440058_s1 SCN4A Hs01109480_m1
Handl ~ Mm00433931_m1 stat3 MmO0456961_m1 Kenj2 Mm00434616_m1 SCN4B Hs03681025_m1
Hand2 ~ Mm00439247_m1 Statsa  Mm00839861_m1 Kenj3 Mm00434618_m1 SCN5A Hs00165693_m1
Hen2 MmO00468538_m1 Statsh  Mm00839889_m1 Kenj8 Mm00434620_m1 SCN7A Hs00161546_m1
Hes1 MmO00468601_m1 T Mm00436877_m1 Kenk2  Mm00440072_m1 SCN9A Hs00161567_m1
Heyl MmO00468865_m1 Tafs! MmO0505994_m1 Kennl  Mm00446259_m1 SLCBAL Hs01062258_m1
Hey2 MmO00469280_m1 Thpl1 MmO0457046_m1 Kenn2  Mm00446514_m1 ANK2 Hs00153998_m1
Heyl MmO0516555_m1 Thx1 Mm00448948_m1 Kengl — Mm00434641_m1l ACTB Hs99999903_m1
Hifla MmO00468869_m1 Tbx18  Mm00470177_ml Myh7  Mm00600555_m1 RPL13A Hs04194366_g1
Hix MmO0468656_m1 Thx2 Mm00436915_m1 Myla Mm00440378_m1 GATA3 Hs00231122_m1
Hoxald  Mm00433967_m1 Tbx20  Mm00451515_m1 Mylcza  Mm00491655_m1 GATA4 Hs00171403_m1
Hoxa9  Mm00439364_m1 Thx5 Mm00803521_m1 Mylpc  Mm00440384_m1 GATAS Hs00388359_m1
Hprt Mm00446968_m1 Tef1s Mm00493442_m1 Nkx2-5  Mm00657783_m1 GATA6 Hs00232018_m1
Hsf1 MmO0801771_g1 Tcf20 MmO0657352_mH Nppb Mm00435304_g1 HEY2 Hs00232622_m1
Htatip  Mm00724374_m1 Tef21 Mm00448961_m1 Pias3 MmO0450739_m1 IRX3 Hs01124217_g1
I3 MmO0500463_m1 Tcfa Mm00443198_m1 Pin MmO0452263_m1 IRX4 Hs00212560_m1
Irxa Mm00502170_m1 Tcfeb Mm00448968_m1 Pousfl  Mm00658129_gH IRXS Hs04334749_m1
Ixs Mm00502107_m1 Teadl  Mm00493503_m1 Prkaca  Mm00660092_m1 TBX2 Hs00911929_m1
Isgfdg  Mm00492679_m1 Tead2  Mm00449004_m1 Prkce MmO00440894_m1 TBX3 Hs00195612_m1
Jun MmO0495062_s1 Tead3 ~ Mm00449013_m1 Ryr2 MmO0465877_m1 TBXS Hs00361155_m1
Jundl  Mm00495088_s1 Tef MmO0457513_m1 Scnlb  Mm00441210_ml NKX2-5 Hs00231763_m1
Jundm2  Mm00473044_m1 Trim28  Mm00495594_m1 Scn3a  MmO0658167_m1 TNNI3 Hs00165957_m1
KIf13 Mm00727486_s1 Trp53  MmO00441964_gl Scn3b  Mm00463369_m1 TNNT2 Hs00943911_m1
KIf15 MmO0517792_m1 Trp6é3  Mm00495788_m1 Scnda  Mm00500103_m1 MYH6 Hs01101425_m1
KIf16 MmO0652334_m1 Uncxd.1  Mm00496750_g1 Scnsa  Mm00451971_m1 MYH7 Hs01110632_m1
Kif2 Mm00500486_g1 Wadro Mm00460789_m1 Sic8al  Mm00441524_m1 RRAD Hs00188163_m1
Mafk Mm00456782_m1 Whnt1 Mm00810320_s1 Tgfb1 Mm00441724_m1 CLASP2 Hs00380556_m1
Polrza  Mm00839493_m1 wtl MmO0460570_m1 Thni3 Mm00437164_m1 GPDIL Hs00380518_m1
Scnlb  Mm00441210_m1 Zfhxlb  MmO00497193_m1 Thnt2  Mm00441922_m1 B2M Hs00187842_m1
Scn3b  Mm00463369_m1 zfp354a  Mm00436920_m1 Uchl1 Mm00495900_m1 MYL7 Hs01085598_g1
Scna_ MmO00451971_m1 zfpm2___ Mm00496074_m1 Ywhae _ Mm00494246_m1 MYL2 Hs00166405_m1




Supplemental Table 3. Primers used to amplify DNA after ChIP for IRXS.

Primer sequences

Position relative to TSS

Fw: tacctgcacaccattctcce -7611
IRX5-SCN54-BS1

Rv: agagggtcagggtgagagat |-7527

Fw: ttctctgeectectetetet +847
IRXS5-SCN54-BS2

Rv: cgccaccaaagacgatcaaa | +929

Fw: tttgatcgtctttggtggc +929
IRX5-SCN54-BS3 sreeieiesieses

Rv: atcctgatctggcetgtgetce +1112

Fw: agcccctecttcattcacte -55
IRX5-GJA5-CP

Rv: ctgtctgtgttctcccagga +48

Fw: ctctttcagcaggtcagtcc -3272
IRX5-GJAI-BS1 seasEe

Rv: gacaaggaagaggaggctgt |-3186

Fw: tctctctcecatetecacca -490
IRX5-GJA1-BS2

Rv: agaggtaggtgtgagtgacc -412

Fw: ccgcectatgtetgtetgtee -268
GATA4-SCN54-BSa

Rv: gcacactcccacactgacc -201

Fw: cccttcectteectttectt +416
GATA4-SCN54-BSb

Rv: ggtatccgggtcccaatee +529

Fw: agcaccatgataagaaagcca

Intergenic region

Rv:

acccaacagaaatgaaagcct

TSS: Transcription Start Site; Fw: Forward; Rv: Reverse.




Supplemental Table 4. Solutions used for patch clamp recordings (mM).

Solution AP

Solution Iy,

Solution I,

AP clamp |y,

Intra-pipette

Extra-cellular

Intra-pipette

Extra-cellular

Intra-pipette

Extra-cellular

Intra-pipette

Extra-cellular

Kgluconate|
NacCl
KCl
Hepes
Glucose
Mgdl,
Cadl,
CsCl
EGTA
TEACL
Na,ATP

CoCl,
Mannitol
MgATP
TTX

125
5
20
5

140
4
10
10
0.5

1

133
10

20

10

1.2

110

1.8
30

10

145

10

160

20

0.03

133
10

130

10

10

1.8
30




Supplemental Table 5. Sodium current V50, voltage of halfmaximum activation and

inactivation, and K, slope factor. Data are presented as mean £SD.

Ctrl A150P N166K
-31.51 -32.19 -31.09
V50
(£0.21) (£0.32) (£0.34)
Activation
6.452 6.526 6.736
K
(£0.17) (£0.25) (£0.26)
INa
-87.27 -87.37 -86.36
V50
(£0.21) (£0.23) (£0.25)
Inactivation
-5.674 -5.774 -5.508
K
(£0.18) (£0.20) (£0.21)




