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Supplemental Methods

Cardiac differentiation of human iPSC-CM
All protocols were approved by the Ethics Committee of the University Medical Center
Gottingen (No. 10/9/15 and 15/2/20). Informed consent was obtained from all participants

and all research was performed in accordance with relevant guidelines and regulations.

All iPSC lines in this study are registered in the human pluripotent stem cell registry
(https://hpscreg.eu/). iPSC lines UMGIi014-C clone 14 (isWT1.14) and RUCDRi002-A-46 clone 1
(TC-1133-CAG-Chrimson-YFP.1TC1133_CAG-Chrimson-YFP)!  were differentiated into
ventricular and atrial cardiomyocytes and cultured according to the classical GiWi protocol.?>*
iPSC were cultured under feeder-free conditions with StemMACS™ iPS-Brew XF (Miltenyi
Biotec) until confluency was reached. Mesoderm induction was initiated through 48-hour
incubation with 4-5 umol/L CHIR99021 in a ‘Differentiation Medium’ containing: RPMI 1640
with Glutamax (Thermo Fisher Scientific), 0.5 mg/ml human recombinant albumin, and 0.2
mg/ml L-ascorbic acid 2-phosphate (all Sigma-Aldrich). The day of CHIR99021 addition is
referred to as day 0. After 2 days, cardiac differentiation was started by addition of 5 umol/L
IWP2 (Wnt Antagonist 1l, Merck) to the differentiation medium for 48 h.3# For atrial subtype
specification, 1 pmol/L retinoic acid (Sigma Aldrich) was added between day 3 and day 6.°
Cardiac contraction is usually observed on day 7. From day 8 onwards, cells are cultured in a
‘culture medium’ containing RPMI 1640 with Glutamax, and 2% B27 (both Thermo Fisher
Scientific) with medium changes every 2-3 days. On day 15, metabolic selection® was applied
for 7 days to increase cardiomyocyte purity with a selection medium of RPMI 1640 without
glucose (Thermo Fisher Scientific) supplemented with 0.5 mg/ml human recombinant
albumin, 0.2 mg/ml L-ascorbic acid 2-phosphate, and 4 mmol/L lactate (all Sigma-Aldrich).
After 7 days, medium was switched back to culture medium. On day 28, the iPSC-CM were

plated on glass coverslips for isolated cell experiments or used for EHM preparation.
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Native human cardiac tissue samples

Right atrial appendages were obtained from 5 patients in normal sinus rhythm undergoing
cardiac surgery. Left ventricle tissue was obtained from 4 patients with severe aortic valve
stenosis undergoing cardiac surgery for aortic valve replacement (Morrow resection). Excised
tissue samples were snap-frozen in liquid nitrogen for biochemical studies. Experimental
protocols were approved by the ethics committee of the University Medical Center Goéttingen

(No. 4/11/18). Each patient gave written informed consent.

Coverslip preparation

Wells containing iPSC-CM were washed twice with DPBS Ca/Mg”" (Gibco/Thermo Fisher
Scientific), and then incubated with Accutase® (Merck) for 10-15 min, until the cells were
detached and dissociated. Digestion was stopped with ‘recovery medium’ containing culture
medium supplemented with 1:2000 ROCK inhibitor Y27632 (REPROCELL Stemgent). Following
centrifugation at 4°C at 100 g for 10 minutes, cells were resuspended in recovery medium,
counted using a counting chamber (Neubauer improved, Paul Marienfeld GmbH & Co.KG) and
plated on glass coverslips (10 mm diameter Menzel coverslip, ThermoFischer) pre-coated with
1:120 Matrigel” (Corning®) at a density of 1x103 cells/coverslip. iPSC-CM were incubated with
recovery medium for 2 days and then switched to culture medium and maintained every 2-3

days. All iPSC-CM measurements were conducted between d35 and d43.

Preparation of engineered human myocardium (EHM)

Engineered human myocardium (EHM) was prepared according to published protocols.”® A
mixture of iPSC-CM (d28) and human foreskin fibroblasts (HFF-1) (70:30; 0.5x10° cells/EHM)
was suspended in a collagen type | hydrogel (0.3 mg/EHM; Cat. #FS22024; Collagen Solution)
supplemented with 2X RPMI (Thermo Fisher Scientific) in a serum-free maturation medium
(SFMM) containing IMDM with Glutamax, MEM Non-Essential Amino Acids Solution, 4% B27
without insulin (all Thermo Fisher Scientific), 200 umol/L Ascorbic acid 2-phosphate, 100 U/mL
penicillin and 100 pg/mL streptomycin (all Sigma-Aldrich) 100 ng/mL Recombinant Human
IGF-1, 5 ng/mL Recombinant Human VEGF, 10 ng/mL Animal-Free Recombinant Human FGF-
basic (all PeproTech) and finally pH-neutralized by drop wise addition of 0.1 mol/L NaOH. The

mixture was poured into individual wells (180 uL/EHM) of a 48-well myrPlate (uniform-TM5,
4
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myriamed GmbH) and incubated at 37 °C, 5% CO; for 1 h to facilitate uniform EHM
consolidation. Subsequently, a SFMM with 0.5 ng/mL TGF-B1 (PeproTech) was added to each
well. This medium was changed daily for 3 days. Thereafter, SFMM without TGF-B1 was used
and exchanged every second day until EHM measurement. All culture was conducted at 37 °C,
5% CO,. EHM contractions are typically observed 3-5 days after casting. All experiments were

performed 28 to 38 days after casting.

Electrical pacing of atrial iPSC-CM and atrial EHM

For electrical tachypacing, glass coverslips containing iPSC-CM were gently transferred to a 6-
well plate filled with 6 mL cardiomyocyte pacing medium (Medium 199 [Ca?* concentration:
1.79 mmol/L] with Glutamax, and 2% B27 supplement [both Thermo Fisher Scientific]). After
28 to 38 days of EHM culture, tissues mounted on stretchers were carefully transferred to a
custom-made Teflon holder, and placed into a 6-well culture plate filled with 8 mL of SFMM
(each well). The pacing plate (C-Dish, lonOptix) was carefully positioned on top of the
respective plates. Cells or tissues were then electrically paced at 1 or 3 Hz (studied in parallel
for all experimental series) for 24 hours with biphasic 5 ms pulses at 20-25 V as previously
described.1®1! All electrical pacing was done at 37 °C, 5% CO. Pulses were delivered by a C-

pace EM culture stimulator (lonOptix).

Optogenetic stimulation of TC1133_CAG-Chrimson-YFP iPSC derived cardiomyocytes

For optical pacing, a custom-made light source was positioned above a 6-well culture plate to
deliver defined light pulses (118 pW/mm? intensity, 5 ms) at 1 or 3 Hz for 24 hours or 7 days.
(Figure S1). All optical pacing was done at 37 °C, 5% CO,. Media was the same as above for
iPSC-CM and EHM. iPSC-CM optically paced for 7 days remained in their 6 well culture dish

subsequent to differentiation. 7 day pacing was started on culture d35.

Optical action potential recordings in iPSC-CM
Action potentials in iPSC-CM were recorded as previously described.'>!* Prior to the
measurement, cells plated on glass coverslips were incubated with 0.1x VoltageFluor2.1Cl

(Fluovolt, Thermo Scientific; 20 minutes loading). The coverslips were then transferred to a
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37° C heated recording chamber filled with modified Tyrode’s solution containing (in mmol/L):
CaCl; 2, Glucose 10, HEPES 10, KCI 4, MgCl; 1, NaCl 140; pH = 7.35 with NaOH. Cells were then
field stimulated at 1 Hz using an external pacing device (MyoPacer Field Stimulator, lonOptix),
delivering 3-5 ms bipolar electrical pulses, set with a voltage 25% above stimulation threshold.
Optical action potential signals from isolated and intact iPSC-CM were acquired using an
inverted epifluorescence microscope (Aex = 470 nm, Aem = 535 nm), optimized for high-speed
signal capture with a photomultiplier (Cairn Research), digitized (Axon Digidata 1550B, Axon
Instruments), and acquired with pClamp softare (Molecular Devices). A posteriori analysis was

performed by ensemble averaging of 3 stable action potentials from a single cell.

Voltage-clamp measurements of inward-rectifier K* currents

Inward rectifier K* currents were recorded using whole-cell ruptured patch configuration.
Membrane currents were acquired and analyzed using Axopatch 200B amplifier and pClamp-
Software (V 10.7 Molecular Devices). Myocytes were continuously perfused with bath solution
containing (in mmol/L): NaCl 120, KCI 20, MgCl, 1, CaCl; 2, glucose 10, HEPES 10, pH=7.4 at
22-24 °C. Borosilicate glass microelectrodes had tip resistances of 3-5 MQ when filled with
pipette solution (in mmol/L): K-aspartate 100, NaCl 10, KCI 40, Mg-ATP 5, EGTA 2, GTP-Tris 0.1,
HEPES 10, pH 7.4). Seal resistances were 4-8 GQ. Series resistance and cell capacitance were
compensated. Inward rectifier potassium currents were measured by applying a ramp pulse
from =100 to +40 mV (0.5 Hz). Agonist-inducible Ixach was stimulated with carbachol (CCh, 2
umol/L). Agonist-independent constitutive Ixach activity was determined using the selective
Ik, ach blocker tertiapin (TTP, 100 nmol/L) in a bath solution containing bovine serum albumin

(0.1 g/L). Ixa was identified as Ba?* (1 mmol/L)-sensitive current as previously described.4-16

Automated voltage-clamp measurements of Ic,,. and Inq

All lca. and Ina experiments were performed using the automated patch-clamp device,
SyncroPatch 384 (Nanion Technologies GmbH) at room temperature.!” Negative pressure
(150-250 mbar) application attained whole-cell configuration. PatchControl 384 (Nanion
Technologies GmbH) software was used for data acquisition. Thin borosilicate glass384-well

planar chips (1xS-type NPC-384T) were used for all experiments. Recordings were excluded if
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they showed a seal resistance of <250 M(Q, a peak current of <50 pA, or an Rseries of >20 MQ (at
10 mV). At the start of an experiment, chips were loaded with 30 pL of a solution containing
(in mmol/L): HEPES 10, NaCl 140, KCI 4, glucose 5. Following application of the desired pipette
solution to generate electrical contact between external and internal sides of the chip, 20 uL
of cell suspension was added to each well. Directly following this, 40 uL of a solution containing
(in mmol/L): HEPES 10, NaCl 130, KCl 4, CaCl; 10, MgCl; 1, 5 glucose 5 was temporarily added
to aid giga seal formation. 40 uL was then removed from each well and replaced with bath

solution (detailed below).

L-type calcium currents (lca,l) were measured at 0.5 Hz using a voltage-step protocol with a
holding potential of -80 mV and a 100 ms ramp pulse to -40 mV followed by a 100 ms test-
pulse to +10 mV at 22-24 °C. Pipette solution contained (in mmol/L): EGTA 10, HEPES 10, CsCl
10, NaCl 10, CsF 110, pH 7.2 (with CsOH). Bath solution contained (in mmol/L): HEPES 10, NaCl
140, glucose 5, KCl 4, CaCl; 2, MgCl, 1, pH 7.4 (with KOH). Offline analysis was performed with
DataControl 384 software (Nanion Technologies GmbH). The integrated Ica,L represents an
estimate of Ca?* entering the cell, calculated per liter total cell volume, using a capacitance to

volume relationship of 4.57 pF/pL.18

Peak sodium currents (Ina) recordings were performed at 0.5 Hz using a voltage step protocol
with a holding potential of -100 and a 30 ms test pulse to -20 mV followed by a step to -80 mV
for 50 ms at 22-24 °C. Pipette solution contained (in mmol/L): EGTA 10, HEPES 10, KCI 10, NaCl
10, KF 110, pH 7.2 (with KOH). Bath solution contained (in mmol/L): HEPES 10, NaCl 140,
glucose 5, KCl 4, CaCl; 2, MgCl; 1, pH 7.4 (with KOH). Offline analysis was performed with

DataControl 384 software (Nanion Technologies GmbH).

Basal Inward rectifier currents (lx1)) were measured using automated patch clamp in cells
optically paced for 7 days. Recordings were performed at 0.5 Hz by applying a ramp pulse from
-100 to +40 mV at 22-24 °C. Pipette solution contained (in mmol/L): EGTA 10, HEPES 10,
KCl 10, NaCl 10, KF 110, pH 7.2 (with KOH). Bath solution contained (in mmol/L): HEPES 10,
NaCl 80, NMDG 60, glucose 5, KCI 20, CaCl, 2,MgCl, 1, pH 7.4 (with KOH). Ix1 was identified as
Ba?* (1 mmol/L)-sensitive current. Offline analysis was performed with DataControl 384

software (Nanion Technologies GmbH).
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Sharp microelectrode measurements

Action potentials in EHM were recorded as previously described.’® Electrophysiological
measurements were performed in a custom-built recording chamber perfused with heated
(37 °C) and carbonated (5% COz) bath solution containing (in mmol/L): NaCl 126.7, KCI 5.4,
MgCl; 1.1, CaCl, 1.8, NaHPO4 0.42, NaHCOs3 22, glucose 5.5, pH=7.45. Borosilicate glass
capillaries with an electrical resistance of 25-35 MQ were pulled using a horizontal pipette
puller and resulting pipettes were backfilled with 3 mol/L KCI solution. Signal was recorded
and analyzed using a Sec-05-X amplifier (npi Electronic) in voltage follower mode and LabChart

Pro 7 software (ADInstruments).

Tissue was electrically stimulated using a custom-made coaxial electrode (FHC) with a
monophasic pulse of 1 ms and 2x threshold intensity. After successful tissue impalement and
steady state signal acquisition, triggered action potentials were then recorded whilst
stimulating the tissue at 1 Hz. Analysis was based on 10 consecutive and stable action potential

recordings in the same cell.

Contractile force analysis

Separate aEHM were prepared in an alternative engineering format to determine the effects
of optical tachypacing on contractility over an extended period of time in situ as previously
described.? (construct here termed bioartificial cardiac tissue [BCT]). aEHM were placed into
custom-made culture vessels with integrated force measurement capabilities as previously
described.?® (construct here termed bioartificial cardiac tissue [BCT]). Force of contraction was
first measured at 1 Hz in all tissues to measure the baseline force (day 0), then tissues were
optically paced at 1 Hz (n=3 tissues) or 3 Hz (n=6 tissues) for 7 days. Once every 24 hours,
contractile forces of both groups were measured at 1 Hz. On day 7, all tissues received 1 Hz
optical pacing for an additional 7 days to test for contractile force recovery (Figure S15). All
tissue culture and measurements were conducted at 37 °C, 5% CO,. Analysis via the averaging
of 30 contractile signals during 1 Hz measurement every 24 hours was performed using a

custom Python-based analysis software.
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FACs analysis

For flow cytometric analysis of atrial iPSC-CM, the cells were dissociated with Trypisn/EDTA
(PAN-Biotech) into single cells, fixed with 4% FA at RT for 10 minutes, permeabilized with 90%
ice-cold methanol for 15 min followed by a blocking step with 3% BSA and 5% goat serum for
20 min. Cells were then incubated with antibodies against the atrial (MLC2a) and the
ventricular (MLC2v) isoform of myosin light chain for 1h at RT. Cells were then incubated
with secondary antibody in 3% BSA in PBS at RT for 30 min. Antibodies are listed below in
Supplemental Table 1. Cells were subsequently analyzed using the BD Accuri™ C6 plus system
flow cytometer (BD Biosciences). Isotype control for each primary antibody was used as
negative control. 30,000 events were acquired and at least 20,000 events were analyzed per

sample.
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Supplemental Table 1. Antibodies used in FACs analysis

Antibody Concentration Company Identifier
MLC2a 1:200 Synaptic Systems 311011
Mouse lgG2b 1:200 Dako X0944
MLC2v 1:100 Proteintech 10906-1-AP
Rabbit IgG 1:1600 Abcam ab37415
Donkey Anti Mouse IgG - Cy3 1:1000 JIR 715-165-150
Goat Anti Rabbit IgG - Cy2 1:1000 JIR 111-225-144

Gene-expression analysis

Total RNA was isolated from iPSC-CM EHM and native human tissue samples using TRIzol
(Thermo Fisher Scientific, Waltham, MA, USA, #15596018) phenol-chloroform extraction.
Remaining genomic DNA was removed using RNase-free DNase | (Thermo Fisher Scientific,
Waltham, MA, USA, #EN0521). 1 ug DNAse-treated RNA was transcribed into complementary
DNA (cDNA) using RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific,
Waltham, MA, USA, #K1622) and random hexamer primers. Quantitative real-time reverse
transcriptase polymerase chain reaction (qPCR) was performed using SsoAdvancedTM
Universal SYBR Green supermix (Bio-Rad, California, USA, #1725271) and 25 ng cDNA was used
as template per reaction. Fluorescence detection was started with 10 min incubation at 95 °C,
followed by 40 cycles at 95 °C for 15 seconds and 60 °C for 1 min. After 40 cycles, melt curve
analysis was performed to ensure amplicon specificity. For relative quantification, the
expression levels of all target genes were normalized to the housekeeping gene GAPDH.
Relative gene expression levels were calculated using AACq method by subtracting the ACq of
samples paced with 3 Hz from the average of ACq of samples paced with 1 Hz. Primer

sequences are listed in Supplemental Table 2.
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Supplemental Table 2. Primer sequences (5" to 3°) for qPCR obtained from PrimerBank
(https://pga.mgh.harvard.edu/primerbank/).

Gene Forward primer Reverse primer

GAPDH GGAAGGTGAAGGTCGGAGTCA GTCATTGATGGCAACAATATCCACT
CACNA1C AATCGCCTATGGACTCCTCTT GCGCCTTCACATCAAATCCG

KCNJ2 GTGCGAACCAACCGCTACA CCAGCGAATGTCCACACAC

KCNJ3 TCGGCTATGGCTACCGATACA GTGCTCGCTGAACATGAGG

KCNJ5 GCGCTTCAACTTGCTCGTC GCCACTGAGGTTTTCAACACA
ADORA1 CCACAGACCTACTTCCACACC TACCGGAGAGGGATCTTGACC

CHRM?2 ACACCCTCTACACTGTGATTGG GTCCGCTTGACTGGGTAGG

11
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Supplemental Figures
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Figure S1. Optical pacing of atrial engineered human myocardium (aEHM) expressing the
light-gated ion channel f-Chrimson. A, Representative fluorescence image (YFP) of an aEHM
expressing the light-gated ion channel f-Chrimson. B, Intensity-duration plot for different
wavelengths which trigger contraction of aEHM. C, Rheobase and chronaxie. Rheobase is
defined as minimal intensity of infinite duration required to trigger a contraction. Chronaxie
is defined as minimum time required for an intensity double the strength of the rheobase to
trigger contraction. D, Schematic circuit diagram of the custom-made LED-plate used for
optical stimulation. DR, dropping resistor, PR, parallel resistor. E, Bottom view of LED-plate

and housing covering a standard six-well culture plate.
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Figure S2. Induced pluripotent stem cell derived cardiomyocyte (iPSC-CM) characteristics. A,
Photomicrographs of atrial iPSC-CM employed in this study in dense 6 well formats (left) prior
to coverslip seeding, and sparsely plated monolayers on 10 mm glass coverslips (right) for live
single cell measurements. Scale bar = 50 um. B, Spontaneous beating frequency of atrial (A)
and ventricular (V) iPSC-CM at day 28 analyzed optically at 37 °C. Atrial: n=8/1, Ventricular:
n=6/1. Data are mean+SEM. **P<0.01 using Mann-Whitney-U test. n/N = number of iPSC-

CM/differentiation.

13



AF-associated remodeling in atrial iPSC-CM
Cardiovascular Research

% CACNATC (Ig,)) % KCNJ2 (I,,)
.:L_’ CE.; 127 o o § (= * dkk
RO o2 ®O

o o o O

2T 5 gt

-0 = 0

o ¢ . © @

c N 4 c N

B E L) L] 2 g

o = 27 . ° 2 [] [ =

$s5 . ﬁ a1 -

s~ AV AV =

o iPSC-CM Native x

iPSC-CM Native
tissue tissue

KCNJ3 (Ig ach)

84 *k Fkk

KCNJ5 (Ig ach)

2_

oo F1L
AV AV
iPSC-CM  Native

{normalized to GAPDH)

{normalized to GAPDH)

Relative to native atrial tissue
Relative to native atrial tissue

iPSC-CM  Native
tissue tissue

Figure S3: mRNA expression levels of L-type Ca?* channels (lcaL) and inward rectifier K*
channels (Ik1, Ik ach) in atrial (iPSC-aCM, A) and ventricular (iPSC-vCM, V) iPSC-CM, and atrial
and ventricular biopsies from patients. iPSC-aCM: n=7 differentiations. iPSC-vCM: n=7
differentiations. Atrial biopsies: n=5 patients. Ventricular biopsies: n=4 patients. Data are
mean+SEM normalized to atrial patient biopsies. *P<0.05, **P<0.01 and *** P<0.001 vs atrial

using the Mann-Whitney U test.
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Figure S4: Inward rectifier potassium currents in atrial induced pluripotent stem cell derived
cardiomyocytes (iPSC-aCM). A, Representative time course of inward rectifier current
amplitude at -100 mV before, during and after application of the M-receptor agonist carbachol
(CCh, 2 umol/L). During activation, the initial increase (Peak) rapidly desensitized to a quasi
steady-state (QSS). B, Peak Ix,ach and QSS in iPSC-aCM (n=77/6) and iPSC-vCM (n=31/4). C,
Representative voltage-clamp recording of basal inward rectifier potassium current (lk1) and
CCh-activated Igach in atrial iPSC-CM isolated from atrial EHM. D, Total inward rectifier
currents (membrane current, Iv) at -100 mV (n=6/2). E, Representative voltage-clamp
recording of basal inward rectifier potassium current (lk1) and adenosine (Ado, 1 mmol/L)-
activated lx ado in atrial iPSC-CM. F, Concentration-response curve for Ado-mediated activation

of lxado at -100 mV (n=4-5/1). Data are mean+SEM. ##p<0.001 vs. iPSC-aCM and ***P<0.001
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using Welch’s t-test and the Bonferroni multiple comparison test (B). *P<0.05 using paired

Student’s t-test (D). n/N = number of iPSC-CM/differentiation.
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Figure S5. Action potential (AP) duration dependence on L-type calcium current (lca,) in
atrial induced pluripotent stem cell-derived cardiomyocytes (iPSC-aCM). A, Representative
AP traces elicited at 1 Hz from a single iPSC-aCM and the corresponding Ica. measured from
the same cell following a switch of amplifier configuration and pipette solution using an
automated patch clamp device (Syncropatch 384, Nanion Technologies GmbH). B, Linear
regression of the AP duration at 90% repolarization (APDgo) and corresponding lca, density in
iPSC-aCM. The 95% confidence interval of the regression is shaded. The experimental averages
obtained in this study following electrical pacing of iPSC-aCM for 24 hours at 1 Hz or 3 Hz
(Figure 3B, D) are overlaid. This demonstrates the dependence of AP duration on Ica. density
and represents a graphical means to estimate the contribution of IcaL to AP shortening in

tachypaced conditions.
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Figure S6. High throughput functional screening for atrial induced pluripotent stem cell
derived cardiomyocytes (iPSC-aCM) specificity by testing the basal inward rectifier
potassium current (Ik1) at -100 mV in the presence of 2 umol/L carbachol (CCh). iPSC-aCM
and Ventricular iPSC-CM (iPSC-vCM) distributed across a recording plate (top) for a high
throughput automated patch clamp device (Syncropatch 384, Nanion Technologies GmbH).
Upon measurement of inward rectifier currents as described in this study, a response to CCh
can indicate the presence or absence of an atrial subtype. Global results from a single

ventricular batch and a singular atrial batch are shown (bottom).
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Figure S7. 24 hour tachypacing-induced remodelling of L-type calcium current (lc,,L) in atrial
induced pluripotent stem cell derived cardiomyocytes (iPSC-aCM). Peak Ic,,. measured at
37 °Cin iPSC-aCM after 24 h electrical pacing at 1 Hz or 3 Hz (1 Hz: n=10/2, 3 Hz: n=8/2).
Data are mean*SEM.*P<0.05 vs 1 Hz using unpaired Student’s t test. n/N = number of iPSC-

CM/differentiation.
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Figure S8. Low-Ca?* pacing conditions prevented tachypacing-induced remodelling in atrial
atrial induced pluripotent stem cell derived cardiomyocytes (iPSC-aCM). Representative
optical action potentials (AP) elicited at 1 Hz in single intact iPSC-aCM after 24 h electrical
pacing in low-Ca?* pacing medium (0.42 mmol/L Ca?*, [normal pacing occurs in 1.79 mmol/L
Ca?*]) at 1 Hz (left) or 3 Hz (right). B, AP duration at 50% and 90% repolarization (APDso, APDso,
1 Hz: n=8/2, 3 Hz: n=8/2). C, Representative voltage-clamp recordings of basal inward-rectifier
K* current (Ix1) current in isolated iPSC-aCM after 24 h electrical pacing in low-Ca?* pacing
medium at 1 Hz (left) or 3 Hz (right) before (baseline) and after application of the M-receptor
agonist carbachol (CCh, 2 umol/L), revealing the acetylcholine activated inward-rectifier K*
current (Ikacn). D, Peak Ik1 measured at -100 mV. E, Peak Ik ach measured at -100 mV (D,E: 1 Hz:
n=18/2, 3 Hz n=30/2). F, Representative voltage-clamp recordings of Ix1 in isolated iPSC-aCM
after 24 h electrical pacing in low-Ca?* pacing medium at 1 Hz (left) or 3 Hz (right) before
(baseline) and after application of selective Ik ach blocker tertiapin (TTP, 100 nmol/L). G, Peak

Ik measured at -100 mV. H, Change in basal current at -100 mV following TTP application,
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defined as agonist independent constitutive Ixach (lkachc; G, H: 1 Hz: n=15/2, 3 Hz n=13/2).

Data are mean+SEM. n/N = number of iPSC-CM/differentiation.
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Figure S9. Electrical remodelling of atrial engineered human myocardium (aEHM) induced
by 24-hour electrical tachypacing. A, Representative action potentials (AP) elicited at 1 Hz in
aEHM (left) and ventricular (VEHM, right) EHM. B, AP duration at 20%, 50% and 90%
repolarization (APD3o, APDso and APDgyp, left), resting membrane potential (RMP, middle left),
upstroke velocity (dV/dtmax, middle right), AP amplitude (APA, right; atrial: n=57/11,
ventricular: n=27/6). C, Representative action potential (AP) elicited at 1 Hz in aEHM after 24 h
electrical pacing at 1 Hz (left) or 3 Hz (right). D, AP duration at 20%, 50% and 90%
repolarization (APD2o, APDso and APDgyp, left), resting membrane potential (RMP, middle left),
upstroke velocity (dV/dtmax, middle right), AP amplitude (APA, right; 1 Hz: n=30/8, 3 Hz:
n=30/8). Data are meantSEM. **P<0.01, ***P<0.001 vs aEHM or *P<0.05 vs 1 Hz using

unpaired Student’s t test. n/N = number of recordings/EHM.
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Figure S10. Impact of arrhythmic pacing (arr.) on electrical remodelling of atrial engineered

human myocardium (aEHM) induced by 24-hour electrical tachypacing. A, Representative

action potential (AP) elicited at 1 Hz in aEHM after 24 h electrical pacing at 3 Hz (left) orata 3

Hz arrhythmic frequency with 50% variability (right). B, AP duration at 20%, 50% and 90%

repolarization (APD2o, APDso and APDqg, left), resting membrane potential (RMP, middle left),

upstroke velocity (dV/dtmax, middle right), AP amplitude (APA, right; 3 Hz: n=6/3, 3 Hz:

n=12/4). Data are meanzSEM. n/N = number of recordings/EHM.
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Figure S11. 24 hour tachypacing-induced remodelling of cellular electrophysiology in
ventricular induced pluripotent stem cell derived cardiomyocytes (iPSC-vCM) and
ventricular engineered human myocardium (VEHM). A, Voltage-clamp protocol (0.5 Hz, top)
and representative membrane current (Iu) trace (bottom) of L-type Ca?* current (lca,) in iPSC-
vCM after 24 h electrical pacing at 1 Hz (left) or 3 Hz (right). B, Peak lcaL (1 Hz: n=6/1, 3 Hz:
n=16/1). C, Representative AP elicited at 1 Hz in vEHM after 24 h electrical pacing at 1 Hz (left)
or 3 Hz (right). D, AP duration at 20%, 50% and 90% repolarization (APD2o, APDso and APDgg,
top left), resting membrane potential (RMP, top right), upstroke velocity (dV/dtmax, bottom
left), AP amplitude (APA, bottom right; 1 Hz: n=46/15, 3 Hz: n=55/20). Data are meanSEM.
**P<0.01, ***P<0.001 vs 1 Hz using unpaired Student’s t test. n/N = number of iPSC-

CM/differentiation or number of recordings/EHM.
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Figure $12. 24 hour recovery of atrial induced pluripotent stem cell derived
cardiomyocytes (iPSC-aCM) following 3 Hz electrical pacing. A, Schematic of the recovery
protocol. After 24 h 3 Hz tachypacing, iPSC-aCM were subjected to normofrequent pacing at
1 Hz for 24 h. B, Representative optical action potentials (AP) elicited at 1 Hz in single intact
iPSC-aCM after 24 h electrical pacing at 3 Hz (left) or a further 24 h at 1 Hz (recovery, right)
before (baseline) and after application of the M-receptor agonist carbachol (CCh, 2 umol/L).
C, AP duration at 50% and 90% repolarization. D, Percentage change of AP duration at 90%
repolarization (APDqo) following CCh application (C, D: 3 Hz: 16/3, Recovery: n=17/3). E,
Representative voltage-clamp recordings of basal inward-rectifier K* current (Ik1) current in
isolated iPSC-aCM after 24 h electrical pacing at 3 Hz (left) or a further 24 h at 1 Hz
(recovery, right) before (baseline) and after CCh application, revealing the acetylcholine
activated inward-rectifier K* current (lxach). F, Peak Iz measured at -100 mV. G, Peak Ik ach
measured at -100 mV (F,G: 3 Hz: n=8/1, Recovery: n=12/1). Data are mean+SEM *P<0.05,
***P<0.001 using unpaired Student’s t-test and Welch’s t-test (G). n/N = number of iPSC-
CM/differentiation.
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Figure S13. 24 hour optical tachypacing-induced electrical remodelling of atrial engineered
human myocardium (aEHM). A, Representative action potentials (AP) elicited at 1 Hz in aEHM
subjected to 1 Hz 24-hour optical pacing before (baseline, BL) and after application of the M-
receptor agonist carbachol (CCh, 10 umol/L). (Replotted from Figure 4H). B, AP duration at
20%, 50% and 90% repolarization (APD2o, APDso and APDq, left), resting membrane potential
(RMP, middle left), upstroke velocity (dV/dtmax, middle right), AP amplitude (APA, right) at BL
and after CCh application (1 Hz: n=8/5). C, Representative AP elicited at 1 Hz in aEHM
subjected to 3 Hz 24-hour optical pacing before (baseline, BL) and after application of CCh.
(Replotted from Figure 4H). D, APD3o, APDsp and APDqg, (left), RMP (middle left), dV/dtmax,
(middle right), APA (right) at BL and after CCh application (3 Hz: n=10/5). Data are
mean+SEM.*P<0.05 vs BL using paired Student’s t test. n/N = number of recordings/EHM.
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Figure S14. 7 day optical tachypacing-induced electrical remodelling of atrial engineered
human myocardium (aEHM). A, Representative action potentials (AP) elicited at 1 Hz in aEHM
subjected to 1 Hz 7 day optical pacing before (baseline, BL) and after application of the M-
receptor agonist carbachol (CCh, 10 pumol/L). B, AP duration at 20%, 50% and 90%
repolarization (APD2o, APDso and APDqg, left), resting membrane potential (RMP, middle left),
upstroke velocity (dV/dtmax, middle right), AP amplitude (APA, right) at BL and after CCh
application (1 Hz: n=4/4). C, Representative AP elicited at 1 Hz in aEHM subjected to 3 Hz 24-
hour optical pacing before (baseline, BL) and after application of CCh. (Replotted from Figure
4H). D, APD2o, APDso and APDgyo, (left), RMP (middle left), dV/dtmax, (middle right), APA (right)
at BL and after CCh application (3 Hz: n=5/4). Data are mean*SEM.*P<0.05 vs BL using paired

Student’s t test. n/N = number of recordings/EHM.
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Figure S15. Recovery of 7 day optical tachypacing-induced contractile dysfunction in atrial
engineered human myocardium (aEHM). A, Time course of force of contraction of aEHM
optically paced for 7+7 days at 1 Hz (n=3). B, Change in contractile force between day 7 (d7)
and d14 after 7+7 day optical pacing at 1 Hz. Single point data extracted from (A). C, Time
course of contractile function of aEHM after optical pacing for 7 days at 3 Hz, now exposed to
7 days of 1 Hz continuous pacing (n=6). D, Change in contractile force between day 7 (d7) and
d14 of optical pacing at 1 Hz following 7 days of 3 Hz pacing. Single point data extracted from
(C). Data are mean+SEM. ***P<0.001 vs d7 using paired Student’s t test (E, G) or vs 1 Hz with

an extra sum of squares F test to compare fitted sigmoidal curves (A,C). n = number of EHM.
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Supplemental Videos

Supplementary video 1. (screenshot) aEHM spontaneously beating in bath solution prior to

an experimental sharp electrode measurement.

Ventricular EHM .

Supplementary video 2. (screenshot) Ventricular EHM spontaneously beating in bath

solution prior to an experimental sharp electrode measurement.
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