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PITX2 knockout induces key findings of electrical remodelling as seen

in persistent atrial fibrillation

Carl Schulz!?”, MD Marc D. Lemoine!?3*, PhD Giulia Mearinit?**, PhD Jussi Koivuméki®,
Jascha Sani'?, PhD Edzard Schwedhelm?®, MD Paulus Kirchhof?3’, PhD Amer Ghalawinji®,
MD Monika Stoll®®, MD Arne Hansen'3, MD Thomas Eschenhagen®*”, MD Torsten

Christ}?®”

Ynstitute of Experimental Pharmacology and Toxicology, University Medical Center Hamburg-
Eppendorf, Hamburg, Germany;

2DZHK (German Centre for Cardiovascular Research), partner site Hamburg/Kiel/Luibeck, Hamburg,
Germany;

3Department of Cardiology, University Heart and Vascular Center, Hamburg, Germany;
*DINAQOR AG, Pfaffikon, Switzerland;
°BioMediTech, Faculty of Medicine and Health Technology, Tampere University, Tampere, Finland;

®Institute of Clinical Pharmacology and Toxicology, University Medical Center Hamburg-Eppendorf,
Hamburg, Germany;

"Institute of Cardiovascular Sciences, College of Medical and Dental Sciences, University of
Birmingham, UK;

8Institute of Human Genetics, Division of Genetic Epidemiology, University of Minster, Minster,
Germany;

°Department of Biochemistry, CARIM School for Cardiovascular Sciences, Maastricht University,
Maastricht, The Netherlands;

*Contributed equally

Address for correspondence

PD Dr. med Torsten Christ

Institute of Experimental Pharmacology and Toxicology
University Medical Centre Hamburg-Eppendorf
Martinistralle 52

20246 Hamburg

Telefon: 040-7410-52414
Fax: 040-7410-54876
E-Mail: t.christ@uke.de
or

Carl Schulz

Institute of Experimental Pharmacology and Toxicology

University Medical Centre Hamburg-Eppendorf



37
38
39
40
41
42
43
44
45
46
47
48

Martinistrale 52
20246 Hamburg

Telefon: 040-7410-52414

Fax: 040-7410-54876
E-Mail: carlschulz@freenet.de
Running title

PITX2 knock out in atrial hiPSC-CM


mailto:carlschulz@freenet.de

49

50

51
52
53
54

55

56
57
58
59
60

61
62
63
64
65
66
67
68

69
70
71

72

73

Abstract

Background

Electrical remodelling in human persistent atrial fibrillation (AF) is believed to result from rapid
electrical activation of the atria, but underlying genetic causes may contribute. Indeed, common gene
variants in an enhancer region close to PITX2 are strongly associated with AF, but the mechanism
behind this association remain unknown. This study evaluated consequences of PITX2 deletion in

human induced pluripotent stem cell derived atrial cardiomyocytes (hiPSC-aCM).

Methods

CRISPR/Cas9 was used to delete PITX2 (PITX27/) in a healthy human iPSC line which served as
isogenic control. HIPSC-aCM were differentiated with unfiltered retinoic acid (RA) and cultured in
atrial engineered heart tissue (aEHT). Force and action potential were measured in aEHTSs. Single

hiPSC-aCM were isolated from aEHT for ion current measurements.

Results

PITX2/ aEHT beat slightly slower than isogenic control without irregularity. Force was lower in
PITX27/ than in isogenic control (0.053+0.015 vs. 0.131+0.017 mN, n=28/3 vs. n=28/4, PITX2/ vs.
isogenic control; p<0.0001), accompanied by lower expression of CACNAILC and lower L-type Ca?
current density. Early repolarisation was weaker (APD.o; 45.5+13.2 vs. 8.6+5.3 ms, n=18/3 vs.
n=12/4, PITX2/ vs. isogenic control; p<0.0001) and maximum diastolic potential was more negative
(-78.3£3.1 vs. -69.7£0.6 mV, n=18/3 vs. n=12/4, PITX2/ vs. isogenic control; p=0.001), despite

normal inward rectifier currents (both Ix: and Ik acn) and carbachol-induced shortening of APD.

Conclusions
Complete PITX2 deficiency in hiPSC-aCM recapitulates some findings of electrical remodelling of
AF in the absence of fast beating, indicating that these abnormalities could be primary consequences

of lower PITX2 levels.
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Non-standard Abbreviations and Acronyms

AF

aEHT

AP

APA

APD

CCh

CM
dV/dtmax
EHT
GWAS
hiPSC
hiPSC-aCM
hiPSC-CM
Ica

Ikur

Ikr

Ik1
MDP
PITX2
PITX2/
RA
RMP
SR

VPIateau

4-AP

atrial fibrillation

atrial engineered heart tissue

action potential

action potential amplitude

action potential duration

carbachol

cardiomyocyte

maximum upstroke velocity

engineered heart tissue

genome-wide association study
human-induced pluripotent stem cells

human induced pluripotent stem cell-derived atrial cardiomyocyte
human induced pluripotent stem cell-derived cardiomyocyte
calcium current

ultrarapid delayed rectifier potassium current
rapid delayed rectifier potassium current
inward rectifier potassium current

maximum diastolic potential

paired-like homeodomain transcription factor 2
PITX2 knock out

retinoic acid

resting membrane potential

sinus rhythm

plateau voltage

4-aminopyridine
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Introduction

Atrial fibrillation (AF) is the most common arrhythmia and affects approximately 1% of the
population with increasing incidence and substantial morbidity.® Much of the current understanding of
the pathophysiology of human AF originates from work with isolated atrial tissues/cells obtained from
patients during open heart surgery.? AF is frequently associated with structural heart diseases that
stretch the atria as typically seen in mitral stenosis® but much more common in heart failure when end-
diastolic pressure is raised.* It therefore remains unclear what may proceed and/or facilitate early onset

AF without risk factors.

Genome wide association studies (GWAS) have identified nearly 140 genetic loci associated with
AF.° located near genes coding for ion channels, developmental transcription factors, structural
remodelling and cytoskeletal proteins. Functional effects of such gene variants should help to identify
targets involved in AF initiation and/or subsequent remodelling. Gene variants in a gene desert on
chromosome 425, 175 kilobases upstream of the gene encoding for the transcription factor PITX2
(paired-like homeodomain transcription factor 2) showed the strongest association with AF.68
However, the relation between variants, PITX2 gene transcription and abundance and AF appears to
be complex and remains only partially understood. In adequately powered studies, AF-associated
variants were not associated with differences in PITX2 abundance in human atrial biopsies.®° On the
other hand, a significant number of AF patients showed reduced PITX2 levels in the left atrium with

large interindividual differences.>®

Mouse models have been used to study functional aspects of PITX2 gene deletion (“knock-
out”). 11121314 While global deletion of PITX2 was lethal,*> homozygous atrial-specific knock-out mice
(NPPA-Cre model) showed dysregulation of several genes involved in excitation-contraction
coupling, including downregulation of CACNALC, which was associated with reduced L-type calcium
currents.’t A global heterozygous knock-out mouse showed 40% lower than wildtype PITX2
abundance, shorter action potentials and increased AF-inducibility.’® The data are compatible with a

primary contribution of PITX2 deficiency to AF.
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However, substantial differences exist in atrial electrophysiology between mouse and human.'® Human
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM) might be able to bridge the gap,
provided the cells reproduce typical characteristics of human atrial myocardium. Retinoic acid (RA)
has been introduced into cardiac differentiation protocols for the induction of an atrial phenotype in
hiPSC-CM.Y"1® The exposure of hiPSC to RA during cardiac differentiation changed the expression
from a ventricular to a more atrial pattern. The effectiveness of RA to induce an atrial phenotype could
be confirmed by several different groups.’®?* However, both the parameters used to quantify
atrialisation and the degree of similarity to adult human atrium differed widely. Previous atrial-like
hiPSC-CM (hiPSC-aCM) missed the large impact of atrial-selective potassium currents on
repolarisation.}”?27  The present study presents a technical improvement of hiPSC atrial
differentiation which results in action potentials (AP) closely replicating human atrial
electrophysiology. In these hiPSC-aCM, PITX2 deficiency was associated with some characteristics

known from persistent AF in patients and animal models.

Methods

The data that support the findings of this study are available from the corresponding author upon
reasonable request. This investigation conforms to the principles outlined by the Declaration of
Helsinki. Skin fibroblasts were taken with informed consent of the donors. All procedures involving
the generation and analysis of hiPSC lines were approved by the local ethics committee in Hamburg
(Az PV4798, 28.10.2014). A detailed description of the methods (including statistics) is provided in
the Supplementary material online. In brief, a complete knock-out between exons 3 and 7 of the
PITX2 gene was performed in a healthy hiPS control cell line (isogenic control) to establish a new
PITX2-deficient hiPSC line (PITX2/). Both hiPSC lines were differentiated with an improved atrial
differentiation protocol and hiPSC-aCM of PITX2/ and isogenic control were cultured in atrial
engineered heart tissue (aEHT). Expression analysis was performed by RNA-sequencing. Force and
action potentials were measured in intact aEHT.?® lon currents were recorded in isolated hiPSC-aCM

at 37 °C.%®

Results

Effective knock out of PITX2 in aEHT
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Effective knock out of PITX2 was confirmed by mRNA sequencing (Figure 1) and Western blot
(Supplement Figure 4). As depicted in the regional plot of the genomic region surrounding PITX2
(Figure 1), mRNA expression of the regular PITX2 transcript was completely lost in the hiPSC lines
after deletion. Of note, an enhanced transcription of parts of exon 1 was observed in these hiPSC lines,

likely due to the complex regulatory framework of this genomic region.®

PITX2 deficiency reduces contraction force

Spontaneous beating of aEHT was monitored by video-optical measurements over time of aEHT
culture. PITX2/ aEHT started to beat later during development (16+1 vs. 12+1 days, n=28/3 vs.
n=28/4, PITX2/ vs. isogenic control; p=0.002, unpaired t-test, Figure 2A). After 30 days of culture
beating rate was slightly lower in PITX2/ than controls (135.2+21.3 vs. 147.1+11 bpm, n=28/3 vs.
n=28/4, PITX2/ vs. isogenic control; p=0.01, nested t-test). RR scatter, as a measure of beating
irregularity, was not different at any point of the entire period of aEHT culture (Figure 2D). However,
in PITX27/ force at day 30 amounted only to about 40% of controls (0.053+£0.015 vs. 0.131+0.017
mN, n=28/3 vs. n=28/4, PITX2/ vs. isogenic control; p<0.0001, nested t-test) and the time to 80%
relaxation (RTgo) in PITX2/ was longer (0.22+0.06 vs. 0.13+0.04 s, n=28/3 vs. n=28/4, PITX2/ vs.

isogenic control; p=0,004, nested t-test, Supplement Figure 6).

PITX2 deficiency induces lower Ik and action potential triangulation

AP in isogenic control aEHT showed the typical AP shape of human atrium (Figure 3C) consisting of
a strong initial repolarisation followed by a plateau at quite negative voltage. Interestingly, PITX2/
aEHT showed a more triangular AP shape. Specifically, APD2o was much longer (40£12.6 vs. 7.5+4.4
ms, n=26/4 vs. n=21/6, PITX2/ vs. isogenic control; p<0.0001, nested t-test; Figure 3C) and no clear
plateau was present. APDg was slightly, but significantly shorter in PITX2/ aEHT (140.6+14.5 vs.
163.1+31 ms, n=26/4 vs. n=21/6, PITX2/ vs. isogenic control; p=0.008 nested t-test; Figure 3G). The
plateau voltage (Vriaeau; Figure 3H) was significantly higher in the PITX2/ vs. isogenic controls
(3.246.6 vs. -18.7£5.5 mV, n=26/4 vs. n=21/6, PITX2/ vs. isogenic control; p<0.0001, nested t-test).
Maximum diastolic potential (MDP) was more negative in PITX2/ (-77.55%4.6 vs. -70.8+2.8 mV,
n=26/4 vs. n=21/6, PITX2/ vs. control; p<0.0001, nested t-test; Figure 3D). The latter finding was

associated with higher action potential amplitude (APA; 102.7+6 vs. 91.1£10.9 mV, n=26/4 vs.
7



184
185
186
187
188

189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

211

n=21/6, PITX2/ vs. isogenic control; p<0.0001, nested t-test) and a faster maximum upstroke velocity
(dV/dtmax) in PITX2/ (232.3£76.6 vs. 161+76 V/s, n=26/4 vs. n=21/6, PITX2/ vs. isogenic control;
p=0.03, nested t-test; Figure 3E). Burst stimulation was applied in n=8 aEHTs from PITX27/ and n=8
aEHTSs from isogenic controls. We could not induce any arrhythmias neither in controls nor in PITX2-
I.

Smaller effects of lxur block in PITX2/

Early repolarisation of human atrial myocardium is dominated by large, rapidly activating transient
outward currents that are smaller in AF-remodelled atria than in sinus rhythm (SR).2> A low
concentration of the potassium channel blocker 4-aminopyridine (4-AP, 50 uM) was used to estimate
the contribution of Ik, to repolarisation. In isogenic controls, 4-AP increased APDy (from 7.5+ 4.4 to
32.8£10.4 ms, n=17/6; p<0.0001, paired t-test), but shortened APDg (from 163.4+34.1 to 128.9+5.7
ms, n=17/6, p=0.0004, paired t-test; Figure 4A-D). This seemingly paradoxal effect of 4-AP on
APDg is typical for atrial myocardium and explained by shift of the plateau and concomitant
activation of 1.3t Indeed, 4-AP shifted the Vpiateaus to more positive values (from -18.1+6.3 to 3.1+11.2
mV, n=17/6; p<0.0001, paired t-test; Figure 4F). MDP was more negative in the presence of 4-AP
and consequently APA and dV/dtmax were larger (Supplement Table 5.2). All of these effects of low
concentrations of 4-AP have been observed in human atria previously.®! In PITX2/, 4-AP effects
clearly differed. 4-AP increased APDy by the same absolute amount, but starting from much larger
basal values (from 48.4+8.1 to 68.2+6.1 ms, n=22/4; p<0.0001, paired t-test, relative increase to
141+56% of predrug values vs. 437+161% in isogenic controls, p<0.0001, nested t-test; Figure 4C).
In contrast to isogenic controls, APDgy was prolonged by 4-AP in PITX2/ (from 151.8+24.6 to
167.5£17.3 ms, n=22/4; p<0.0001, paired t-test; Figure 4D). 4-AP increased the Vpateas in PITX2/
aEHT (from 4.1+2.1 to 11.1+2.1 mV, n=22/4; p<0.0001, paired t-test), but the effect was much
smaller than in isogenic controls (Figure 4E). In stark contrast to isogenic controls, MDP, APA and
dV/dtmax Were not changed by 4-AP in PITX2/ (Supplement Table 5.2). In order to substantiate our
assumption that smaller effects of 4-AP on AP shape in PITX2/ relates to smaller transient outward
currents we performed patch clamp experiments. Outward currents at +50 mV showed the typical

combination of large peak and sustained outward currents. Peak currents were clearly smaller in
8
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PITX2/ (Figure X). In addition, block of peak currents by 50 uM 4-AP was clearly smaller in PITX2

[ than in isogenic controls (5.5£5.0 vs. 21.6£23.4 pA/pF, p<0.05 n=57/2 vs. 36/2).

Activation of muscarinic receptors shortens APD in both PITX2/ and controls but
hyperpolarization is lost in PITX2/

Activation of muscarinic receptors shortens APD and hyperpolarizes the MDP in human atrium, but
both effects are almost lost in AF-remodelled human atria.®? In isogenic controls, carbachol (CCh)
shortened APDgo (from 157.1+12.1 to 83.4+2 ms, n=14/6; p<0.0001, paired t-test; Figure 5A-C),
hyperpolarized MDP (from -70.1+0.9 to -82.5+2.3 mV, n=14/6; p<0.0001, paired t-test; Figure 5D)
and slowed beating rate as expected (from 147.5+£16.1 to 83.7+14.1, n=14/6; p<0.0001, paired t-test;
Figure 5E). CCh also shortened APDg in PITX2/ (from 146.5+12.7 to 103.7+14.3 ms, n=14/3;
p<0.0001, paired t-test) and slowed the beating rate (from 143.4+5.6 to 81.7+4.5 bpm, n=16/4;
p<0.0001, paired t-test), but did not affect MDP (Figure 5C-E). A possible explanation for the blunted
effect of Ik acn activation on MDP could be that the MDP in PITX27/ is already so much closer to the
Nernst potential of potassium than in control that the contribution of additional potassium conductance
becomes irrelevant. Indeed, in silico data obtained with an established computational human atrial CM
model suggest that to be a plausible explanation (Supplement Figure 7). That is, a further activation
of Ik ach on top of Ik; augmentation induces only a negligible change in MDP (-0.2 mV) compared to

the control case (-4.3 mV).

Ca?* current density is smaller in PITX2/

In AF-remodelled human atria, the reduction in force is associated with a reduction in Ic..*® Therefore,
PITX2/- hiPSC-CM were subjected to measurements of Ic, by patch clamping. Cell capacitance was
smaller in PITX2/ (25.7£8.1 vs. 37.4+17 pF, n=139/3 vs. n=143/3, PITX2/ vs. isogenic control;
p<0.0001, nested t-test). Ica. density was smaller in PITX2/- (2.2+1.4 vs. 3.6x£2.3 pA/pF, n=37/3 vs.
n=33/3, PITX2/ vs. isogenic control; p<0.0001, nested t-test, Figure 6B), whereas lc. 7 densities did

not differ.

More negative MDP in PITX2/ is not associated with higher Ix:
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Given the role of Ik in stabilizing MDP, the more negative MDP in PITX27/ could be associated with
higher Ik: densities. Unexpectedly, Iki1 was not significantly different between PITX2/ and isogenic
controls (Supplement Figure 8). Furthermore, CCh effects were preserved in PITX2/ (see above).
Since measuring of ion currents in hiPSC-CM can be technically challenging®, a computational
modelling approach was performed to estimate how much stronger Ik: would have to be to produce
the experimentally observed negative shift in MDP in PITX2/. For this purpose, a mathematical
model of the human atrial CM was used.*® The simulation results indicate that Ix: would need to be
about four times stronger than in control to produce a —8.6 mV shift in the MDP (Supplement Figure

7), unlikely to be overlooked.

Expression analysis with RNA-sequencing

To characterize the transcriptional landscape of PITX2/ vs. isogenic control hiPSC lines, RNA
sequencing was performed and 2,234 differentially expressed transcripts were discovered at a 2-fold
log change and an adjusted P-value<0.05 after correction for multiple testing (842 transcripts
upregulated, 1,349 transcripts downregulated (Figure 7A). Among these, extracellular matrix
organization (adj. P=1.03e%%) and muscle contraction (adj. P=1.21e"*%) were observed. 29 genes were
selected coding for ion channels and transporters influencing the atrial AP (Figure 7B). In parallel to
reduced lc,. density and force generation, transcripts encoding proteins regulating calcium
homeostasis like ATP2A2 (SERCA?2), ATP2B2 (plasma membrane Ca-ATPase), CACNALC (lcaL),
RYR2 (ryanodine receptor) and SLC8A1 (Na-Ca-Exchanger) were less abundant in PITX27/. In
contrast, expression of ATP1A3 (as-subunit of the sodium-potassium ATPase) was increased in
PITX2 /. KCNJ4 (subunit of Ix1) was significantly more abundant, whereas the abundance of all other
transcripts of subunits coding for Ix: (KCNJ12, KCNJ14, KCNJ2) did not differ between PITX2/ vs.

isogenic control (Figure 7B).

Discussion
Rapid electrical activation of the atria during AF induces electrical remodelling that is characterized

by shortening of APD and decrease in Ic..% This study demonstrates that complete ablation of PITX2,

10
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a gene associated with increased incidence of AF, associates with some aspects of electrical

remodelling as seen in AF, but in the absence of rapid electrical activity.

Improved atrial EHT as a model for human atrium

There is a considerable interest in hiPSC-CM as a model for atrial electrophysiology.®” Retinoic acid
(RA) induces an atrial phenotype in hiPSC-CM.!"?12638 Previous studies showed atrial-specific
expression of ion channels as an indication for an atrial phenotype. Although RA-treated hiPSC-CM
showed typical markers of atrial myocardium,’-21:2627.38 the electrophysiological characteristics of the
human atrium were incompletely reproduced. In particular, previous atrial hiPSC-CM missed the very
strong early repolarisation followed by a plateau clearly below 0 mV.1"2.263% AP in RA-treated EHT
but not control (ventricular) EHT responded to Ik, block.r?® However, effects of Ikur block were
modest,”?® suggesting that Ik, density of previous atrial-like hiPSC-CMs was substantially smaller
than in freshly isolated human atrial myocytes as confirmed by recent patch clamp studies.?®
Furthermore, there were also some discrepancies regarding the late repolarisation in former atrial
hiPSC-CM. APD shortening upon activation of muscarinic receptors was very small compared to

human atrial tissue.”:2

In this study, aEHT showed improved atrial-like AP characteristics, including a strong early
repolarisation phase followed by a very low plateau voltage (-19.2 mV), very similar to human atrial
tissue (-21mV)3L. Furthermore, Ikur block shifted the plateau voltage to positive values in aEHT and
shortened APDqo, very similar to what has been described in human atrium.3! Another improvement is
the strong response of aEHT to muscarinic effects. The inward rectifier currents were doubled upon
CCh, associated with marked hyperpolarization and substantial APD shortening. Given that the
present data were obtained by the same group of investigators in the same laboratory with the same
hiPSC line,?%27 subtle methodological issues must have been responsible for the better present results.
Both studies employed 1 uM RA for atrial differentiation, but sterile filtered it in the previous and not
so in the current study. Indeed, mass spectrometric determination of RA concentrations before and
after sterile filtration showed that more than 90% of RA was bound to filters (data not shown). The
data indicate that the true concentration of RA in our previous studies was at least 10-fold lower than

intended and that the use of 1 UM RA was key to the better atrial phenotype. We have investigated
11
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concentration-dependent effects of RA on atrial differentiation. In addition, we have systematically

studied loss of RA by sterile filtration. Results are published in preliminary form.*

Ica and force are decreased in PITX2/

A decrease in lca. is one of the key findings of AF**2 and is associated with smaller force.**** I,
was also reduced in homozygous PITX2 knock out atrial myocytes.'* The reduced lca. in the mouse
model is likely associated with lower force, but corresponding data are missing. In this study, the
reduction in lca, current and transcript abundance in the mouse model*! could be confirmed in human
aEHTSs. The reduction in lca in PITX27/ hiPSC-aCM (by 40%) is similar to reduction found in CM
isolated from patients with AF (by 50%,).*42 Smaller lca. and force in PITX2/ hiPSC-aCM/aEHT
suggest the possibility that lca. is under direct or indirect control of PITX2. It seems reasonable that
the reduction in Ica in AF patients with low PITX2 can be, at least in part, a direct consequence of
low PITX2 levels and not necessarily only the consequence of AF remodelling. This would suggest
that atrial force can be reduced in patients with low PITX2 levels before AF arises. Obviously, more
work is needed to substantiate this hypothesis. This seems to be warranted, because primarily reduced
contractility of the atria may have clinical implications. It could facilitate thrombus formation and be

one reason why PITX2 gene variants are associated with embolic stroke.*®

Effect of PITX2/ on AP remodelling

In heterozygous PITX2 deficient mice, APD was shorter but only at pacing rates >600/min.1%4¢ The
relevance for human cardiac electrophysiology is difficult to judge, since such high rates cannot be
reached in a human setting. Shortening of atrial APD is a key finding in patients with AF.*” However,
due to a blunted rate adaptation (shortening) of APD in AF, the difference in APDgy between SR and
AF declines at faster rates and is no longer present above 3 Hz.*” In our study with hiPSC-aCM,
APDg was only slightly shorter in PITX2/. However, it remains unclear whether APDgo would have
been significantly shorter in PITX2/- aEHTs at low rate due to the spontaneous beating of aEHT

above 2 Hz.

In murine atria, repolarisation is rather monotonic resulting in a more triangular AP shape.’® In human

atrium, a rapid initial phase of repolarisation is followed by a plateau phase resulting in a 10-times

12
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longer APDg.®! Importantly, electrical remodelling in patients with AF does not only affect total
repolarisation (expressed as APDgy), but also early repolarisation (APD2). The contribution of
transient potassium outward currents is smaller in patients with AF,%“® resulting in a prolongation of
APDy, which was observed not only at 1 Hz but also at pacing rates as high as 5 Hz.*® The current
findings show that PITX2 deficiency in hiPSC-aCM produces remodelling of early repolarisation

which resembles AP remodelling in persistent AF.

We were not able to induce arrhythmias by burst stimulation in our aEHT model. In contrast,
arrhythmias can be easily induced by burst pacing in ring-shaped aEHT, even in controls.?* The data

suggest that ring-shaped EHT may be a better model to study reentry tachycardia.

Weaker early repolarisation: a common link in genetic AF?

Rare mutations® and common gene variants®> in KCNA5 are associated with AF in humans,
suggesting that defects in early repolarisation may contribute to the development of AF. Mutations in
KCNAS found in patients with early AF resulted in smaller Ik, currents measured in heterologous
expression systems.®2%3 In the present study, KCNAGS transcript abundance was not altered in PITX2/-
compared to isogenic controls. Nevertheless, the drastic prolongation of APDy in PITX2/ aEHTs and
the smaller 4-AP effect strongly imply that Ik, must be reduced in PITX2/ aEHT. Like in human AF,
slowing of early repolarization in PITX2/ was associated with a marked reduction of transient

outward currents.

More negative diastolic potential in PITX2/

In AF-remodelled human atria, mean RMP was found to be 3 mV more negative than in SR.> The
more negative RMP in persistent AF was associated with two times higher lxi density,3 which
suggests a causal relationship. Of note, MDP in PITX2/ aEHT was almost 9 mV more negative than
in isogenic controls. The validity of this finding is supported by the observation that the more negative
MDP in PITX2/ was associated with larger dV/dtmax and APA. If ks would be exclusively
responsible for the more negative MDP, the current density had to be roughly 4-fold higher, as
suggested by the computer simulations. However, Ik density was not different in PITX2. Another

finding also argues for different contribution of potassium currents to repolarisation. While I ach was
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well preserved, APD shortening upon CCh was smaller in PITX27/, hyperpolarization was lost.
Several other ion currents can contribute to MDP, e.g. sodium-potassium ATPase which we found
higher expressed on mMRNA level (ATP1A3 encoding for a3-subunit). In isogenic controls, block of
sodium-potassium ATPase with 200 nM ouabain hyperpolarized MDP (data not shown). Thus, we

expect other, rather complex reasons for the more negative MDP in PITX2/.

Limitations

This study explored the consequences of total deficiency of PITX2, a scenario which does not or only
rarely occur in patients. Instead, PITX2 transcripts appear to be reduced in LA samples from patients
with persistent AF'3, However, PITX2 transcript levels in left atrial cardiomyocytes showed a large
scatter.>® Thus, the mechanistic relation between the gene variants close to the PITX2 gene and AF still
remain unclear.? It cannot be excluded that alterations other than or in addition to decreased PITX2
abundance account for the electrophysiological phenotype, e.g. altered interplay between the
neighbouring genes and PITX2 such as PANCR or ENPEP.5% |n any case, direct consequences of the
relative PITX2 deficiency are likely smaller than reported in our study. The consequences of PITX2
deletion were investigated in hiPSC-CM with their inherent limitations in maturity.>” However, the AP
characteristics of hiPSC-derived aEHTs were surprisingly adult-like, arguing for good validity. In
addition, the model allows the dissection of cause-effect relations independent of any confounding
factors such as age, stretch, fibrosis and high rate. One shortcoming of the immature phenotype of
aEHTs is the high basal beating rate which may have obscured effects on APDg. Another is the
contamination of calcium currents by lIcat, which has been already observed earlier in ventricular

EHT, whereas the contribution to total calcium influx is expected to be rather minor.

Perspective

Electrical remodelling in human persistent AF is believed to result from rapid electrical activation of
the atria. Complete PITX2 deficiency in hiPSC-aCM recapitulates some typical findings of electrical
remodelling in the absence of fast beating, indicating that at least some of these abnormalities could be
primary consequences of low PITX2 levels. Atrial EHTs are able to reproduce key characteristics of
human atrial electrophysiology and can be used for gene editing with CRISPR/Cas9. AP recordings in

aEHT expressing clinically relevant variants next to PITX2 should be compared to in vivo monophasic
14
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AP recordings in the very same affected patients. Provided aEHT may reproduce findings in patients,
hiPSC-aCM could serve as a model to study contribution of ion channels to PITX2-related
phenotypes. In order to clarify whether clinically relevant reduced PITX2 levels in cardiomyocytes>
may have an impact on atrial electrophysiology studying concentration-dependency of PITX2 effects

on aEHT should be helpful.
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Legends to the figures
Figure 1: Confirmation of PITX2 knock-out by RNA-sequencing

Regional plot of the genomic region surrounding PITX2 shows mRNA expression of the PITX2
transcript is completely lost in the PITX27/ hiPSC line (legend in figure) after deletion, regular PITX2
expression is observed in the isogenic control hiPSC. Red bars indicate cutting sites of CRSIPR/Cas9
enzymes of sgRNAL and sgRNA2.

Figure 2: Effects of PITX27/ on force, beating rate and beating irregularity

Means+SD of force during 4 week culture (A) and individual data points at day 31 (B). N/N indicates
number of aEHT/number of batches. * p<0.05, nested t-test. Mean+SD of beating rate (C) and beating

irregularity expressed as R-R-scatter (D) during 4-week culture.

Figure 3: Effects of PITX2/ on action potential parameters of aEHT

Consecutive original action potentials (AP) (A) and single APs (C) recorded in aEHT from isogenic
control and PITX2/. Frequency-dependent effect on action potential duration at 90% repolarisation
(APDgy, B). Summary of results (individual data points and mean+SD) for maximum diastolic
potential (MDP, D), maximum upstroke velocity (dV/dtmax,E) action potential duration at 20%
repolarisation (APDy, F) and 90% repolarisation (APDg,G), and plateau voltage (Vpiaea, H). For
definition of plateau voltage see supplement. N/N indicates number of aEHT/number of batches. *
p<0.05, nested t-test.

Figure 4: Diminished effects of Ikyr block in PITX2/-aEHT

Original AP recorded in aEHT from isogenic control (A) and PITX2/- (B) before and after exposure to
4-aminopyridine (4-AP, 50 uM). Summary of results (individual data points and mean+SD) for the 4-
AP effect on APDy (C), APDg (D) and Veiaeas (E). Data are expressed as delta values. N/N indicates
number of aEHT/number of batches.* p<0.05, nested t-test.

Figure 5: Preserved APD shortening upon muscarinic receptor stimulation in PITX2/ aEHT
Original AP recorded in aEHT from isogenic control (A) and PITX2/ (B) before and after exposure to
the muscarinic receptor agonist carbachol (CCh, 10 uM). Summary of results (individual data points
and meanzSD) for the CCh effect on APDg (C), MDP (D) and beating rate (E) analysed after 2
minutes of exposure. Data are expressed as delta values. N/N indicates number of aEHT/number of
batches. * p<0.05, nested t-test.

Figure 6: Smaller Ic, and transient potassium outward currents in PITX2/

IV relationship (A) for lca, L in isogenic control and PITX2/- (meanzSD). Individual data points and
meansxSD (B) for Ica. analysed at +10 mV. Original current traces (C) for potassium outward current
recorded in hiPSC-aCM from PITX2/ and isogenic control. Individual data points for peak outward
currents at +50 mV and meanszSD (D). N/N indicates number of hiPSC-aCM/number of batches, *

indicates p<0.05 for nested t-test after log transformation of data.

Figure 7: Differentially expressed genes in PITX2/
22
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Heatmap of all significantly (p<0.05) differentially expressed transcripts by RNA sequencing (A) of
EHT from isogenic control (n=2) vs. PITX2/ (n=3), clustered by average linkage (spearman rank
order). Relative gene expression (mean+SD) as fold change of PITX2/ (n=3) over isogenic control
(n=2) assessed by RNA sequencing of known ion channels regulating the atrial action potential (*

adjusted p-value<0.05, B).

23



chra
p16.2 p15.33  pl5.31 p15.1 pl4  pl3 pll ql2 ql3.1 ql3.2 ql3.3 q21.21 qQ21.3 q22.2 923 q24 q26 q27 q28.2 q28.3 q31L.1 q31.22 q31.3 q32.1 qQ32.3 q34.1 q34.3 q35.
- 28 kb .
110,620 kb 110,630 kb 110,630 kb
1} l 1} 1} |

Control 1 | lli
_‘_—!-JL,,‘A*.M Y VU P oy

PITX2"/-B1 l

10 - 46)
Control2 | I|“| L l
BN = YWTRON Y R T | S S e - e M L

PITX2/- B2 i

0-1mM
Control 3 l
m‘u..h._*‘ . -._“l..-_ . i A Y

PITX2/-B3

Gene

0-132)
/ PITX2 / PTX2

sgRNA2 Exon 7 Exon 6 Exon 5 Exon 4 Exon 3 Exon 2 Exon 1 sgRNA1



Force (mN)

0.15+

o

-

o
1

0.05-

0.00-

2001

50-

28/4 28/3

0.204
® PITX27/ (28/3)
O Isogenic Control (28/4) 0.15-
Z
E
o 0.101
4
o
L
0.05-
0.00-
0 10 15 20 25 30
Time (d)
D
® PITX2T 1.5-
O Isogenic Control
@
£
©
(&
@
o
X .0.5-
0 10 15 20 25 30

Time (d)

Isogenic Control PITX2/

® PITX2/(28/3)
O Isogenic Control (28/4)

5 10 15 20 25 30
Time (d)



A —— Isogenic Control -  PITX2T B 160
’g\ 140-
0 e
g
% 120+
@ PITX2T
40 mV 100- -@- lIsogenic control
s “LLLLLLLK T T T 1 T T
1000_ms CL(ms) 200 250 333 400 500
C D E "
*
hai ) 1 ] I 1
PITX2'I-' 400- ‘.
Isogenic Control -70- O | o
0 -+ 7
& S 3007
=
27 o oge® il o o
= g 200 O o®
o) @ > ]
- -80+
40 mV 100-
o)
. E
Isogenic Control PITX27 Isogenic Control PITX27/
F G H
* % *
I 1 250 | I
o o
60- D@ 200+

21/6 ®

APD,, (ms)
5
APD,, (ms)

g
O
o
| .
vPIateau (mV)

20- (o) -20-

50-
0- 0- 21/6 26/4 21/6 26/4

Isogenic Control PITX2/- Isogenic Control PITX2/- Isogenic Control PITX2/




AAPD,, (ms)

-50-

-40 mV

17/6

22/4

Isogenic Control

PITX2/

Isogenic Control

4-AP

(o)
17/6 22/4
Isogenic Control PITX2/

-50-

PITX2/
4-AP
| |
O
O
17/6 22/4
Isogenic Control PITX2/



AAPDy, (ms)

PITX2 /-
0 Isogenic Control
CCh
CCh
-40 mV
100 ms
D E
504 * 20+ D mreeerrrnerennerrnnietiiiiiuiiiiiiitiiiitiiiiiitiietaietaeeaas
I 1 O
* o
10+ | |
= =~ -50- (o)
© 8 e IO . =
- o o > (1] [TET T TIPS E
-100- —Q-§-e— é Oo E
<4 A 2 i oVYo
. ‘QUQ' 10 -100
-150- oQ ©
i -20-
il © 150-
14/6 16/4 14/6 16/4 i 14/6 16/4

Isogenic Control PITX27 Isogenic Control PITX2/ Isogenic Control PITX2/



A

-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60

1 nA k

A L

AL L A L A 1 A L A

1

— PITX2/

il Vm (mv)

® PITX27/ (n=37/3)
Im (pA/pF) | O Isogenic Controls (n=33/4)

— Isogenic Control

500 ms

124

10-

Icar @ +10 mV (pA/pF)

O

200-

100+

leak @ +50 mV (pA/pF)

33/3

Isogenic Controls

PITX2/

Isogenic Controls

PITX2/



101
Row Z-Score

Iso CTR
A

Iso CTR
B

PITX2 /-
A

PITX2/-
B

PITX2 /-

ATP1A3 (Na*/K*-ATPase)
ATP2A2 (SERCA2)
ATP2B2 (Ca-ATPase)
Cacnaic (LTCC)
Cacnalg (TTCC)
Cacnb2 (LTCC)
Cacnb4 (LTCC)
CASQ2 (Calsequestrin)
HCN4 (Ifunny)

KCNA4 (lto,s)

KCNAS5 (IKur)

KCND3 (Ito,f)

KCNE1 (IKs minK)
KCNH2 (IKr hERG)
KCNIP2 (lto, KChiP2)
KCNJ11 (IKATP, SUR2a)
KCNJ12 (IK1 Kir2.2)
KCNJ14 (IK1 Kir2.4)
KCNJ2 (IK1 Kir2.1)
KCNJ3 (IKACH Kir3.1)
KCNJ4 (IK1 Kir2.3)
KCNJ5 (IKACH Kir3.4)
KCNN2 (SK2)

KCNN3 (SK3)

KCNQ1 (IKs LQT1)
PLN (Phsopholamban)
RYR2 (Ryanodine)
SCNb5a (INa NaV1.5)
SLC8A1 (NCX)
SLC9A1 (NHE-1)

*
*
*
*
*
*
*
9@ I [sogenic Control
BN piITX2T
A 5 3

Fold change of normalized RNA
count over Isogenic Control



