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PITX2 upregulation increases the risk of chronic atrial fibrillation
in a dose-dependent manner by modulating /. and /., —insights
from human atrial modelling
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Background: Functional analysis has shown that the paired-like homeodomain transcription factor 2
(PITX2) overexpression associated with atrial fibrillation (AF) leads to the slow delayed rectifier K" current
(Iy,) increase and the L-type Ca™ current (I,,) reduction observed in isolated right atrial myocytes from
chronic AF (CAF) patients. Through multiscale computational models, this study aimed to investigate the
functional impact of the PITX2 overexpression on atrial electrical activity.

Methods: The well-known Courtemanche-Ramirez-Nattel (CRN) model of human atrial action
potentials (APs) was updated to incorporate experimental data on alterations in Iy, and I.,; due to the
PITX2 overexpression. These cell models for sinus rhythm (SR) and CAF were then incorporated into
homogeneous multicellular one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) tissue
models. The proarrhythmic effects of the PITX2 overexpression were quantified with ion current profiles,
AP morphology, AP duration (APD) restitution, conduction velocity restitution (CVR), wavelength (WL),
vulnerable window (VW) for unidirectional conduction block, and minimal substrate size required to induce
re-entry. Dynamic behaviors of spiral waves were characterized by measuring lifespan (LS), tip patterns and
dominant frequencies.

Results: The I increase and the I, decrease arising from the PITX2 overexpression abbreviated APD and
flattened APD restitution (APDR) curves in single cells. It reduced WL and increased CV at high excitation
rates at the 1D tissue level. Although it had no effects on VW for initiating spiral waves, it decreased the
minimal substrate size necessary to sustain re-entry. It also stabilized and accelerated spiral waves in 2D and
3D tissue models.

Conclusions: Electrical remodeling (I, and I.,;) due to the PITX2 overexpression increases susceptibility
to AF due to increased tissue vulnerability, abbreviated APD, shortened WL and altered CV, which, in

combination, facilitate initiation and maintenance of spiral waves.
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Introduction

Atrial fibrillation (AF) is the most common sustained heart
rhythm disorder resulting in substantial burden in terms
of costs and morbidity (1). AF has a high rate of adverse
events including stroke, gastrointestinal hemorrhage
and heart failure (2). Characterized by rapid and
irregular atrial electrical activation, AF is associated with
sustained reentrant rotors (3,4) and ectopic activity (5-7).
Although actionable patient-specific AF mechanisms are as
yet incompletely understood, electrical remodeling of ion
channels (8-10) and structural abnormalities (i.e., alterations
of atrial muscle, the cavity and connective tissue) (11)
are major dynamic factors needed for the initiation,
progression, and maintenance of AF. However, genome-
wide association studies suggested genetic variation
contributes to AF susceptibility, with >100 AF-associated
loci reported to date (12-15), including the atrial-selective
transcription factor paired-like homeodomain transcription
factor 2 (PITX2) (16-18).

The single nucleotide polymorphisms associated with AF
are located in a noncoding region of human chromosome
4q25, ~170 kb distal to the PITX2 gene (19-23). PITX2
plays a critical role in generating and maintaining
morphologic and electrical cardiac asymmetry (24-26).
In AF patients, alterations in PITX2 expression can lead
to abnormalities in atrial electrical properties (27-30),
suggesting the key role of PITX2 in the pathophysiology
of AF. Understanding the pro-arrhythmic role of electrical
remodeling induced by PITX2 is an essential step to
understand and treat AF.

Recently, Pérez-Herndndez er al. for the first time
measured the PITX2 expression in human right atrial
myocytes from sinus rhythm (SR) and chronic AF (CAF)
patients and investigated the effects of PITX2 on the slow
delayed rectifier K current (Iy,) and the L-type Ca’* current
(I¢,r) (16). In this study, polymerase chain reaction analysis
showed that PITX2 mRNA expression was increased in
AF myocytes. PITX2 increased transcriptional activity of
KCNQI1 and KCNEI genes (the I, channel p-subunit),
whereas it inhibited I, via post-translational modifications.
Interestingly, the increase of PITX2 expression correlated
with the Iy increase and I, reduction, which characterized
PITX2-induced electrical remodeling.

Electrical remodeling due to PITX2 alterations is
likely to manifest as modifications to action potential
(AP) morphology and AP duration (APD). In a previous
simulation study, it has been shown that changes in
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electrical properties (In,, Ic,1, I I and calcium handling)
resulted from PITX2 insufficiency in the adult left
atrium abbreviates human atrial AP (31), indicating AF
susceptibility. By contrast, whilst alterations in ion channels
(I and Ig,;) due to PITX2 overexpression in the human
right atrium have been suggested to enhance AF recurrence
and maintenance (16), the link remains to be demonstrated
directly. Since complex electrical wave dynamics observed
during AF is determined by AP morphology, APD,
conduction velocity restitution (CVR), wavelength (WL),
vulnerable window (VW) for unidirectional conduction
block, and minimal substrate size required to induce re-
entry (32-34), the mechanisms by which altered I, and
I, induced by the PITX2 overexpression promote and
perpetuate AF have not yet been elucidated. Therefore,
utilizing a multi-scale computational model of the human
atria based on experimental data on PITX2-induced
electrical remodeling, this study was to quantify the
functional impact of the PITX2 overexpression on the
electrical activity at the cellular, one-dimensional (1D)
fiber tissue, two-dimensional (2D) sheet tissue and three-
dimensional (3D) atria levels.

Methods

Simulations were based on the Courtemanche-Ramirez-
Nattel (CRN) model for human atrial cardiomyocyte (35).
The model was chosen in the present study because it is
well suited to the study of re-entrant arrhythmias (8,36).
The model was modified to incorporate the experimental
data of Pérez-Hernandez et al. on the changes in Iy, and I,
due to the PITX2 overexpression (16).

To obtain the model parameters that reproduced the
experimentally-observed kinetic properties of SR and AF
currents, we simulated the experimental current-voltage
(I-V) relationships using the voltage clamp protocol from
Pérez-Herndndez er al. (16). Equations and parameters for
I, are given by:

8 = 0.129 mS/uF (1]
1

e 19.9-7 2]

] .

+exp( 7 )
Tau 0.5
= —(7-199) —7-199)
0.00004 7(19.9_1/] +0.000035 7[1/_19.9 ) [3]
1—-exp 1—exp -1
17 9

IKS,SR =gy xs-xs-(V—Ey,) [4]
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Figure 1 I, and I, under SR and CAF conditions, where the expression level of PITX2 under the CAF (F=1.5) condition is 1.5-fold more
than that under the SR condition. Voltage-clamp protocol (A) and I-V relationships (B) for SR Iy, (filled circles) and CAF Iy, (open circles);

the protocol (C) applied for obtaining current density-voltage curves (D) for SR and CAF I, cases. SR, sinus rhythm; CAF, chronic atrial

fibrillation; PITX2, paired-like homeodomain transcription factor 2; I, the slow delayed rectifier K* current; I,;, the L-type Ca™* current; I-V

current-voltage.

Tis ar =g g T1.2-F - gyg-xs-(V +75.3) (5]

where gy is the maximal conductance, wxs, and Tau,,
denote for the steady-state for activation and the time
constant for ws,, respectively. V' is voltage, Es is the
equilibrium (Nernst) potential, and xs is an activation gate.
Ixg sk and I 4 denote the Iis potassium current under
SR and AF conditions, respectively. F is a scaling factor
between 0 (SR) and 1.5 (AF) enabling simulation of possible
intermediate conditions (¥ changes from 0 to 1.5).

Equations and parameters for I, are given by:

e =0.1238mS/ uF
IICnL,SR = Qa4 ffcn V—Eq.)
IICaL,AF =(1-035-F)- IICaL,SR

where gj.,, is the maximal conductance, E,; (65.0 mV) is

the Ca’" reversal potential, and d, fand f;, are gate variables.
Lica.se and Iie,; 4p denote the I, calcium current under SR
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and AF conditions, respectively. The steady state properties
of these gates are described in the original CRN model (35).

Using the protocol shown in Figure 14, I-V relationships
of Iy for the SR and the CAF (F=1.5) conditions are present
in Figure 1B. Confirming experimental results of Pérez-
Hernindez et al. (16), in the CAF (F=1.5) model, Iy, density
increased ~2-fold (at +60 mV) compared with the SR model.
Based on the voltage clamp protocol for I, (Figure 1C),
I-V curves of I,; were compared between the SR and CAF
(F=1.5) conditions (Figure 1D). I,; density at +10 mV under
the CAF (F=1.5) condition was smaller than that in the SR
case. These main changes of I, and I, were consistent
with observations in the previous study of Pérez-Hernindez
et al. (16) In the following simulations, the intermediate
states (F=0.5 and 1.0) between SR and CAF (F=1.5) were
also investigated.

Details were provided in the Supplementary file 1
regarding multiscale models of human atria, which consist
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Figure 2 Simulated AP profiles and current traces under SR (black line), and CAF conditions where PITX2 expression is increased by 0.5-fold
(F=0.5), 1.0-fold (F=1.0) and 1.5-fold (F=1.5). (A) AP profiles; (B) changes in APD as the modelling parameter F is increased from 0 (SR) to 1.5
(CAF) condition; (C) I, profiles during APs; (D) I, density increases with the increase of PITX2 expression; (E) I, profiles during APs; (F)
I, density decreases with the increase of PITX2 expression. AP, action potential; SR, sinus rhythm; CAF, chronic atrial fibrillation; PITX2,
paired-like homeodomain transcription factor 2; I, the slow delayed rectifier K* current; I,;, the L-type Ca’ current; APD, AP duration.

of human atrial APs, 1D fiber tissues, 2D tissue sheets and
3D virtual human atria.

Results
Effects of the PITX2 overexpression on atrial APs

Increased Iy, and reduced I.,, due to the PITX2
overexpression abbreviated human atrial APs as shown

in Figure 24. The measured AP repolarization at 90%

© Annals of Translational Medicine. All rights reserved.

(APDy,) was 264.92 ms under SR condition. The increase
in PITX2 expression caused a monotonic reduction in the
APDy,. In details, the computed APDy, was 182.3, 141.26
and 117.11 ms, at CAF (F=0.5), CAF (F=1.0) and CAF
(F=1.5), respectively (Figure 2B). The APD,, reduction was
due to PITX2-induced changes in Iy, and I,;. Under CAF
conditions, the larger the PITX2 expression (indexed by
F), the higher I, density (Figure 2C,D) and the lower I,
density (Figure 2E,F). Since the PITX2 overexpression
was seen to result in such an abbreviation of the APD,,,
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Figure 3 APDR curves under SR, CAF (F=0.5), CAF (F=1.0) and CAF (F=1.5) conditions. (A) APDR curves; (B) maximum slopes of the
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effects of both Iy, and I, with altered proportions were
investigated by a progressive increase in PITX2 expression
(indexed by F).

Effects of the PITX2 overexpression on APD restitution
(APDR) curves

Effects of changes in Iy, and I, due to the PITX2
overexpression on atrial APDR are shown in Figure 3.
Across the range of diastolic intervals (DIs) studied, the
computed APDy, under the CAF condition were smaller
than that under the SR condition (Figure 34). CAF
conditions flattened APDR curves. The measured maximal
APDR slopes were 0.98 (SR), 0.32 (F=0.5), 0.24 (F=1.0)
and 0.16 (F=1.5) (Figure 3B). Such loss of rate-dependent
adaptation of APD manifested by flattened APDR curves
was similar to that observed in CAF patients (37), suggesting
the increased ability of atrial cells to support high pacing
rate electrical activity that can be pro-arrhythmic.

Effects of the PITX2 overexpression on CV and WL

PITX2 overexpression induced electrical remodeling
led to a leftward shift of the measured CVR (Figure 4A).
When the basic cycle length (BCL) is above 400 ms, there
is no noticeable change in CV under the considered CAF
conditions. When the BCL is below 400 ms, CV under
the CAF condition is larger than in the SR condition.

© Annals of Translational Medicine. All rights reserved.

Therefore, the PITX2 overexpression facilitated conduction
of excitation waves at higher rates that could not be
conducted in SR tissue. The measured maximum excitation
rate was 180 beats/min under the WT condition, which
increased to 318, 498 and 558 beats/min in the F=0.5, F=1.0
and F=1.5 conditions, respectively.

Changes in Iy, and I.,; due to the PITX2 overexpression
abbreviated WL as shown in Figure 4B. At the BCL
=1,000 ms, the measured WL was 71.15 mm under the SR
condition and 31.48 mm under the CAF (F=1.5) condition.
So, the PITX2 overexpression favored to reentrant
conduction of excitation in small tissues that could not be
conducted under the SR condition. The measured size of
1D fiber tissue for reentry was 71.15 mm under the SR
condition which decreased to 48.95, 37.96 and 31.48 mm
in the F=0.5, F=1.0 and F=1.5 conditions, respectively.

Effects of the PITX2 overexpression on atrial tissue
temporal and spatial vulnerability

The measured spatial vulnerability of atrial tissue in the
2D model is shown in Figure 5. Under the SR condition,
the computed minimal substrate length required to induce
and sustain reentry was 62 mm (Figure 5A4). Under the CAF
conditions, the substrate length decreased to 35 mm (by
43.5%) when F=0.5, to 28 mm (by 54.8%) when F=1.0, and
to 22 mm in the F=1.5 case (Figure 5B). Thus, the PITX2
overexpression caused a marked reduction in the substrate

Ann Transl Med 2020;8(5):191 | http://dx.doi.org/10.21037/atm.2020.01.90
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size, demonstrating a marked increase in tissue susceptibility
to arrhythmogenesis.

The temporal vulnerability of atrial tissue was quantified
by the VW (Figure 5C). Compared with the SR condition,
effects of the PI'TX2 overexpression on VW were almost
negligible.

Effects of the PITX?2 overexpression on dynamic bebavior
of re-entrant excitation waves in 2D model

Alterations in I, and I, due to the PITX2 overexpression
stabilized re-entrant spiral waves, leading to sustained re-
entrant excitation in a limited atrial model. Under the SR
condition, the initiated spiral wave was unstable. Its tip
meandered in a large area, which led to self-termination
when it meandered out of the tissue boundaries or collided
with its own repolarization tail. The measured lifespan
(LS) of spiral waves was 1.1 s in the SR condition. Power
spectrum analysis of the recorded local electrical activity
revealed a peak frequency of 3.0 Hz for SR. Under
intermediate CAF conditions (F=0.5 and F=1.0), re-entrant
waves were stable, persistent and had limited meander
throughout the 10 s simulation. The dominant frequency
reached to 5.3 and 8.3 Hz for F=0.5 and F=1.0, respectively.
Similar behaviors of spiral waves were observed under the

CAF (F=1.5) condition (Figure 6).

© Annals of Translational Medicine. All rights reserved.

Scroll waves in 3D atria

To examine whether PITX2-induced changes
in Iy, and I, facilitate sustained re-entry in 3D
anatomical atrial geometry, further simulations were
conducted using a 3D human atrial model. As shown in
Figure 7, spiral waves initiated by cross-field stimulation
protocol self-terminated within 1.0 s under the SR
condition. However, spiral waves interacted with the
complex geometry of atrial tissue and broke into multiple
wavelets in the case of CAF (F=1.5). These scroll waves
sustained within 5.0 s and the dominant frequency reached
to 7.6 Hz.

A quantitative summary of the effects of the PITX2
overexpression on human atrial electrical activity is listed in
Table 1.

Discussion

To our knowledge, this is the first in silico study
investigating the pro-arrhythmic effects of electrical
remodeling due to PITX2 overexpression based on
experimental data from SR and CAF patients. Our major
findings are the following: (I) PITX2-induced changes in I,
and I.,; led to APD shortening and APDR curves flattening,
(II) These consequent changes in cellular electrophysiology

Ann Transl Med 2020;8(5):191 | http://dx.doi.org/10.21037/atm.2020.01.90
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decreased WL and modulated CV, facilitating atrial
conduction at high rates in atrial tissue model, and (III)
alterations in [y, and I, arising from PITX2 overexpression
increased tissue spatial vulnerability to re-entry and
stabilized spiral waves. Therefore, PITX2-induced changes
in I, and I, provide substrates required for initiation and

maintenance of AF.

PITX?2 alterations and AF

Genome-wide association studies have provided evidence
of a genetic contribution to AF. AF variants adjacent to
PITX2 were first identified by Gudbjartsson et al. (19). The
association between PITX2 and AF was further confirmed

© Annals of Translational Medicine. All rights reserved.

in many populations (38) and also was reported for its role
in left-right asymmetry of cardiac development, including
alterations in the development of sinoatrial node (39) and
myocardial sleeves of the pulmonary veins (26). However,
a recent study in adult mouse models suggested PITX2
plays a critical function in maintaining atrial rhythm (24).
Chinchilla ez al. first demonstrated the association between
loss of function of PITX2 and AF in human patients (40),
whereas gain of function of PITX2 was observed in human
right (16) and left (41) atrial appendages obtained from AF
patients. These differences may be attributed to patient
characteristics and type of AF. In the study of Syeda ez al. (42)
and Gore-Panter et /. (43), PITX2 mRNA varied from low
to high levels in human left atrial appendages harvested

Ann Transl Med 2020;8(5):191 | http://dx.doi.org/10.21037/atm.2020.01.90
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Figure 6 Simulation of spiral waves in 2D model of human right atrium. Top panels show results from 2D re-entrant wave simulation
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IV shows the re-entrant wave tip trajectories. Column V shows AP traces of localized electrical excitations. Column VI shows dominant

frequencies. 2D, two-dimensional; SR, sinus rhythm; CAF, chronic atrial fibrillation; AP, action potential.

from AF patients which were subdivided into several groups
based on type of AF or history of AF. Therefore, Pérez-
Hernédndez er al. measured PI'TX2 mRINA expression in
isolated myocytes from right atrial appendages obtained
from patients in SR and patients diagnosed with CAF (>6
months at the time of surgery) (16). Their experiments
showed that PITX2 mRNA expression in CAF myocytes
was ~1.5-fold greater than in SR cells (16). Based on
experimental data of Pérez-Herndndez ez al., we predicted
the pro-arrhythmic effects of the PITX2 overexpression in
this study.

Mechanisms of pro-fibrillation of the PITX2 overexpression

Down-regulation of I, and up-regulation of I, are
hallmarks of electrical remodeling in AF patients and
mainly cause APD shortening (44). In the case of the
PITX2 overexpression, Iy, increased and I,; decreased with
the increase in PITX2 expression. In turn, changes in Iy,

© Annals of Translational Medicine. All rights reserved.

and I.,; abbreviated APD and effective refractory period
(ERP) at the single cell level. This shortened ERP can cause
WL abbreviation and allow spiral waves to persist within a
limited tissue. In CAF patients (45), electrical remodeling
induced by long-lasting AF (46) abbreviated APD, and
shifted downward and flattened APDR (47), facilitating the
long-term stabilization of CAF (48). This is consistent with
our simulations that sustained spiral waves were observed in
CAF conditions.

The development of CAF in patients with overexpressed
PITX2 may be attributed to the increased vulnerability
of atrial tissue to spiral waves. On the one hand, tissue
vulnerability to re-entry can be indexed by WL. WL,
which is defined as the product of CV and ERP, determined
the substrate size to enable re-entry to be persisted.
In this study, changes in Iy, and I,; due to the PITX2
overexpression have been shown to shorten APD and ERP
at the single cell level, and to abbreviate WL at the tissue
level. Consequently, the critical size of the re-entrant

Ann Transl Med 2020;8(5):191 | http://dx.doi.org/10.21037/atm.2020.01.90
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Figure 7 Simulation of spiral waves in 3D virtual human atrium. Top panels show results from 3D re-entrant wave simulation under SR
condition and bottom panels show results under CAF (F=1.5). Column I, IT, IIT and IV show frames at t=0.5, 1.0, 3.0 and 5.0 s, respectively.
Column V shows AP traces of localized electrical excitations. Column VI shows dominant frequencies. 3D, three-dimensional; SR, sinus

rhythm; CAF, chronic atrial fibrillation; AP, action potential.

Table 1 Quantitative summary of the effects of PITX2 overexpression on human atrial electrical activity

Model Quantity SR (F=0.0) CAF (F=0.5) CAF (F=1.0) CAF (F=1.5)
Cell Resting potential (mV) -80.8 -80.8 -80.8 -80.8
APDy, (ms) 9.9 8.4 6.9 6.0
APDg, (Ms) 158.7 74.0 42.9 27.7
APDg, (ms) 264.9 182.3 1413 1171
Overshoot (ms) 24.9 24.8 24.6 24.5
dV/dt,., (mV/ms) 210.07 209.97 209.86 209.76
APDR maximal slope 0.98 0.32 0.24 0.16
1D CV (mm/ms) 0.27 0.27 0.27 0.27
WL (mm) 71.15 48.95 37.96 31.48
VW (ms) 9.0 8.5 8.1 75
2D LS (s) 1.1 >10 >10 >10
Minimal substrate size (mm) 62 35 28 22
Domain frequency (Hz) 3.5 5.3 8.3 9.3
Tip meander area (mm?) 460 131 5.7 5.3
3D LS (s) <1 - - >5
Domain frequency (Hz) <4.0 - - 7.6

PITX2, paired-like homeodomain transcription factor 2; SR, sinus rhythm; CAF, chronic atrial fibrillation; APDg,, AP repolarization at 90%;
APDR, action potential duration restitution; CV, conduction velocity; WL, wavelength; VW, vulnerable window; LS, lifespan.

substrate markedly decreased and atrial tissue susceptibility
to maintain spiral waves was increased. This observation is
consistent with findings from the study by Padeletti ez 4/.,
that the WL index was shorter in AF patients than in SR
group (49). On the other hand, tissue susceptibility to

© Annals of Translational Medicine. All rights reserved.

re-entry can also be indexed by VW. Within VW, a test
stimulus applied to the refractory tail of a conditioning
excitation wave can evoke unidirectional conduction block
necessary to re-entry genesis (50). In this study, changes
in Iy and I, due to PITX2 overexpression had no effects
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on VW. Therefore, in the case of PITX2 overexpression,
the increased susceptibility of AF can be attributed to APD
shortening and WL abbreviation.

A pro-arrhythmic effect of abbreviated atrial APD with
CAF has also observed in simulations (8,9,36,48,51-54).
Computer modelling has shown that CAF-induced
electrical remodeling reduced APD (9,54) and flattened
APDR curves (8,36,52,53). In addition, CAF-induced
electrical remodeling also decreased WL and facilitated
persistent spiral waves (8,36,51-53). These observations
for CAF-induced electrical remodeling, which includes
upregulated potassium currents and downregulated calcium
currents (8,9,36,48,51-54), are qualitatively similar to those
observed here for the PITX2 overexpression. Therefore,
the findings of the present study add to the growing weight
to evidence implicating APD shortening in facilitating AF
maintenance.

Limitations

The limitations of the original model developed by
Courtemanche et /. have been addressed elsewhere (35).
Here, several limitations special to the present study are
summarized. Firstly, expect for alterations in Iy and I,
we did not considered remodeling in other ion channels,
calcium handling and cell-to-cell coupling, which influences
the initiation and maintenance of AF (8,9,31,52,55,56).
Secondly, there are three pedigrees of human atrial cell
models: Courtemanche-Colman (8,35), Nygren-Maleckar-
Koivumiki-Skibsbye (52,57) and Grandi-Voigt-Schmidt
(9,58) lineages. Although APD shortening was observed
under CAF conditions using human atrial cell models
developed by Courtemanche et al., Skibsbye et al., and
Grandi ez al. (Figure SI), the computed APD is different
between these models (7zble S1) which are based on varying
dataset and assumptions (51,59). Finally, the multicellular
tissue model was assumed to be homogeneous in cellular
electrical properties and cell-to-cell coupling. However,
the intrinsic heterogeneity in cellular electrical properties
and intercellular coupling influences the genesis of spiral
waves (60-66). For the present study, omitting the intrinsic
heterogeneity is useful to understand the mechanisms
underlying AF arising from the PITX2 overexpression,
in that changes in the spatial-temporal patterns of spiral
waves can be attributed with confidence to the implemented
modifications to I and I, due to the PITX2 upregulation.
Although these potential limitations are important in the
present study, they may not influence our conclusions drawn

© Annals of Translational Medicine. All rights reserved.
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from simulated results on the mechanisms by which the Iy,
increase and I, decrease due to the PITX2 overexpression
can increase the risk of CAFE.

PITX?2 and AF-relevance to previous studies

Gain-of-function/loss-of-function of PITX2 has been
found to be associated with colorectal cancer (67), Axenfeld-
Rieger syndrome (68-70) and AF (16,40-43,71,72) in
human. The variability of PITX2 in patients suggesting that
there is a critical level of PITX2 for normal functions in
human. There are >50 mutations related with the Axenfeld-
Rieger syndrome in which most are loss-of-function
mutations and 6 of them are gain-of-function mutations
(68-70). Besides, both under- and overexpression of PITX?2
also was also associated with high susceptibility to AF. A
number of previous studies have shown expression levels of
PITX2 are reduced in the left atrium in humans (40,42,43)
and transgenic mice (24,29,40), or with loss-of-function
mutations (71,73). However, PITX2 expression has been
found to be increased in the left atrium (41) and in right
atrial myocytes (16), from AF patients, or with the gain-
of-function mutation p.Met207Val (10,72). In agreement
with CAF patients with overexpressed PITX2 (16), we have
predicted increased Iy, and reduced I, arising from the
PITX2 overexpression shortened atrial APD and increased
atrial susceptibility to arrhythmia.

Previous modelling studies have demonstrated that
distinct conditions (including PITX2 up-regulation and
down-regulation) can have variable effects on ion channels,
AP morphologies and electrical waves, depending on
variations in experimental data. For PITX2 down-regulation
conditions, Syeda et /. modelled PITX2 deficiency by
considering two electrical targets and investigated its effect
on AP properties (42). Simulated results demonstrated
that PITX2 deficiency resulted in enhanced post-
repolarization refractoriness. In addition to all electrical
targets (i.e., Iy,, I, g, and Ig,;), we considered changes
to the subcellular calcium handling properties (i.e., RyR
and SERCA) in our single-cell models and simulated data
indicated that PITX2 deficiency might modulate resting
membrane potential and promote triggered activities (31).
Furthermore, we introduced structural remodeling
(including cell-to-cell coupling and fibroblasts) into our
multiscale models and assessed the role of each remodeled
target in AF. Our findings support this notion that PITX2
deficiency may promote reentry and/or ectopic activity (74).
Recently, the PITX2 up-regulation in AF patients was
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also observed. And the potential impact of the gain-of-
function PITX2 mutation p.Met207Val on atrial electrical
activity was investigated by integrating changes to ionic
channel currents (Iy,;, Iy, and Iy,) and intercellular electrical
coupling. Our data indicated that APD shortening and slow
conduction may increase atrial susceptibility to familial
AF arising from the PITX2 p.Met207Val mutation (10).
By contrast, in the present study, APD shortening due to
PITX2-induced alterations in ion channels (I, and I.,;) and
unaltered conduction at the baseline also contribute to AF
but with a different mechanism.

Accumulating evidence places particular emphasis on
AF-induced electrical remodeling or electrophysiological
modification due to PITX2 defects, in producing a pro-
fibrillatory reduction in APD (29). The present study is
both consistent with and extends this notion, indicating a
marked functional impact of gain-of-function of PITX2 on
atrial cell and tissue electrophysiology that would promote
susceptibility to AF. The general incidence of AF increases
with age (75). The previous study of Scridon et al. have
shown that PITX2 expressions showed a progressive, age-
dependent change and were negatively correlated with both
age and heart weight in hypertensive rats (76). It indicated a
possible temporal relationship between the PITX2 alteration
and arrhythmia onset, suggesting PI'TX2 alteration is an
age-dependent process that starts before the occurrence of
arrhythmias. And Lozano-Velasco ez al. identified a complex
regulatory network orchestrated by PITX2, demonstrating
a dose-dependent relation between PITX2 expression and
the expression of AF susceptibility genes (77). Importantly,
human right atrial myocytes from CAF patients have shown
PITX2 expression increases and this increase correlates
with the Iy, increase and I, decrease that characterize
CAF-induced electrical remodeling (16,78), demonstrating
the substrate for arrhythmogenesis in these CAF patients
is dependent upon electrical remodeling modulated by
the PITX2 expression in a dose-dependent manner. Our
data are consistent with this. They indicate that in the case
of PITX2 overexpression, the reduction in APD and the
increase in spatial vulnerability to arrhythmia contribute
to the substrate for maintaining AF through stabilizing re-
entry. Therefore, our study substantiates a causative link
between the PITX2 overexpression and arrhythmogenesis.
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Supplementary

AP simulation at the single cell level

Three models of human atrial electrophysiology were used
to represent the current pedigrees of human atrial cell
models in the present study. The membrane potential was
computed according to the following differential equation:

L+ Liim [9]
dt C

m

Where ¢ is time, I,,, is the total sum of ionic currents, 1,
is a stimulus current and C,, is the membrane capacitance.

APDy, was defined as AP repolarization at 90%. APDR
was measured using the S1-S2 protocol, which includes 30
S1 stimuli and 1 S2 stimulus. These restitution curves were

generated by plotting the APD, against the corresponding DI.

1D simulations

The modified CRN cell model was integrated into a
homogeneous 1D model to simulate AP propagation. The 1D
fiber tissue consists of 200 nodes and the membrane potential
was computed according to the following equation:

v _ I, +1,, 5V
E:_T+D.[5XZJ [10]

where ¢ (AT=0.005 ms) is time, the space step (Ax) is set
to be 0.1 mm, D (0.031 mm’/ms) is a diffusion coefficient
that leads to a CV of 0.27 mm/ms for a planar wave under
the SR condition, and /,(amplitude: —-80 nA/pF and
duration: 1 ms) is a stimulus current. The external stimulus
was applied to the three nodes at the end of the fiber tissue.

CV was defined as 2Ax/AT. AT is the time for AP
propagation from x—Ax to x+Ax. CVR curves were
generated by plotting CV against BCL. WL was computed
as the product of CV and ERP. VW, which was measured
by using a S1-S2 protocol, was an index to quantify the
temporal vulnerability of atrial tissue. During the VW, the
S2 stimulus can lead to uni-directional conduction block
that allows re-entry at the tissue level.

2D simulations

A homogeneous 2D tissue model with 375x375 nodes was

developed to investigate spatiotemporal complexity of
cardiac dynamics. The membrane potential was computed
according to the following equation:

2 2
r_ 1 +15,,.,,,+D.[5 V,s V] (11

& C sx* 5y

m

where the time step (At) and the space step (Ax=Ay) are
set to be 0.005 ms and 0.1 mm, respectively.

The substrate size, which was measured by using a S1-S2
protocol, was an index to quantify the spatial vulnerability
of atrial tissue. In the homogeneous 2D tissue sheet, a
planar wave was initiated by a S1 stimulus at the left edge
of the sheet. During the VW of this tissue sheet, a S2
stimulus was applied to a center region with the same
width (1.0 mm) and different lengths to evoke a conduction
wave resulting in a figure-of-eight re-entrant wave. The
minimal substrate size was defined as the minimal size of
the S2 stimulus necessary to form and sustain reentry. We
also simulated spiral waves in the homogeneous 2D tissue
sheet using the standard S1-S2 protocol used in a previous
study (78). The stability of re-entrant waves was evaluated
by computing the path and the area of tip mender. The LS
was measured as the time duration in which the spiral wave
persists. The dominant frequencies of AP profiles from
a fixed site were computed using fast Fourier transform
techniques.

3D simulations

A 3D homogeneous human atrium, which was generated by
integrating cellular electrical properties into the 3D human
anatomical atria geometry, was developed to simulated
electrical waves. The membrane potential was computed
according to the following equation:

av I, +1, S SV SV
_:_M+D. _Z+_2+_2 [12]
dt C, ox- O0y" Oz

where the space step (Ax=Ay=Az) are set to be 0.33 mm.
Scroll waves were initiated by using a cross-field protocol
similar to that used in the 2D cases.
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Figure S1 Simulated AP profiles using the human atrial model developed by Grandi et 4/. (Grandi model) and Skibsbye ez 4/. (Skibsbye
model), as the modelling parameter F is increased from 0 (SR) to 1.5 (CAF) condition. (A,B) AP profiles and APD using the Grandi model;
(C,D) AP profiles and computed APD using the Skibsbye model. AP, action potential; SR, sinus rhythm; CAF, chronic atrial fibrillation;

APD, AP duration; PITX2, paired-like homeodomain transcription factor 2.

Table S1 Quantitative summary of the effects of PITX2 overexpression on human atrial electrical activity at the single cell level

Model Quantity SR (F=0.0) CAF (F=0.5) CAF (F=1.0) CAF (F=1.5)
Grandi model Resting potential (mV) -73.19 -73.19 -73.19 -73.19
APDg, (ms) 319.94 228.40 191.98 170.47
Overshoot (ms) 27.04 27.02 26.99 26.96
dVv/dt,., (mV/ms) 213.95 213.91 213.88 213.85
Skibsbye model Resting potential (mV) -74.63 -74.63 -74.63 -74.63
APDg, (ms) 286.66 181.97 136.77 117.45
Overshoot (ms) 37.30 37.17 37.04 36.91
dV/dt,,, (mV/ms) 220.71 220.61 220.51 220.40

PITX2, paired-like homeodomain transcription factor 2; SR, sinus rhythm; CAF, chronic atrial fibrillation; APDg,, AP repolarization at 90%.
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