
 
 

 
 

THE UNIVERSITY OF CHICAGO 
 
 
 
 
 

ROLE OF TRANSCRIPTION FACTORS AND INTERCALATED DISC PROTEINS IN 

ARRHYTHMOGENESIS  

 

 
 
 

A DISSERTATION SUBMITTED TO 
 

THE FACULTY OF THE DIVISION OF THE BIOLOGICAL SCIENCES 
 

AND THE PRITZKER SCHOOL OF MEDICINE 
 

IN CANDIDACY FOR THE DEGREE OF 
 

DOCTOR OF PHILOSOPHY 
 
 

 
INTERDISCIPLINARY SCIENTIST TRAINING PROGRAM: 

 BIOPHYSICAL SCIENCES  

 
 

BY 
 

WENLI DAI 
 
 

 
 
 

CHICAGO, ILLINOIS 
 

AUGUST 2020 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Copyright © 2020 by Wenli Dai 
 

All Rights Reserved 
 



iii 
 

Table of Contents 
 

List of Figures ................................................................................................................................. v 

Acknowledgements ........................................................................................................................ ix 

Abstract .......................................................................................................................................... 1 

Chapter I: Introduction ................................................................................................................ 2 

Cardiac arrhythmias and their societal impact ............................................................................ 2 

Atrial fibrillation overview .......................................................................................................... 3 

Trigger mechanisms in arrhythmias ............................................................................................ 5 

Substrate mechanisms in arrhythmias ......................................................................................... 8 

Genetic basis for atrial fibrillation............................................................................................... 9 

Tbx5 model of atrial fibrillation ................................................................................................ 10 

Tbx5 interaction with transcription factor Gata4 in regulation of AF risk ................................ 11 

Independent effects of altering downstream intercalated disc in arrhythmogenesis ................. 13 

Chapter II: A calcium transport mechanism for atrial fibrillation ....................................... 17 

Abstract ..................................................................................................................................... 17 

Introduction ............................................................................................................................... 18 

Materials and methods .............................................................................................................. 20 

Results ....................................................................................................................................... 27 

Discussion ................................................................................................................................. 46 

Chapter III: Atrial fibrillation risk loci interact to modulate Ca2+-dependent atrial rhythm 

homeostasis .................................................................................................................................. 52 

Abstract ..................................................................................................................................... 52 

Introduction ............................................................................................................................... 54 



iv 
 

Methods ..................................................................................................................................... 57 

Results ....................................................................................................................................... 62 

Discussion ................................................................................................................................. 90 

Chapter IV: ZO-1 regulates intercalated disc composition and atrioventricular node 

conduction .................................................................................................................................... 95 

Abstract ..................................................................................................................................... 95 

Introduction ............................................................................................................................... 97 

Methods ..................................................................................................................................... 98 

Results ..................................................................................................................................... 103 

Discussion ............................................................................................................................... 133 

Chapter V: Discussion .............................................................................................................. 138 

References .................................................................................................................................. 155 

 

 
  



v 
 

List of Figures 

Figure 2-1. Atrial fibrillation in Tbx5fl/fl;R26CreERT2 mice is associated with altered 

expression of genes important to cellular calcium handling. ........................................................ 35 

Figure 2-2. Calcium current blockade dramatically shortened the AP in Tbx5fl/fl;R26CreERT2 atrial 

cardiomyocytes, consistent with the [Ca]i dependence of AP prolongation following TBX5 loss.

....................................................................................................................................................... 37 

Supplemental Figure 2-2.1. L-type calcium current is sensitive to Nifedipine ............................ 38 

Supplemental Figure 2-2.2. L-type calcium channel inactivation unchanged .............................. 38 

Figure 2-3. Spark frequency is reduced in Tbx5fl/fl;R26CreERT2 atrial cardiomyocytes. ................. 39 

Figure 2-4. SERCA function is decreased while NCX function is increased in Tbx5fl/fl;R26CreERT2 

atrial cardiomyocytes. ................................................................................................................... 40 

Supplemental Figure 2-4. Tbx5fl/fl;R26CreERT2 myocytes have lower peak calcium following a 

square wave protocol. ................................................................................................................... 41 

Figure 2-5. Phospholamban knockout normalized SERCA function in Tbx5fl/fl;R26CreERT2. ....... 42 

Figure 2-6. PLN knockout normalized AP duration and prevented triggered activity in 

Tbx5fl/fl;R26CreERT2. ........................................................................................................................ 43 

Figure 2-7. PLN deficiency protected against TBX5-loss associated AF .................................... 44 

Figure 2-8. Model of TBX5-dependent calcium regulation in atrial cardiomyocytes. ................. 45 

Figure 3-1. Gata4 haploinsufficiency rescues atrial arrhythmias caused by Tbx5 

haploinsufficiency. ........................................................................................................................ 74 

Figure 3-2. Abnormal atrial cardiomyocyte electrical activity caused by Tbx5 haploinsufficiency 

is rescued by Gata4 haploinsufficiency. ....................................................................................... 76 



vi 
 

Figure 3-3. Antagonistic interactions between TBX5 and GATA4 on Atp2a2 and Ryr2 

expression and on a Ryr2 enhancer. .............................................................................................. 78 

Figure 3-4. Reduced SERCA function caused by Tbx5 haploinsufficiency is rescued by Gata4 

haploinsufficiency in atrial myocytes. .......................................................................................... 79 

Figure 3-5. Normalization of SERCA2 function eliminates AF susceptibility in 

Tbx5fl/+;R26CreERT2. ........................................................................................................................ 80 

Figure 3-6. TBX5 and GATA4 are key regulators of atrial calcium homeostasis. ...................... 81 

Supplemental Figure 3-1.1. Combined Gata4 (or Tbx5) and Nkx2-5 haploinsufficiency does not 

affect adult atrial rhythm. .............................................................................................................. 82 

Supplemental Figure 3-1.2. Adult Tbx5 heterozygotes have spontaneous atrial arrhythmias under 

anesthesia. ..................................................................................................................................... 83 

Supplemental Figure 3-1.3. Left ventricular function of Tbx5fl/+;R26CreERT2 adult mice is not 

changed. ........................................................................................................................................ 84 

Supplemental Figure 3-1.4. Combined Gata4 (or Tbx5) and Nkx2.5 haploinsufficiency does not 

increase susceptibility to AF. ........................................................................................................ 85 

Supplemental Figure 3-3.1. Decreased expression of potassium channels in Tbx5 heterozygotes 

is not rescued by Gata4 haploinsufficiency. ................................................................................. 86 

Supplemental Figure 3-3.2. Nucleotide sequence of the 5’-upstream region of the mouse Atp2a2 

gene. .............................................................................................................................................. 87 

Supplemental Figure 3-3.3. Nucleotide sequence of the 5’-upstream region of the mouse Ryr2 

gene. .............................................................................................................................................. 88 

Supplemental Figure 3-4. Diastolic calcium levels are unaltered in Tbx5fl/+;R26CreERT2. ............. 89 



vii 
 

Figure 4-1. Inducible cardiomyocyte-specific Tjp1 deletion reduces ZO-1 expression at 

intercalated discs. ........................................................................................................................ 115 

Figure 4-2. Tjp1fl/fl; Myh6Cre/Esr1* mice have altered cardiac electrophysiology. ........................ 116 

Figure 4-3 Identification of prolonged AV conduction time by optical mapping. ..................... 117 

Figure 4-4. ZO-1 loss disrupts AV node protein localization and abundance. ........................... 118 

Figure 4-5. ZO-1 colocalizes with Cx40 in human AV nodes. .................................................. 120 

Figure 4-6. PR prolongation is due to ZO-1 loss proximal to the bundle of His. ....................... 121 

Figure 4-7. ZO-1 maintains AV nodal Cx40-ZO-1-CAR complex to facilitate atrial to ventricular 

conduction. .................................................................................................................................. 122 

Supplemental Figure 4-1.1. Tjp1fl/fl; Myh6Cre/Esr1* mice have modestly decreased cardiac function 

without evidence of gross or histologic changes. ....................................................................... 123 

Supplemental Figure 4-1.2. Cardiac dimension changes in Tjp1fl/fl; Myh6Cre/Esr1* mice following 

tamoxifen induced knockout. ...................................................................................................... 124 

Supplemental Figure 4-4.1. Connexin 40 and CAR colocalize with β-catenin in the AV node. 126 

Supplemental Figure 4-4.2. Tjp1 deletion does not alter nodal expression of NaV1.5, Cx45, β-

catenin or N-cadherin. ................................................................................................................. 127 

Supplemental Figure 4-4.3. Tjp1 deletion alters protein localization at the intercalated disc of 

ventricular cardiomyocytes. ........................................................................................................ 129 

Supplemental Figure 4-4.4. AV node ultrastructure was not significantly altered by Tjp1 

deletion. ....................................................................................................................................... 130 

Supplemental Figure 4-7. ZO-1 is abundantly expressed in AV node, but not the His bundle in 

Tjp1fl/fl mice. ................................................................................................................................ 131 

Supplement 4-7. Low ZO-2 expression in ventricular cardiomyocytes. .................................... 132 



viii 
 

Figure 5-1. Perinuclear ZO-1 distribution .................................................................................. 147 

  



ix 
 

Acknowledgements  

 I would like to thank my thesis advisor, Dr. Christopher Weber for being a fantastic 

mentor throughout the past four years. He has been tremendously supportive and provided 

invaluable mentorship in scientific thinking and writing, conducting experiments, and career 

guidance. Further, I’m grateful for the opportunity to have worked with Dr. Weber because it has 

truly been a fun experience.  

I would also like to thank my second thesis advisor, Dr. Francisco Bezanilla, and my 

thesis committee members, Dr. Eric Beyer and Dr. Ivan Moskowitz, for their continued support 

through the course of my graduate studies. I am very thankful that each of you has welcomed me 

into your own labs, helped to improve my science and shape my PhD experience.  

A big thank you to my lab mates, especially Dr. Le Shen for being a tremendous mentor, 

Dr. Ye Li for all of her help and her friendship, Dr. Elizabeth Lee for being a tremendous friend 

and graduate school guide, Dr. Rajiv Nadadur, for being a friend and mentor on many of these 

projects. I’m also grateful to my programs the ISTP and the Biophysics program, especially Dr. 

Alison Anastasio, Dr. Kristin McCann, Dr. Michele Wittels, and Dr. Juliana Feder for their 

support throughout my time and helping to make sure everything went as smoothly as it possible 

could.  

Finally, I couldn’t have done this without the support of my friends and family. I’m 

deeply grateful for my parents, Dr. Songtao Dai and Jixian Zhang for all of their sacrifices to 

allow me to be where I am today. I owe my interest in science and medicine to them. I’m also 

extremely thankful for, Dr. Brett Aiello, for being the most supportive, kind, and loving partner I 

could ask for.



1 
 

Abstract 

Healthy cardiac conduction and function relies on the coordinated electrical activity of 

distinct populations of cardiomyocytes. Disruption of cell-cell conduction results in cardiac 

arrhythmias and cardiomyopathies, a leading cause of morbidity and mortality worldwide. We 

investigated the mechanisms of arrhythmia formation from several angles. Recent genetic studies 

have highlighted a major heritable component and identified numerous loci associated with risk of 

arrhythmias such as atrial fibrillation, including transcription factor genes TBX5 and GATA4. We defined 

a novel calcium-dependent mechanism of atrial fibrillation following transcription factor Tbx5 

insufficiency. We then examined the coregulatory relationship between Tbx5 and Gata4 in 

maintaining atrial rhythm and found that AF pathophysiology caused by Tbx5 haploinsufficiency, 

including was rescued by Gata4 haploinsufficiency. In addition to transcription factors, many other 

proteins, particularly those important for electrical and physical coupling between cells can regulate 

cardiac conduction. We show inducible loss of the intercalated disc protein ZO-1 in 

cardiomyocytes of adult mice impedes AV node conduction and modestly affects ejection 

fraction.   
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Chapter I: Introduction 

Cardiac arrhythmias and their societal impact 

Cardiac arrhythmia, or abnormal rhythm, is a common and dangerous condition that is 

associated with numerous negative outcomes including stroke, myocardial infarction, and death1, 

2. Our understanding of arrhythmias has grown tremendously over the past few decades with the 

advent of new technologies such as genome wide association studies (GWAS) to identify 

potential genes that regulate processes involved in arrhythmia development, followed by use of 

transgenic animal models to examine the mechanistic underpinnings of genetic regulation3. 

However, there is tremendous complexity in the genetic regulatory networks and their 

consequences on cardiomyocyte action potential generation, calcium handling, and cell-cell 

communication. By dissecting this complex network and examining in depth the role of 

individual players as well as their interplay, we aim to develop a deep understanding of how 

cardiac rhythm is maintained and conversely, how and why arrhythmias occur. Addressing gaps 

in knowledge in disease mechanisms will be critical to guide the development of more effective 

arrhythmia therapeutics.  

The heart is a unique organ because it is composed of cells, cardiomyocytes, connected in 

a functional syncytium which allows for rapid and coordinated conduction of electrical signal, 

which then drives contraction4, 5. Within the heart, specialized cells in the conduction system 

generate spontaneous action potentials, a property referred to as automaticity. Not all conduction 

cells have the same rate of action potential generation, which enables depolarization of the heart 

to occur in an organized and unidirectional manner6, 7. In a normal rhythm cycle (sinus rhythm), 

depolarizing signal is initiated at the sinoatrial (SA) node, which has the highest rate of 

automaticity, travels through the atria, arrives at the atrioventricular node, where there is a delay, 
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through the His-Purkinje fibers (which has the lowest rate of automaticity), and ending in 

ventricular depolarization8. The timing and sequence of depolarization in conduction system 

cells determine the rate and rhythm of atrial and ventricular contractions. Arrhythmias can occur 

when any part of the conduction pathway is disrupted. For example, loss of conduction within 

the SA node, which serves as the pacemaker of the heart, can result in slowed heart rate, 

bradyarrhythmias, while loss of conduction within the AV node can result in prolongation of the 

delay between atrial and ventricular depolarization9. Further, if the SA node is functionally 

compromised and has decreased automaticity, other regions of the conduction system can take 

over as the main pacemaker, leading to abnormal patterns of depolarization10. Since there are 

many mechanisms that can underlie the development of cardiac arrhythmias, there is a diversity 

of clinical presentations including abnormally slow heart rate, bradyarrhythmias, abnormally fast 

heart rate, tachyarrhythmias and irregular rhythms such as skipped, premature or extra beats. 

Atrial fibrillation overview 

Cardiac arrhythmias are often characterized by their location as atrial and ventricular 

arrhythmias as they can have different presentations and treatments. Atrial arrhythmias include 

atrial fibrillation (AF), atrial flutter, sick sinus syndrome, and sinus tachycardia and bradycardia, 

of which atrial fibrillation is the most common, affecting more than 33 million people 

worldwide2, 8.  AF is characterized by rapid and irregular electrical activity, resulting in 

incomplete and asynchronous contractions, which prevent blood in the atria from fully emptying 

into the ventricle. Increased dwell time of blood within the atria results in increased likelihood of 

thrombi formation, leading to stroke, myocardial infarction, and heart failure. AF presents a 

significant challenge to the health care industry as it complicates overall health care management 

and can increase a patient’s treatment cost five-fold11. On average, the cost per patient in the first 
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year following their AF diagnosis was in the order of 18,000 dollars and the total annual cost to 

treat AF patients in the US is on the order of 26 billion dollars2, 12. AF is a highly significant and 

growing public health concern.  

Treatments for atrial fibrillation generally begins with anti-arrhythmic drugs to control 

the rate and rhythm of the heart along with anti-coagulants to prevent stroke. The efficacy of 

anti-arrhythmic drugs is significantly increased if it is administered immediately after the onset 

of AF and at a high dosage 13. If the AF cannot be kept under control pharmacologically, usually 

if the patient has experienced AF longer than 7 days, cardioversion and ablation therapy are the 

next line of treatments14, 15. Cardioversion consists a discharge of electrical current to 

simultaneously depolarize all cardiomyocytes during the QRS complex in order to restore sinus 

rhythm and is often coupled with anti-arrhythmic drugs16. In ablation treatment, the AF focal 

points are identified and removed by applying extreme heat or cold to induce scarring14. 

However, these treatments are often not long-term solutions and the side effects can be severe. 

For example, a significant side effect of anti-arrhythmic drugs is an increased chance of 

ventricular arrhythmias, which can be immediately life-threatening, particularly in cases where 

patients develop coronary artery disease or heart failure in addition to the AF17. The 

complication rate for ablation therapy remains between 2-4%, and complications include 

perforation resulting in cardiac tamponade, emboli formation, vasculature damage, and creation 

of new reentry circuits leading to atrial flutter18, 19.  Further, some patients eventually do not 

respond to either pharmacologic treatments or ablation20. At the moment, there is still a 

knowledge gap that limits the ability to personalize a treatment course to the individual patient. 

One of the main barriers in the betterment of AF therapies is the limited understanding of the 

mechanisms underlying AF and the ability to identify the specific causes of disease in an 
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individual patient21. By connecting genetic data with mechanistic insight and clinical trials, we 

hope to increase the potential improved treatments.  

While the studies that follow do not directly examine ventricular arrhythmias, it is 

important to note that ventricular fibrillation is considered one of the most severe rhythm 

disorders. Ventricular fibrillation, like AF is characterized by irregular electrical activity and 

incomplete contraction. However, since ventricular contraction is required to supply blood to the 

body, ventricular fibrillation is an emergency.  The mechanisms underlying ventricular 

fibrillation continues to be a topic of extensive study.   

Trigger mechanisms in arrhythmias 

Much work has been done to understand the cellular mechanisms that underlie cardiac 

arrhythmias, and in our current understanding, arrhythmias are characterized by the presence of 

an abnormal myocardial substrate and formation of an ectopic trigger. Abnormal substrate refers 

to altered electrical conduction between cardiomyocytes. Ectopic trigger refers to initiation of 

electrical activity at regions outside of the sinoatrial node. Reentry loops occur with increased 

frequency when there is both a substrate and trigger. The development of reentry circuits is 

prevented in healthy cardiac tissue by the brief inactivation of cells immediately after activation, 

forcing depolarization to occur in the forward direction. This inactivation time is known as a 

refractory period. However, when obstacles are present that block forward conduction, the 

depolarizing wave front may circle back around to reactivate the initial area after the refractory 

period ends, creating a reentry circuit8, 22, 23. 

Ectopic triggers are predominantly caused by abnormal depolarization of a 

cardiomyocyte during the action potential. The action potential of a cardiomyocyte is dependent 

on its location, but overall, there are several unifying characteristics. At the beginning of each 
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depolarization cycle, cardiomyocytes are at a resting membrane potential. During phase 0 of the 

action potential, there is a rapid influx of sodium ions results in a fast depolarization, which is 

then followed by repolarization stages during which there is a balance between potassium ions 

leaving the cells (repolarizing current) and calcium and sodium entry into the cell, depolarizing 

current.  Over the course of repolarization, sodium and calcium channels inactivate, and 

potassium current becomes dominant and the cell returns to its resting membrane potential24. 

Membrane depolarization is coupled to cardiomyocyte contraction via the second messenger 

calcium in a process referred to as excitation-contraction coupling. Initial depolarization of the 

cell by sodium influx triggers the opening of voltage-gated L-type calcium channels, allowing 

extracellular calcium to flow down a steep electrochemical gradient into the cell. This initial 

calcium entry is sensed by ryanodine receptors, and triggers release of a large burst of calcium 

from the sarcoplasmic reticulum into the cytosol via a calcium induced calcium release 

mechanism. Free intracellular calcium binds to troponin C, thus removing myosin inhibition and 

allowing for contraction to occur. During the relaxation phase, calcium must be removed from 

the cytosol through return into the sarcoplasmic reticulum through SERCA protein or extrusion 

from the cell through sodium calcium exchanger at the plasma membrane. Decrease of 

intracellular calcium triggers dissociation of calcium from troponin C, reversing contraction25. 

The flux of calcium into and back out of the cytosol is called a calcium transient, and the rising 

and falling phases follow the action potential depolarization and repolarization.  

Ectopic activity is often categorized into early afterdepolarizations (EADs) and delayed 

afterdepolarizations (DADs). EADs are characterized by the slowing or reversing of 

repolarization during the plateau or repolarization phase (phases 2 and 3), with phase 2 EADs 

being more commonly associated with prolonged APs. Increased depolarization drive, decreased 
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repolarization drive, or a combination of both during the plateau phase of the AP can promote 

EAD formation. High depolarization drive can be caused by increases in late sodium, L-type 

calcium, or inward NCX current while reduced repolarization drive can be caused by decreased 

potassium currents. Often, increase in depolarizing force from one source causes a positive 

feedback loop that promotes continued depolarization. For example, depolarization via late 

sodium current can reopen L-type calcium channels, which results in further depolarization and 

higher calcium levels in the cytosol, which leads to increased activity of NCX26, 27. EADs can 

occur in the context of shortened APs if intracellular calcium concentration is high when the 

membrane has repolarized to the equilibrium potential for NCX, driving calcium extrusion and 

sodium influx into the cells, resulting in depolarization28. In contrast to EADs which occur 

during phase 2 and 3 of repolarization, DADs occur after the cardiomyocyte has fully 

repolarized. Similar to EADs associated with short APDs, DADs are thought to be triggered by 

high intracellular calcium levels coupled with spontaneous calcium release from the 

sarcoplasmic reticulum, leading to activation of NCX, nonselective cationic channels, calcium 

activated chloride channel, with NCX being the predominant contributor to depolarization23, 29.  

EADs and DADs are associated with triggered activity, or the generation of abnormal 

spontaneous action potentials. In dog Purkinje fibers, phase 2 EADs could propagate to 

neighboring cells with shorter action potentials, triggering either an EAD or a triggered event30. 

In canine atrial preparations, late phase 3 EADs were observed to induce triggered activity with 

takeoff potentials between -60 and -75mv31. EAD triggered APs can occur either in the original 

cardiomyocyte through reactivated L-type calcium and inward NCX mediated AP upstroke, or in 

neighboring cells at their resting membrane potential through activation of fast sodium channels.  

“EAD islands” can also be created due to coupling between cells such that at a small distance 
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coupled cells share the same AP characteristics, but synchronization decreases over distance. 

When EADs trigger APs within these EAD islands, these APs may propagate into neighboring 

regions to trigger EADs in those regions32.  

Substrate mechanisms in arrhythmias  

As previously mentioned, cardiac myocardium forms a syncytium in which individual 

cells are tightly coupled to its neighboring cells. This serves as a critical mechanism by 

depolarizing current from an EAD or DAD from one cell is distributed across many neighboring 

cells, preventing, thus diluting its potential to prevent repolarization in a large group of cells, a 

concept called source-sink mismatch32, 33. Thus, in order to generate a spontaneous 

depolarization of a 2D tissue nearly 7000 contiguous EAD-generating cardiomyocytes would be 

necessary.  However, in cases when there is a substrate for reentry present, only 40 EAD 

generating cells would be required34, 35. Examples of arrhythmogenic substrate include reduced 

conduction speed via decreased gap junction conductance, intercalated disc abnormalities, 

fibrosis, reduced repolarization reserve, and any structural and functional obstacles that impede 

propagation in the appropriate path36. Several studies have shown loss of connexins and other 

intercalated disc proteins result in decreased conduction velocity37. Additionally, functional 

obstacles could include changes that alter conduction or refractoriness properties of the tissue 

through the presence of EADs and DADs. For example, low-level depolarization of the 

membrane by DADs can inactivate sodium channels, leading to inactivated regions dispersed 

among excitable neighboring cells, creating a local conduction block. EADs and prolonged 

action potentials may result in heterogeneity of the refractory period, also promoting local 

conduction block38. These examples demonstrate that triggers and substrates may not be 

separate, but rather pathologic changes such as calcium handling alterations can serve as both.   
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Genetic basis for atrial fibrillation  

Work beginning nearly eight decades ago has generated a body of literature 

demonstrating a role of genetics in atrial fibrillation3, 39. In fact, if a patient has AF, there is over 

a thirty percent chance that they will also have at least one close relative who also has 

arrhythmias40-42. The earliest studies were in families where AF, but not heart disease was 

commonly found. Using linkage studies, a number of genetic loci have been identified, including 

in KCNQ1, KCNE1, KCNJ,GJA,CNAN,SCN5,SCN10,CACNA,NPPA43. Most of these genes 

encode for ion channels or junctional channels, with the exception of atrial natriuretic peptide 

precursor. While these mutations had a strong effect in individuals, they were often rare mutants, 

which made determining their relevance to the general population difficult to ascertain. With the 

advent of GWAS technology, a new perspective on the role of genetic modulation of AF risk 

was beginning to take form. Using GWAS methods, the whole genome could be surveyed in a 

large population of people to identify loci that had lower effect size, but were more prevalent in 

the population. Subsequently, several key ideas were generated. First, a new class of genetic loci 

important in AF development was identified: developmental transcription factors such as TBX5, 

PITX2, GATA4-6, NKX2.5, ZFHX3,PRRX144. Second, studies linking these transcription 

factors to a direct mechanism for AF development, revealed regulatory roles of these 

transcription factors in the expression of ion channels and calcium handling moieties as well as 

complex interactions between multiple transcription factors43, 45-50. Third, new work has 

highlighted the role of microRNAs (miRNAs) in the regulation of both AF relevant transcription 

factors as well as on genes encoding channels directly51. Further, the combination of new 

knowledge of these genetic risk factors along with traditional clinically known risk factors such 

as diabetes, hypertension, cardiomyopathy among others, has provided support of a ‘multi-hit’ 
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hypothesis, where underlying genetic risk factors, which could have a lower effect size on their 

own, when combined with other genetic risk factors or with other clinical risk factors result in 

AF43, 44. We discuss the first two points in greater detail in the following chapters.  

MiRNAs are a class of small noncoding RNAs that perform post-transcriptional 

repression of target genes of more than sixty percent of all protein-coding genes52. There is 

increasing evidence that miRNAs are regulators of cardiac rhythm and that alterations in miRNA 

expression can result in AF.  Altered miRNA expression patterns in the heart and circulating in 

the blood have been observed in both patients with AF and animal models51. Further, studies 

altering individual miRNAs have revealed several mechanism by which miRNAs may regulate 

cardiac rhythm. MiRNAs play a role in the regulation of potassium channels. For example, 

inhibition of miR-26 increased inward rectifier current (IK1) and increased incidence of AF in 

mice53. Further, miRNAs can regulate calcium handling, as shown by canine and murine miR-

328 overexpression models which show decreased L-type calcium current and increased AF 

susceptibility54.  Additionally, alteration in miRNA expression can also induce structural 

remodeling, leading to atrial fibrosis, and thus providing an arrhythmogenic substrate51, 55. 

Currently, there are still many miRNAs identified by microarray analysis (comparing AF 

patients to those with sinus rhythm) for which we do not yet understand the mechanism of 

action.  

Tbx5 model of atrial fibrillation  

Previous work from the Moskowitz lab demonstrated the importance of T-box 

transcription factor-5, TBX5, in maintaining cardiac rhythm47. TBX5 has been studied in the 

context of development, and is known to be critical for limb and cardiac development, as patients 

with mutations in TBX5, resulting in haploinsufficiency, develop Holt- Oram syndrome, 
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characterized by defects in the cardiac septation and formation of the cardiac conduction system. 

TBX5 is expressed throughout most of the heart, but is much more abundant in the atria 

compared to the ventricle56. Recently, Tbx5 variants have been implicated in increased AF risk 

by several GWAS57, 58. A mouse model of Tbx5 knockout was generated to directly examine its 

role on AF development. Adult specific Tbx5 knockout in mice resulted in the development of 

spontaneous and sustained AF and isolated atrial cardiomyocytes from these mice have a 

prolonged AP and increased incidence of EADs and DADs. RNA-sequencing of Tbx5 knockout 

atria revealed decreases in Ryr2 and Atp2a2, and presence of calcium chelating agent, BAPTA, 

inside the pipette normalized the AP, providing evidence of calcium mishandling47.   

In the first chapter of this dissertation, we test the hypothesis that TBX5 is critical for 

cellular calcium homeostasis, and that the disruption in normal calcium handling causes AP 

prolongation and ectopic activity, resulting in AF generation. We demonstrate that Tbx5 deficient 

atrial cardiomyocytes have simultaneous decreased SERCA mediated SR calcium uptake, and 

increased NCX mediated calcium efflux, and increased calcium influx through L-type calcium 

channel. To demonstrate that these changes provide the mechanistic underpinnings for the AP 

abnormalities, we normalized SERCA function by removing its inhibition through 

phospholamban removal and found that AP duration and triggered events could be rescued. 

Further, tbx5 knockout mice with normalized SERCA function no longer developed AF. In 

summary, we provide a novel calcium dependent mechanism underlying Tbx5 dependent AF 

risk.   

Tbx5 interaction with transcription factor Gata4 in regulation of AF risk  

Along with TBX5, a number of other transcription factors have been implicated in AF3. It 

is noteworthy that several of these transcription factors are also critical for cardiac development, 
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providing evidence for the idea of gene regulatory networks that regulate cardiac rhythm 

throughout life. Previously, the Moskowitz lab identified a gene regulatory network comprised of 

Tbx5, Pitx2, and downstream membrane effector genes47. PITX2 has been shown to be critical 

for atrial septum and SA development. Although Pitx2 was one of the first AF susceptibility loci 

to be identified, understanding the mechanism by which it regulates cardiac rhythm remains 

difficult as both decreased and increased expression levels results in increased AF risk and 

PITX2 has multiple targets59, 60. However, several studies have demonstrated that reduction of 

PITX2 in mice results in higher AF susceptibility and atrial cardiomyocytes show decreased ap 

duration59, 61, 62.  It is however noteworthy that Nadadur et. Al. discovered that in Tbx5 knockout 

mice, Pitx2 was significantly reduced, and AF susceptibility and AP abnormalities could be 

rescued by Pitx2 haploinsufficiency. Further, Scn5a, Gja1, Dsp, Ryr2, and Atp2a2 were found to 

be coregulated by Tbx5 and Pitx2 but in opposite directions. These data suggested an incoherent 

feed-forward loop that is driven by Tbx5, but modulated by Pitx2. Overall, this demonstrates the 

complexity of the gene regulatory network that maintains cardiac rhythm, and suggests that 

examination of transcription factor interactions in the adult atrium can be very valuable.  

 In the second chapter of this dissertation, we examine test the hypothesis that 

cardiogeneic transcription factor genes Tbx5, Gata4, and Nkx2.5 interact to maintain atrial 

rhythm. We discover that Gata4 and Tbx5 coregulate Ryr2 and Atp2a2 in opposite directions. 

Tbx5 haploinsufficiency driven AF and AP abnormalities were normalized by Gata4 

haploinsufficiency. Specifically, Gata4 haploinsufficiency rescues SERCA activity in Tbx5 

haploinsufficient cardiomyocytes. Interestingly, we found Gata4 and Tbx5 activated an Atp2a2 

enhancer, but Gata4 suppressed activation of a Ryr2 enhancer by Tbx5. Nkx2.5 was not found to 

have an effect on AF susceptibility either individually or in combination with Gata4 or Tbx5. In 
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summary, we add the antagonistic interaction between Gata4 and Tbx5 to the complex gene 

regulatory network regulating atrial rhythm.  

Independent effects of altering downstream intercalated disc in arrhythmogenesis 

One thrust of arrhythmia substrate research is elucidating the structure and function of the 

intercalated disc. The intercalated disc is a complex structure that links adjacent cardiomyocytes 

electrically and structurally, allowing the heart to function as a syncytium. The intercalated disc 

contains a number of key components including gap junctions, which facilitate rapid ion and 

small molecule exchange between cells, adherens junctions, which facilitate maintenance of cell 

shape during the contraction relaxation cycle, and desmosomes, which provide significant 

structural support37. Adherens junctions are composed predominantly of N-cadherin, which 

connects two cells by homodimerizes with N-cadherin from the adjacent cell as well as linking to 

the actin cytoskeleton through beta-catenin63. Gap junctions are predominantly composed of 

connexins, which form a pore between two cells. In the ventricle connexin 43 is the predominant 

form while in the atria and conduction fibers, connexin 40, 30.2, and 45 play important roles64, 65. 

Recently, gap junctions protein connexin 43 has been shown to be necessary for sodium channel 

function and a new model of action potential generation and propagation being regulated jointly 

by ion channels and gap junction proteins is gaining more support66. Desmosomes provides 

structural support through desmoglein-2 and desmocollin-2 that link two cells and also link to 

plakophilin-2 and desmoplakin that connect to intermediate filaments63. Although previously 

thought to be completely distinct regions, recent evidence points towards the area composita 

model in which adherens junctions, gap junctions, desmosomes, along with ion channels are able 

to interact with one another37. In this model, scaffolding proteins such as ZO-1 are critical for 

linking different functional components to achieve one functional unit67. Overall, intercalated 
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disc proteins are critical for maintaining cell-cell communication and misregulation can result in 

arrhythmias, most commonly arrhythmogenic cardiomyopathy, characterized by arrhythmias in 

combination with fibrosis or structural alterations. Mutations associated with arrhythmogenic 

cardiomyopathy have been identified in a growing number of intercalated disc proteins spanning 

all of the components of the area composita68.  

While desmosome proteins were the first to be identified in arrhythmogenic 

cardiomyopathy probands, more recently mutations in adherens junction, gap junction, and 

scaffolding proteins have also been implicated69. Among those is tight junction protein, ZO-1, 

which has been studied extensively in epithelia and endothelia, but until recently not much was 

known about its role in the heart. In epithelia, ZO-1 was the first protein to be identified as a 

main tight junction component, where it binds to claudins and JAM family proteins to maintain 

barrier function. Loss of ZO-1 results in loss of tight junctions and consequently breakdown of 

the barrier capability70. In line with its role as a scaffolding protein, ZO-1 has multiple domains 

which allow for binding to other proteins, namely the PDZ, GUK, and SH3 domains. 

Additionally, ZO-1 can bind F-actin directly through its actin binding domain, allowing to be a 

modulator of mechanotranduction71. Similarly, in endothelial cells, ZO-1 facilitates 

mechanotranduction and angiogenesis and its loss results in disruption of the tight junction and 

redistribution of junctional proteins such as vinculin and pak272.   

ZO-1 is localized to intercalated discs in cardiac tissue, where it has been shown to 

regulate both gap junction and adherens junction organization37. The second PDZ domain of ZO-

1 interacts with the carboxyl terminus of connexins and ZO-1 has been shown to regulate the size 

and localization of gap junctions in the perinexus of the intercalated disc, the area surrounding a 

region with a high density of gap junctions73, 74. ZO-1 binding with connexin in the perinexus 
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region prevents association with the connexins of the neighboring cell. Thus, disruption of ZO-1 

binding to connexin at the edge of a gap junction plaque actually increases gap junction size even 

in animal models75. Despite this, introducing a dominant-negative ZO-1 construct resulted in 

both decreased gap junction and adherens junction size at the intercalated disc with pronounced 

reduction of Cx43, N-cadherin, and ZO-1 complexes. This indicates that ZO-1 regulation of the 

gap junction is not simply through its direct interactions with connexin, but also through its 

interactions with other proteins particularly in the adherens junction regions76. ZO-1 is able to 

reside in complexes with N-cadherin, connexins, vinculin, coxsackie and adenovirus receptor, 

and alpha-catenin thus positioning it to be a scaffolding protein that can link gap junction and 

adherens junction regions73, 77-80. Further, ZO-1 can also mediate the trafficking of connexins to 

the gap junction. Studies showing loss of connexin 43 and N-cadherin independently result in 

loss of ZO-1, further suggest that adaptor proteins are a vital part of the large protein complexes 

formed at the intercalated disc. Thus, isolating the independent role of such adaptor proteins in 

the adult heart could provide valuable insight into how the structure and function of the 

intercalated disc is maintained.  

In the third chapter of the dissertation, we aim to test the hypothesis that ZO-1 is required 

for intercalated disc functioning and cell-cell conduction. We generated a cardiac specific, 

inducible ZO-1 deletion model in mice, allowing us to examine how loss of ZO-1 affects cardiac 

conduction and function in adulthood. ZO-1 knockout mice show atrioventricular bock with 

moderate reduction of ejection fraction accompanied by decreased connexin 40 expression in the 

AV node. Interestingly, ventricular conduction was not decreased although connexin 43 was 

decreased in the ventricular tissue. Genetic dissection of the location specific role of ZO-1 by 

comparing whole heart, conduction system, and AV node distal deletion of Tjp1 showed AV 
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node dysfunction in both whole heart and conduction system knockout of ZO-1, but not when it 

was deleted distal to the AV node. Ejection fraction reduction was observed only in the whole 

heart deletion model. In summary, we find that ZO-1 plays an important role in localizing 

connexins to the intercalated disc and maintaining conduction in the AV node.  
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Chapter II: A calcium transport mechanism for atrial fibrillation  

Note: The following section titled “A calcium transport mechanism for atrial fibrillation” is 

reproduced verbatim, with the exception of figure renumbering from my published article (Dai et 

al., eLife 2019;8:e41814). This material is distributed under the terms of the CC BY-NC 4.0 

Unported license (https://creativecommons.org/licenses/by-nc/4.0/). 

Authors: Wenli Dai*, Brigitte Laforest*, Leonid Tyan, Kaitlyn M. Shen, Rangarajan D. Nadadur, 
Francisco J. Alvarado, Stefan Mazurek, Sonja Lazarevic, Margaret Gadek, Yitang Wang, Ye Li, 
Hector H. Valdivia, Le Shen, Michael T. Broman, Ivan P. Moskowitz§ and Christopher R. 
Weber§ 

*These authors contributed equally to this work 
§ Co-corresponding authorship 

Abstract 

Risk for Atrial Fibrillation (AF), the most common human arrhythmia, has a major genetic 

component. The T-box transcription factor TBX5 influences human AF risk and adult-specific 

Tbx5-mutant mice demonstrate spontaneous AF. We report that TBX5 is critical for cellular Ca2+ 

homeostasis, providing a molecular mechanism underlying the genetic implication of TBX5 in 

AF. We show that cardiomyocyte action potential (AP) abnormalities in Tbx5-deficient atrial 

cardiomyocytes are caused by a decreased sarcoplasmic reticulum (SR) Ca2+ ATPase (SERCA2)-

mediated SR calcium uptake which was balanced by enhanced trans-sarcolemmal calcium fluxes 

(calcium current and sodium/calcium exchanger), providing mechanisms for triggered activity. 

The AP defects, cardiomyocyte ectopy, and AF caused by TBX5 deficiency were rescued by 

phospholamban removal, which normalized SERCA function. These results directly link 

transcriptional control of SERCA2 activity, depressed SR Ca2+ sequestration, enhanced trans-

sarcolemmal calcium fluxes, and AF, establishing a mechanism underlying the genetic basis for a 

Ca2+-dependent pathway for AF risk. 
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Introduction 

Atrial fibrillation (AF) is the most common arrhythmia in humans, characterized by 

irregularly irregular atrial electrical activity, resulting in asynchronous atrial contraction. AF is a 

global problem, affecting more than 33 million people and approximately 25% of Americans 

over the age of forty1, 81. AF is associated with significant morbidity and mortality due to 

thromboembolic events, heart failure, and sudden cardiac death. AF also significantly 

complicates overall health care management, with AF patients costing 5 times more to treat than 

patients without AF82. The total annual cost to treat AF patients in the US is on the order of 26 

billion dollars81. AF is a highly significant and growing public health concern. 

A genetic basis for AF risk has been described in the last decade. Large community-

based cohort studies indicate that heritability provides between 40 and 62% of AF risk81, 83. An 

emerging paradigm describes AF as a multifactorial disease with genetic predisposition that will 

determine the propensity of secondary clinical insults to cause AF. This model highlights the 

importance of understanding the molecular mechanisms underlying the genetic predisposition to 

AF. Genome-wide association studies (GWAS) studies have identified common risk variants and 

familial mutations at the T-box transcription factor 5 (TBX5) locus that result in increased risk 

for AF84, 85. Adult-specific Tbx5 knockout mice demonstrate primary spontaneous and sustained 

AF, providing evidence supporting the genetic implication at this locus. GWAS have also 

implicated multiple genes involved in cardiomyocyte calcium handling, including Atp2a2, 

encoding the sarcolemmal calcium ATPase SERCA2, and sln and pln, encoding direct binding 

SERCA2 inhibitors sarcolipin and phospholamban, respectively. We have previously 

demonstrated that these cardiomyocyte calcium control genes are direct TBX5 targets47. These 

observations suggested that tight transcriptional control of SERCA2 activity may be central to 
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atrial rhythm robustness and that variation in SERCA2 expression and activity may contribute to 

AF risk.  

The cellular mechanisms causing the irregular electrical activity in AF are believed to 

include an abnormal myocardial substrate and formation of an ectopic trigger. Abnormal 

substrate refers to altered electrical conduction between cardiomyocytes. Ectopic trigger refers to 

cardiomyocyte ectopy, or initiation of electrical activity at regions outside of the sinoatrial node. 

Both of these cellular phenomena are observed in Tbx5 adult-specific mutant mice and have been 

associated with abnormal cellular calcium handling86-98. We described the TBX5-dependent gene 

regulatory network essential for atrial rhythm control and identified downstream ion channels 

and transporters potentially important to rhythm control47, 99.Triggered activity in the form of 

early and delayed afterdepolarizations (EADs and DADs) observed in Tbx5-deficient atrial 

cardiomyocytes could be rescued by heavy buffering of cytoplasmic calcium47. Tbx5-dependent 

calcium handling has thereby emerged as a potential mediator of the myocardial physiologic 

abnormalities resulting in AF. 

We sought to define the Tbx5-dependent cellular mechanisms responsible for abnormal 

calcium-dependent electrical activity. We found that Tbx5-dependent AF is associated with 

abnormal sarcoplasmic reticulum (SR) calcium uptake due to depressed SERCA2 expression, 

depressed SERCA function, and increased phospholamban expression. Decreased SR calcium 

uptake is compensated by increased Ca2+ extrusion from cardiomyocytes via sodium-calcium 

exchanger (NCX) current (INCX), which provides a mechanism for TBX5-dependent action 

potential (AP) prolongation and the propensity for triggered cellular ectopy. In the setting of 

enhanced NCX mediated Ca2+ efflux and depressed SR uptake, compensatory increases in L-

type calcium current (ICaL) balance calcium extrusion to maintain steady state calcium 
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homeostasis. Together these calcium handling alterations contribute to AP prolongation and 

triggered activity, 

We further demonstrated that calcium handling abnormalities, AP alterations, and 

triggered activity are all normalized by knockout of phospholamban, which prevents Tbx5-

dependent AF. These results establish a direct link between depressed SR Ca2+ sequestration, 

enhanced NCX activity, and AF. This model suggests that targeting calcium handling pathways 

may be a treatment rationale for a subpopulation of AF patients. 

Materials and methods 

Reagent type 
(species)  
or resource 

Designation Source or 
reference 

Identifiers Additional information 

Genetic 
reagent (M. 
musculus) 

Tbx5fl/fl 

(Tbx5tm1Jse) 
PMID: 11572777, 
27582060 

 

 

MGI:2387850 Dr. Jonathan G Seidman 
(Harvard) 

Genetic 
reagent (M. 
musculus) 

Pln-/- (Plntm1Egk) PMID: 8062415 

 

MGI:2158357 Dr. Evangelia Kranias 
(University of 
Cincinnati) 

Genetic 
reagent (M. 
musculus) 

Rosa26CreERT2 

(Gt(ROSA)26Sort

m1(cre/ERT2)Tyj) 

PMID: 17251932, 
27582060 

 

MGI:3790674 Dr. Tyler Jacks 
(Massachusetts Insititute 
of Technology) 

Antibody Mouse anti-RyR2 ThermoFisher Cat. #: MA3-925 WB (1:2000) 

Antibody Mouse anti-
SERCA2 

ThermoFisher Cat. #: MA3-919 WB (1:1000) 

Antibody Mouse anti-NCX ThermoFisher Cat. #: MA3-926 WB (1:1000) 

Antibody Mouse anti-PLN Badrilla Cat. #: A010-14 WB (1:5000) 

Antibody Rabbit anti-pT17-
PLN 

Badrilla Cat. #: A010-13 WB (1:5000) 
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Antibody Rabbit anti-pS16-
PLN 

Badrilla Cat. #: A010-12 WB (1:5000) 

Antibody Rabbit anti-
Cav1.2 

Alomone Cat. #: ACC-003 WB (1:200) 

Antibody Mouse anti-
GAPDH 

Millipore Cat. #: MAB374 WB (1:10000) 

Antibody Goat anti-mouse-
HRP 

Thermofisher Cat. #: 31437 WB (1:5000) 

Antibody Goat anti-rabbit-
HRP 

Thermofisher Cat. #: 31463 WB (1:5000) 

Chemical 
compound, 
drug 

Fluo-4 AM Thermofisher Cat. #: 14201 10 µM x 20 min 

Chemical 
compound, 
drug 

Nifedipine Sigma Cat. #: N7634 30 µM 

Chemical 
compound, 
drug 

Collagenase Type 
2 

Worthington 
Biochemical 

Cat. # LS004177 1 g/L 

Chemical 
compound, 
drug 

Tamoxifen MP Biomedicals Cat#: 156738 2 mg/injection x 3 doses 

Chemical 
compound, 
drug 

Laminin Invitrogen Cat. #: 2039175 0.5 mg/ml 

Chemical 
compound, 
drug 

[3H]ryanodine PerkinElmer Cat. #: 
NET950250UC 

 

Chemical 
compound, 
drug 

TRIzol Invitrogen Cat. #: 15596026 
 

Chemical 
compound, 
drug 

Ryanodine MP Biomedicals SKU 
#:0215377001 

 

Chemical 
compound, 
drug 

Caffeine Sigma Cat. #: C0750 10 mM 
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Software, 
algorithm 

Clampex/Clampfi
t Data acquisition 
and analysis  

Molecular Devices Version 10.3.2.1 
 

Software, 
algorithm 

LabChart for 
electrophysiology 
studies 

ADInstruments Version 5 and 8 
 

Software, 
algorithm 

Buffering 
analyses using 
MaxChelator 

 

Stanford WEBMAXCLITE 
v1.15 

Chris Patton, Stanford 
University 

Software, 
algorithm 

Western Blot 
quantification 
ImageJ 

NIH Version 1.48 
 

Software, 
algorithm 

Hierarchical 
Statistical 
technique using R 

R Core Team Script from PMID: 
29016722 

Ken Macleod, Imperial 
College London 

Commercial 
Assay or Kit  

 

qScript cDNA 
synthesis kit  

Quanta   

Commercial 
Assay or Kit 

Power SYBR 
Green PCR 
Master Mix  

Applied 
Biosystems 

  

 

Generation of mice: The Tbx5fl/fl, Pln-/- and Rosa26CreERT2 lines have all been previously 

described and were kept in a mixed genetic background100-102. Double knockout mice were 

generated by crossing Tbx5fl/fl;R26CreERT2 mice with germline Pln-/- mice. After two generations, 

we obtained Tbx5fl/fl;R26CreERT2 mice with either loss of one (Pln+/-) or both (Pln-/-) copies of Pln. 

All experiments were done using age- and genetic strain-matched littermate controls. Tamoxifen 

was administered for three consecutive days at a dose of 0.167 mg/kg body weight by 

intraperitoneal injection at 6-10 weeks of age, as previously described47. All experiments were 

performed in accordance to The University of Chicago Institutional Animal Care and Use 

Committee (IACUC) approved protocol.  
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ECG recordings: 8- to 10- week-old mice were anesthetized using isoflurane, and telemetry 

transmitters (ETA-F10, Data Science International) were implanted in the back with leads 

tunneled to the right upper and left lower thorax, as previously described (Wheeler MT et al., JCI 

2004). Baseline recordings were obtained for 24-hours after a post-implant recovery period of 

one day.  ECG data was analyzed using LabChart 8 (AD Instruments).  

Intracardiac electrophysiology studies: Detailed protocols for intracardiac electrograms have 

been previously described47. Briefly, 8- to 10- week-old mice were anesthetized with isoflurane 

and a vertical skin cut-down at the right jugular vein was performed. A 1.1-F octapolar catheter 

(EPR-800, Millar Instruments) was advanced in the right jugular vein to perform electrical 

stimulation. The catheter was connected to ADI BioAmp and PowerLab apparatus and signals 

were recorded using LabChart Software (ADInstruments). Atrial induction pacing was 

performed using burst pacing and the presence of at least three cycles of atrial tachycardia or 

fibrillation at least twice was considered positive.  

[Ca2+]i transient measurement: Langendorff perfusion with 2 mg/mL of Collagenase Type 2 

(Worthington Biochemical) at 5 ml/min was used to isolate atrial cardiomyocytes. 

Cardiomyocytes were then plated on laminin coated glass bottom dishes for 30 minutes prior to 

incubation with 10 µM Fluo-4/AM (Molecular Probes/Invitrogen) in normal Tyrode’s solution 

containing (in mM): 140 NaCl, 4 KCl, 10 glucose, 10 HEPES, and 1 MgCl2, 1 CaCl2 pH 7.4 

using NaOH for 20 minutes at room temperature. Cells were perfused with prewarmed Tyrode 

for 10 minutes prior to imaging. Imaging was performed on an Olympus microscope with a 20x 

objective lens, a LAMBDA DG-4 power source with 488 nm excitation and 515 nm emission 

filters and a PMT (Microphotometer) to record whole cell signal. Electrical field stimulation 

(Grass stimulator; Astro-Med) was performed at 1 Hz. SERCA and NCX measurements were 
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performed by flowing sodium free Tyrode with 10 mM caffeine followed by sodium free Tyrode 

alone or Tyrode with caffeine respectively. Cells were returned to normal Tyrode in both cases at 

the end of the recording. [Ca2+]i transients are presented as total fluorescence intensity 

normalized to resting fluorescence (F/F0) obtained from steady-state resting conditions before 

field stimulation. [Ca2+]i transients and sparks were acquired in line-scan mode (3 ms per scan; 

pixel size 0.12 µm) using a Zeiss confocal microscope. 

Whole-cell electrophysiological recordings: APs and voltage clamp recordings were recorded 

using standard ruptured patch protocol47. We used current clamp mode with 0.5 nA × 2 ms 

current clamp pulses to measure APs. Voltage clamp mode was used to measure capacitance 

transients and to study [Ca2+]i transients with fixed duration depolarizations. Cardiomyocytes are 

kept at 37 °C and perfused with Tyrode solution (140 NaCl, 4 KCl, 1 MgCl2, 1 CaCl2, 10 

HEPES, 10 Glucose, and pH 7.4 with NaOH). Internal pipette solution composition was (in 

mM): 20 KCl, 100 K-glutamate, 10 HEPES, 5 MgCl2, 10 NaCl, 5 Mg-ATP, 0.3 Na-GTP. Patch 

pipettes (World Precision Instruments) were pulled to have a mean resistance of 3.5–5 MΩ. An 

Ag–AgCl pellet and 3M KCl agar bridge was used to ground the bath. Liquid junction potentials, 

were always corrected after cell rupture.  External solution for ICaL contained (in mM): 120 

Tetraethylammonium-chloride, 10 CsCl, 10 Glucose, 10 HEPES, 1.5 MgCl2, 1 CaCl2, pH 7.4 

with CsOH. Internal pipette solution contained (in mM): 100 Cs-methanesulfonate, 30 CsCl, 10 

HEPES 5 EGTA, 2 MgCl2, 5 Mg-ATP, pH 7.2 with CsOH. ICaL was recorded during 200 ms 

voltage clamp pulses from a holding potential of -40 mV to test potentials ranging from -40 to 

+60 mV, with pulses applied every 2 s in 5 mV increments. Peak current amplitudes were 

normalized to the cell capacitance (Cm) and presented as current density (A/F). Steady-state 

inactivation of ICaL was investigated using two-pulse protocol. Holding potential was -80 mV. 
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The first pulse depolarized membrane from -60 to 20 mV with 10 mV increments during 500 ms, 

the second pulse depolarized the membrane to 10 mV for 50 ms.  The inactivation curves were 

fit to a Boltzmann distribution. Acquisition was performed using an Axopatch-200B amplifier 

connected to a Digidata1550A acquisition system (Axon Instruments, Foster City, CA, USA). In 

recording filtering at 2 kHz was performed using the amplifier Bessel and sampled at 10 kHz. 

Analysis was performed using pCLAMP10 (Axon Instruments) and a home written analysis 

code.  

Western blots: Atrial tissue was collected and homogenized as described previously103, in a 

buffer containing 0.9% NaCl, 10 mM Tris-HCl pH 6.8, 20 mM NaF and protease inhibitors. 

Equal amounts of protein, as determined by Bradford assay, were loaded. 50 µg of tissue 

homogenate, in Laemmli buffer, was separated by SDS-PAGE in 4-20% TGX or AnyKD precast 

gels (Bio-Rad). Proteins were transferred to PVDF membrane using the iblot2 transfer system 

(ThermoFisher) or wet transfer. Primary antibodies were as follows: anti-RyR2 (1:2000; MA3-

925, ThermoFisher), SERCA2 (1:1000; MA3-919, ThermoFisher), NCX (1:1000; MA3-926, 

ThermoFisher), PLN (1:5000; A010-14, Badrilla), pT17-PLN (1:5000; A010-13, Badrilla), 

pS16-PLN (1:5000; A010-12, Badrilla), Cav1.2 (1:200; ACC-003, Alomone), GAPDH 

(1:10000; MAB374, Millipore). Secondary antibodies were: goat anti-mouse-HRP (1:5000; 

31437, ThermoFisher) or goat anti-rabbit-HRP (1:5000; 31463, ThermoFisher). Secondary 

antibody concentrations were 5x higher when using the ibind Flex system. SuperSignal ECL 

reagent (ThermoFisher) was used to develop membranes followed by imaging with a ChemiDoc 

MP apparatus (Bio-Rad). Band intensities were quantified with the ImageLab software (Bio-

Rad) or using ImageJ (NIH). 
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[3H]Ryanodine binding assay: Binding assays were carried out following a protocol previously 

described104. Binding mixtures contained 100 µg of protein from homogenates prepared from 

pooled atria (5-7 mice), 0.2 M KCl, 20 mM Hepes (pH 7.4), 6.5 nM [3H]ryanodine (PerkinElmer), 

1 mM EGTA and enough CaCl2 to set free [Ca2+] between 10 nM (pCa2+ 8) and 100 µM (pCa2+ 

4). The ratio between Ca2+ and EGTA was determined using MaxChelator (WEBMAXCLITE 

v1.15 http://maxchelator.stanford.edu/webmaxc/webmaxclite115.htm). Following a 2 hour 

incubation at 36ºC, reactions were filtered through Whatman GF/B Filters using a Brandel M24-

R Harvester. [3H]ryanodine binding was determined using a Beckman LS6500 scintillation counter 

and BioSafe II scintillation cocktail (RPI Corp). Non-specific binding was quantified in the 

presence of 2 µM unlabeled ryanodine (MP Biomedicals) and subtracted. 

Quantitative real time PCR: Left atrial tissue of Tbx5fl/fl;R26CreERT2 and R26CreERT2 mice was 

removed two weeks after receiving tamoxifen and RNA was isolated using a Trizol (Invitrogen) 

based method. Reverse transcription reaction was carried out using the qScript cDNA synthesis 

kit (Quanta) according to the manufacturer’s protocol. Quantitative RT-PCR was performed 

using the Power SYBR Green PCR Master Mix (Applied Biosystems) and run on an Applied 

Biosystems AB7500 machine. Relative fold changes were calculated using the comparative 

threshold cycle method (2-∆∆Ct), using glyceraldehyde-3-phosphate dehydrogenase (Gapdh) gene 

expression level as internal control.  

  

http://maxchelator.stanford.edu/webmaxc/webmaxclite115.htm
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PCR primers 
Gene F Primer  R Primer  
Tbx5  GGCATGGAAGGAATCAAGGT  CTAGGAAACATTCTCCTCCCTGC  
Ryr2  CAAATCCTTCTGCTGCCAAG  CGAGGATGAGATCCAGTTCC  
Atp2a2  CTGGTGATATAGTGGAAATTGCTG  GGTCAGGGACAGGGTCAGTA  
Pln  TTATGCCAGGACGGCAAAAG CACTGTGACGATCACCGAAG 
Sln  CTGAGGTCCTTGGTAGCCTG  GGTGTGTCAGGCATTGTGAG  
Cacna1c CTACAGAAACCCATGTGAGCAT CAGCCACGTTGTCAGTGTTG 
Ncx1 TTCTCATACTCCTCGTCATCG TTGAGGACACCTGTGGAGTG 
Calm1 TGGGAATGGTTACATCAGTGC CGCCATCAATATCTGCTTCTCT 
Calm2 ACGGGGATGGGACAATAACAA TGCTGCACTAATATAGCCATTGC  
Calm3 GATGGCACCATTACCACCAAG CGCTGTCTGTATCCTTCATCTTT 

 

 

Statistical analysis: Values are represented as mean ± standard error of the mean (± SEM). 

Statistical significance for quantitative metrics of APs, SERCA, NCX, SR load, ICaL, spark 

frequency, and [Ca2+]i transients were determined using hierarchical statistical methods105. 

Statistical significance for mRNA, and protein expression studies was determined using 

Student’s t-test. Statistical significance of the nifedipine effect on AP duration was determined 

using two-tailed paired t-test. A two-tailed Fisher’s exact test was used for statistical significance 

of count-based analysis of AF inducibility and EAD and DAD count. Statistical significance is 

designated as * p<0.05, ** p<0.01, and *** p<0.001. 

 

Results 

Cytoplasmic calcium is responsible for AP prolongation in Tbx5-mutant atrial cardiomyocytes. 

We previously reported that Tbx5 deficient atrial cardiomyocytes demonstrated AP 

prolongation and myocardial ectopy. We hypothesized that these defects were caused by cellular 

calcium handling abnormalities. We therefore surveyed the expression of known calcium 

handling genes in the adult-specific Tbx5 knockout model. We assessed gene expression in 
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Tbx5fl/fl;R26CreERT2 and control R26CreERT mice at 10 weeks of age following tamoxifen (TM) 

treatment at 8 weeks of age. Consistent with previous observations, the adult Tbx5fl/fl;R26CreERT2 

but not control mice developed spontaneous AF, showing an irregularly irregular heartbeat, by 

telemetric electrocardiogram (ECG) recordings (Fig. 1A,B). As previously shown, APs and [Ca]i 

transients were prolonged in Tbx5fl/fl;R26CreERT2 (Fig. 1C)47. We assessed expression of genes 

important to cellular calcium handling in the left atrium by quantitative PCR (Fig. 1D). mRNA 

transcripts for RyR2 (Ryr2) and SERCA2 (Atp2a2), two of the main determinants of 

sarcoplasmic reticulum (SR) calcium flux, were decreased by 61% and 71% respectively in 

Tbx5fl/fl;R26CreER2 mice compared to R26CreER2 controls (p=0.026 and p=0.001 for Ryr2 and 

Atp2a2 respectively) consistent with previous studies47. In addition, phospholamban (Pln) 

mRNA expression was increased by 69% in Tbx5fl/fl;R26CreER2 compared to R26CreER2 (p=0.023), 

which would be expected to further depress SERCA2 activity. There was no significant 

difference in mRNA expression of the alpha 1C subunit of the L-type calcium channel 

(Cacna1c), the cardiac sodium calcium exchanger (Ncx1), or of any of the calmodulins 1-3 

(Calm1, Calm2, Calm3) (Fig. 1C). These data are consistent with the hypothesis that the 

myocardial electrophysiology deficits in the Tbx5-deficient AF model may be due to abnormal 

calcium handling. 

We examined the relationship between myocardial electrophysiology deficits and 

calcium flux in Tbx5-mutant atria. In steady state, with each cardiomyocyte contraction cycle, 

calcium entering the cardiomyocyte (L-type calcium channel, ICaL) is extruded from the cell 

(predominantly via inward INCX). Similarly, calcium leaving the SR via RyR2 release or SR leak 

pathways is taken back up into the SR via SERCA2. We examined the effect of altered TBX5-

dependent gene expression on these aspects of cardiomyocyte calcium flux. Given the observed 
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changes in Ryr2 and Atp2a2 mRNA abundance, we hypothesized that AP prolongation in Tbx5 

deficient cardiomyocytes was due to calcium handling defects downstream of initial Ca2+ entry 

through ICaL. To test this, we recorded APs in the presence and absence of the L-type Ca2+ 

channel blocker nifedipine. This approach blocks Ca2+ entry into the cell and indirectly removes 

the effect of Ca2+ entry on downstream Ca2+ handling pathways, including SR Ca2+ 

release/reuptake as well as the electrogenic effect of calcium transport out of the cell via inward 

INCX. 30 μM nifedipine completely inhibited L-type calcium current, preventing Ca2+ entry or 

release of SR calcium in control R26CreERT2 and Tbx5fl/fl;R26CreERT2 (Fig. 2-figure supplement 1). 

In control R26CreERT2 atrial cardiomyocytes, the effect of nifedipine on AP duration was small, 

with 19 ± 4% shortening of APD90 (p=0.008) (Fig. 2A). However, in Tbx5fl/fl;R26CreERT2 atrial 

cardiomyocytes, nifedipine had a profound effect: APD50 was shortened by 16 ± 6% and 

APD90 by 61 ± 6% (p= 0.02 and 0.007 respectively) (Fig. 2B, C). Western blot with 

densitometry analysis for CaV1.2 showed no significant difference in protein expression (Fig. 

2D), in line with the qPCR data (Fig. 1D), consistent with no TBX5-driven direct transcriptional 

regulation of L-type calcium channels. However, peak ICaL current was increased 92±34% 

(p=0.027) in Tbx5fl/fl;R26CreERT2 atrial cardiomyocytes compared to control R26CreERT2 (Fig. 2E, 

2F). The inactivation kinetics at peak ICaL were accelerated Tbx5fl/fl;R26CreERT2 compared to 

control R26CreERT2 ( τ=26.7 ms vs. τ=40.0 ms; p= 0.05). Steady-state ICaL inactivation was 

unchanged (Fig. 2-figure supplement 2). These data suggest that increased ICaL may contribute to 

TBX5-loss associated AP prolongation and EADs. However, nifedipine also blocks SR Ca2+ 

release as well as downstream Ca2+ extrusion pathways, which also affect AP duration. Further, 

since late AP repolarization is dramatically prolonged (negative to -30 mV where ICaL is largely 
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inactive) we hypothesized that Tbx5-deficiency disrupts Ca2+ handling pathways downstream of 

ICaL. 

Removal of Tbx5 results in decreased Ca2+ sparks and RyR2 expression, but no overall reduction 

in RyR2 open probability. 

Because RyR2 is a critically important sarcolemmal calcium extrusion channel and Ryr2 

mRNA was downregulated in Tbx5-mutant atria, we investigated the Tbx5 dependent regulation 

of RyR2 protein expression and function. RyR2 protein expression was significantly decreased 

in left atria of Tbx5fl/fl;R26CreERT2 mice compared to R26CreERT2 mice by western blot (Fig. 3A), 

consistent with the observed downregulation of Ryr2 mRNA (Fig. 1B). We hypothesized that 

decreased RyR2 contributed to abnormal Ca2+ release from the SR and tested this by measuring 

local spontaneous RyR2-mediated Ca2+ release events (Ca2+ sparks) using confocal linescans 

(Fig. 3B). The frequency of Ca2+ sparks in Tbx5fl/fl;R26CreERT2 atrial cardiomyocytes was 

decreased in comparison with R26CreERT2 atrial cardiomyocytes at different pacing frequencies 

from 0 to 2 Hz (Fig. 3C). A decrease in calcium sparks can be due to either decreased RyR2 

open probability or a reduced SR calcium load. To differentiate these possibilities, we first 

examined RyR2 function in the setting of reduced RYR2 expression by performing a [3H]-

ryanodine binding assay. [3H]-ryanodine binding to RyR2 correlates with RyR2 open 

probability86. Despite reduced ryanodine receptor expression, overall ryanodine binding was 

unchanged over the majority of the physiological range of calcium values, with no shift in 

calcium sensitivity (Fig. 3D). This observation suggests that the alterations in spark frequency 

were not due to changes in total RyR2 open probability. Instead, it may be caused by diminished 

SR Ca2+ uptake, a SERCA-dependent property. 



31 
 

Adult-specific Tbx5 deficiency reduces SERCA activity and SR load while increasing sodium-

calcium exchanger activity 

We next focused on the balance of diastolic calcium efflux pathways as potential 

mediators of Ca2+ mishandling by measuring SR Ca2+ content and protein expression and 

function of SERCA2 and NCX1. We observed that SERCA2 protein expression was decreased 

while NCX1 protein expression was increased in Tbx5fl/fl;R26CreERT2  in comparison with 

R26CreERT2 atria (Fig. 4A,B). To define steady state SR Ca2+ content, we loaded cardiomyocytes 

with Fluo-4 AM and paced with a train of field stimuli to achieve a steady state Ca2+ content 

(Fig. 4C,D) and peak Ca2+ content and rate of Ca2+ removal were measured. The [Ca2+]i transient 

peaks were unchanged, but [Ca2+]i transient decay rates, corresponding to SR Ca2+ uptake and 

cellular Ca2+ extrusion, were slowed in Tbx5fl/fl;R26CreERT2 compared to R26CreERT2 atrial 

cardiomyocytes (Fig. 4E,F)47, consistent with defective Ca2+ removal from the cytosol. We also 

measured [Ca2+]i transients in voltage clamp mode using 40 ms square wave voltage clamp 

pulses from -80 to 0 mV (Fig. 4-figure supplement 1). Similar to the field stimulation 

experiments, [Ca2+]i transient decay rates were slowed, but [Ca2+]i transient peaks were 

decreased by 23 ± 4% (p=0.02) in Tbx5fl/fl;R26CreERT2 cardiomyocytes compared to R26CreERT2, 

which suggests that AP prolongation is essential to maintaining peak twitch [Ca2+]i. The latter 

experiment is also consistent with depressed SR loads in Tbx5fl/fl;R26CreERT2  compared to 

R26CreERT2 atrial myocytes. 

We hypothesized that decreased SERCA2 expression caused decreased SR load. We 

examined SERCA activity by synchronizing the opening of RyR2 channels while preventing 

Ca2+ extrusion through NCX using caffeine containing, sodium-free, Tyrode solution. This 

provides a measurement of the maximum release of Ca2+ into the cytosol from the SR, a measure 
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of the SR Ca2+ load (Fig. 4C,D). SR [Ca2+] was reduced by 24±8% (p=0.0005) in 

Tbx5fl/fl;R26CreERT2 compared with R26CreERT2 atrial cardiomyocytes (Fig. 4G). SERCA activity 

was assessed from [Ca2+]i decay rate after SR release in the absence of external sodium (NCX 

inactive). Peak SERCA activity was reduced by 31± 9% (p=0.006) in Tbx5fl/fl;R26CreERT2 

compared with R26CreERT2 atrial cardiomyocytes (Fig 4C,H). NCX activity was assessed as the 

rate of change in [Ca2+]i decay in Na+ containing caffeine solution, preventing net SR uptake. 

Since NCX activity is depends on [Ca]i, we plotted NCX as a function of the [Ca]i signal. NCX 

activity was ~60% higher in Tbx5fl/fl;R26CreERT2 in comparison with R26CreERT2 atrial 

cardiomyocytes (Fig. 4D,I). Thus, removal of Tbx5 causes decreased SR Ca2+ load and decreased 

SERCA function, but increased NCX mediated Ca2+ extrusion. Increased inward NCX activity 

promotes cardiomyocyte depolarization, providing a mechanism for prolonged APs and 

increased ectopy in Tbx5 mutant atrial cardiomyocytes.  

Genetic augmentation of SERCA activity and normalization of SR load eliminates susceptibility 

to AF. 

We hypothesized that Tbx5 deficiency reduces SERCA activity by decreasing SERCA2 

protein expression (Fig 4A) and increasing expression of phospholamban (Pln), a negative 

regulator of SERCA2 (Fig. 1D). If these were the primary causes of decreased SERCA function 

in Tbx5 mutant atria, reduced PLN or PLN phosphorylation (relieving inhibition of SERCA2) 

would be expected to normalize SERCA function. Western blot analysis showed that PLN 

expression was significantly increased in Tbx5fl/fl;R26CreERT2 compared with R26CreERT2 atria (Fig. 

5A).  In addition, PLN phosphorylation was also increased at serine 16 in Tbx5fl/fl;R26CreERT2 

compared to R26CreERT2. These data suggest PLN phosphorylation may be a compensatory 

mechanism in response to decreased SERCA expression and activity, but is insufficient to 



33 
 

normalize SERCA function (Figure 4). Thus, we hypothesized that reduction of Pln gene 

expression would be more effective in restoring SERCA function.  

We assessed if Pln deficiency can affect SERCA function in a dose dependent manner by 

crossing the Tbx5fl/fl;R26CreERT2 with germline Pln knockout mice (Pln-/-; R26CreERT2)102. We 

compared SR load and SERCA function in adult-specific Tbx5; Pln double mutant mice versus 

Tbx5 mutant mice. We measured SR load and SERCA function using caffeine-induced SR 

release in atrial cardiomyocytes from R26CreERT2, Tbx5fl/fl;R26CreERT2, Pln-/-; R26CreERT2, Tbx5fl/fl; 

Pln-/+; R26CreERT2 mice, and Tbx5fl/fl; Pln-/-; R26CreERT2 mice. Control Pln deficient mice (Pln-/-; 

R26CreERT2) had increased steady state SR load and SERCA activity relative to R26CreERT2 (Fig. 

5C, D). Interestingly, the decreased SR load and SERCA function observed in Tbx5 mutant mice 

(Tbx5fl/fl;R26CreERT2) was converted to elevated SR load and SERCA function after the removal 

of Pln (Tbx5fl/fl; Pln-/-; R26CreERT2) (Fig. 5C,D). Pln loss alone increased peak twitch calcium. 

However, in the setting of combined Tbx5; Pln deficiency, peak twitch calcium and tau twitch 

were normalized to R26CreERT2 values (Fig 5E, F). 

We next tested the possibility that decreased SERCA function was the mechanism of 

TBX5-deficiency driven AP prolongation and triggered activity and that decreased Pln may 

rescue these defects. As we previously showed, Tbx5fl/fl;R26CreERT2 atrial cardiomyocytes 

exhibited significantly prolonged APs and frequent EADs and DADs compared to R26CreERT2 

atrial cardiomyocytes (Fig. 6A,B)47. APs of Pln-/-;R26CreERT2 atrial cardiomyocytes were similar 

to R26CreERT2 controls (Fig. 6C). The prolonged AP duration observed Tbx5fl/fl;R26CreERT2 was 

rescued in both Tbx5fl/fl;Pln+/-;R26CreERT2 and Tbx5fl/fl;Pln-/-;R26CreERT2 atrial cardiomyocytes (43 

± 10% and 38 ± 5% shorter than Tbx5fl/fl; R26CreERT2 respectively; p=0.01,0.0007) (Fig. 6D,E). 

Along with normalization of AP duration, we observed significantly fewer EADs and DADs in 
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Tbx5fl/fl;Pln-/-;R26CreERT2 cardiomyocytes (Fig. 6F). The data demonstrate the importance of 

TBX5-driven SERCA activity on cellular electrophysiology and triggered activity in atrial 

cardiomyocytes and decreased Pln rescues both SERCA function and cardiomyocyte 

electrophysiological abnormalities in Tbx5-mutant mice.  

The data above show reducing Pln gene dosage rescues calcium handling defects, AP 

prolongation and triggered activity observed in Tbx5 mutant atrial cardiomyocytes. We 

hypothesized that normalizing these cardiomyocyte cellular defects would reduce AF 

susceptibility in Tbx5 knockout mice (Fig. 7). We performed intracardiac burst pacing. All 

Tbx5fl/fl; R26CreERT2 mice (6/6) paced into AF, compared to none of the R26CreERT2 (0/5) or Pln-/-

;R26CreERT2 littermate controls (0/7). Consistent with our hypothesis, AF susceptibility was 

significantly decreased in Tbx5; Pln compound knockouts: only 1/11 of Tbx5fl/fl;Pln-/-;R26CreERT2 

paced into AF (Fig 7F). Thus, Tbx5-deficiency induced AF is due to calcium handling 

abnormalities, specifically decreased SR load and SERCA activity, and that modulation of the 

SERCA2 inhibitor, Pln, normalized SERCA activity and AF susceptibility caused by Tbx5 loss. 
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Figure 2-1. Atrial fibrillation in Tbx5fl/fl;R26CreERT2 mice is associated with altered 
expression of genes important to cellular calcium handling.  

(A) Tbx5fl/fl;R26CreERT2 mice developed spontaneous AF as assessed by surface ECG compared to 
R26CreERT2. Traces are representative of 15 animals per genotype. (B)  Poincaré plot shows 
irregularly irregular rhythm in Tbx5fl/fl;R26CreERT2, consistent with AF, compared to normal sinus 
rhythm in R26CreERT2 mice. Poincaré plots are each one representative animal of 15 animals per 
genotype. (C) Simultaneous AP and [Ca]i recordings show prolonged AP duration and slowed 
[Ca2+]i transient decay in Tbx5fl/fl;R26CreERT2 atrial cardiomyocytes compared to R26CreERT2. 
Recordings are representative of simultaneous [Ca]i and Em recordings (myocytes/mice; dual Em 
and [Ca]i from 5/5 R26CreERT2 and 17/5Tbx5fl/fl;R26CreERT2, Em-only from 23/9 R26CreERT2 and 20/9 
Tbx5fl/fl;R26CreERT2, and  [Ca]i-only from 27/6 R26CreERT2 and 28/6 Tbx5fl/fl;R26CreERT2).(D) 
Quantitative PCR was performed on RNA isolated from left atrial tissue of 3-5 animals per 
genotype. mRNA expression of a panel of calcium handling genes potentially important for 
rhythm regulation was determined. Ryr2 and Atp2a2 expression were decreased and Pln  
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Figure 2-1, continued. 
 
expression was increased in Tbx5fl/fl;R26CreERT2 relative to R26CreERT2 atria. (*** p<0.001, **, 
p<0.01, *, p<0.05)  
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Figure 2-2. Calcium current blockade dramatically shortened the AP in Tbx5fl/fl;R26CreERT2 atrial 
cardiomyocytes, consistent with the [Ca]i dependence of AP prolongation following TBX5 loss.  

(A) Representative recording of an AP from R26CreERT2 atrial cardiomyocytes before and after 30 µM 
nifedipine treatment. (B) Representative recording of a Tbx5fl/fl;R26CreERT2 atrial cardiomyocytes before and 
after nifedipine treatment. (C) Paired APD properties before and after treatment with 30 µM nifedipine 
(myocytes/mice; n=8/3Tbx5fl/fl;R26CreERT2 and n=6/4 R26CreERT2). In R26CreERT2 cardiomyocytes, the effect of 
nifedipine on APD90 was small, but significant 19±4%. A much larger nifedipine effect was observed in 
Tbx5fl/fl;R26CreERT2 cardiomyocytes. APD50 decreased by 16±5% and APD90 decreased by 61±6% in the 
presence of nifedipine. (D) Western blot of atrial tissue in 5 animals for each genotype showed protein 
expression for the alpha 1C subunit of the L-type calcium channel (Cav1.2) was unchanged. (normalized 
to GAPDH) (E,F) Representative ICaL recordings show Peak L-type calcium current was increased in 
Tbx5fl/fl;R26CreERT2 cardiomyocytes compared to  R26CreERT2 (G) Average IV relationship of L-type calcium 
current (myocytes/mice; n=22/7 R26CreERT2 and 20/5 Tbx5fl/fl;R26CreERT2). (*** p<0.001, **, p<0.01, *, 
p≤0.05) 
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Supplemental Figure 2-2.1. L-type calcium current is sensitive to Nifedipine 

30 uM Nifedipine blocks L-type calcium current and calcium-induced calcium release in R26CreERT2 and 
Tbx5fl/fl;R26CreERT2 cardiomyocytes. 
 

 

Supplemental Figure 2-2.2. L-type calcium channel inactivation unchanged  

A. Protocol used to assess steady state inactivation of ICaL (representative trace from Tbx5fl/fl;R26CreERT2 

cardiomyocytes) B.  Steady state inactivation of ICaL was the same in R26CreERT2 and Tbx5fl/fl;R26CreERT2 

cardiomyocytes. (myocytes/mice; Representative of 4/9 R26CreERT2 and 3/10 Tbx5fl/fl;R26CreERT2). 
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Figure 2-3. Spark frequency is reduced in Tbx5fl/fl;R26CreERT2 atrial cardiomyocytes.  

(A) Western blot from atrial tissue from 10 animals per genotype was used to measure RyR2 expression. 
RyR2 was significantly decreased in Tbx5fl/fl;R26CreERT2 atria compared to R26CreERT2 atria (normalized to 
GAPDH). (B) Fluo-4 loaded cardiomyocytes demonstrated reduced spark frequency in Tbx5fl/fl;R26CreERT2 

compared to R26CreERT2 atrial cardiomyocytes (representative recordings). (C) Spark frequency was reduced 
at rest and after steady state pacing at different frequencies (myocytes/mice; n=12/4 Tbx5fl/fl;R26CreERT2 and 
n=12/3 R26CreERT2). (D) Ryanodine binding assay (without normalization) demonstrated no significant 
difference over the physiologic range of [Ca]i in Tbx5fl/fl;R26CreERT2 compared to R26CreERT2. Each measure 
corresponds to an assay performed on pooled atria from 8-10 mice with 3 independent measures per 
condition (* p<0.05, ** p<0.01, *** p<0.001). 
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Figure 2-4. SERCA function is decreased while NCX function is increased in Tbx5fl/fl;R26CreERT2 
atrial cardiomyocytes.  

(A) Expression of SERCA2 was significantly decreased while (normalized to GAPDH) (B) expression of 
NCX1 was significantly increased in Tbx5fl/fl;R26CreERT2 atria compared to R26CreERT2 atria as measured by 
western blot in 10 animals per genotype. (normalized to GAPDH) (C) Application of Na+ free caffeine 
solution after pacing to steady state at 1 Hz provided a measurement of SR load. In the absence of 
extracellular Na+, [Ca2+]i plateaued at high levels due to negligible role of non-NCX mediated extrusion in 
R26CreERT2 and Tbx5fl/fl;R26CreERT2 atrial cardiomyocytes. Removal of caffeine in the absence of external Na+ 
provided a measure of SERCA mediated SR calcium uptake (representative traces). (D) Restoration of 
external Na+, in the presence of sustained extracellular caffeine provided a measure of NCX mediated 
calcium efflux (representative traces). (E) The peak of steady state twitch [Ca2+]i transients was similar but 
(F) tau of [Ca2+]i decay, determined from twitch [Ca2+]i transients, was increased in Tbx5fl/fl;R26CreERT2 
compared to R26CreERT2 cardiomyocytes (myocytes/mice; n=27/6 R26CreERT2, n= 28/6 Tbx5fl/fl;R26CreERT2). 
(G) SR load, determined from peak caffeine transients was decreased in Tbx5fl/fl;R26CreERT2 compared to 
R26CreERT2 cardiomyocytes (myocytes/mice; n=34/6 R26CreERT2, n=32/6 Tbx5fl/fl;R26CreERT2). (H) SERCA 
activity, determined from the maximal rate of calcium decay was diminished in Tbx5fl/fl;R26CreERT2 
compared to R26CreERT2 cardiomyocytes (myocytes/mice; n=29/3 R26CreERT2, n=32/3 Tbx5fl/fl;R26CreERT2). (I) 
NCX activity (decay slope), was increased at all levels of calcium in Tbx5fl/fl;R26CreERT2 cardiomyocytes 
(myocytes/mice; n= 35/3 R26CreERT2, n= 21/3 Tbx5fl/fl;R26CreERT2). (* p<0.05, ** p<0.01, *** p<0.001) 
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Supplemental Figure 2-4. Tbx5fl/fl;R26CreERT2 myocytes have lower peak calcium following a 
square wave protocol. 

[Ca2+]i transients recorded using 40 ms voltage clamp pulses demonstrate 23 ± 4 % (p=.02) reduction in 
peak calcium in Tbx5fl/fl;R26CreERT2 compared to R26CreERT2 atrial cardiomyocytes.  While the decay kinetics 
of Tbx5fl/fl;R26CreERT2 are slowed, there no differences in the initial rate of [Ca2+]i rise (R26CreERT2 rise slope 
= 107 ± 11 F/Fo*s; Tbx5fl/fl;R26CreERT2 rise slope = 108 ± 18 F/Fo*s, p=0.96).  Average of all myocytes is 
shown in black with grey indicating standard error of mean (myocytes/mice; n=5/3 R26CreERT2, n= 13/5 
Tbx5fl/fl;R26CreERT2). 
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Figure 2-5. Phospholamban knockout normalized SERCA function in Tbx5fl/fl;R26CreERT2. 

 (A) PLN expression was increased in Tbx5fl/fl;R26CreERT2 compared to R26CreERT2 as measured by western 
blot with 5 animals per genotype. PLN expression was normalized to GAPDH. The proportion of PLN S16, 
but not T17 phosphorylation was also increased (normalized to PLN). (B) Representative SR load and 
SERCA measurements in R26CreERT2, Tbx5fl/fl;R26CreERT2, Pln-/-;R26CreERT2, Tbx5fl/fl;Pln-/+;R26CreERT2 and 
Tbx5fl/fl;Pln-/-;R26CreERT2 atrial cardiomyocytes were collected as described in Figure 4. (C, D) SR load and 
SERCA function were significantly higher in Tbx5fl/fl;Pln-/+;R26CreERT2 and Tbx5fl/fl;Pln-/-;R26CreERT2 
compared to Tbx5fl/fl;R26CreERT2 cardiomyocytes and comparable to R26CreERT2 cardiomyocytes. (E) [Ca2+]i 
transient peaks were unchanged in Tbx5fl/fl;R26CreERT2 ,Tbx5fl/fl;Pln-/+;R26CreERT2 and Tbx5fl/fl;Pln-/-

;R26CreERT2, but increased in Pln-/-;R26CreERT2 cardiomyocytes. (F) [Ca2+]i transient decay rate in Tbx5fl/fl;Pln-

/+;R26CreERT2 and Tbx5fl/fl;Pln-/-;R26CreERT2 cardiomyocytes were normalized to that of R26CreERT2 
cardiomyocytes (myocytes/mice; n=34/3 R26CreERT, n=36/3 Tbx5fl/fl;R26CreERT2, n=30/3 Pln-/-;R26CreERT2, 
n=21/3 Tbx5fl/fl;Pln-/+;R26CreERT2, n=27/3 Tbx5fl/fl;Pln-/- atrial cardiomyocytes). (* p<0.05, ** p<0.01, *** 
p<0.001) 
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Figure 2-6. PLN knockout normalized AP duration and prevented triggered activity in 
Tbx5fl/fl;R26CreERT2.  

Representative APs recorded from (A) R26CreERT, (B)Tbx5fl/fl;R26CreERT2, (C)Pln-/-;R26CreERT2, 
(D)Tbx5fl/fl;Pln-/+;R26CreERT2, (E)Tbx5fl/fl;Pln-/- atrial cardiomyocytes as described previously in 
Figure 2. (F) TBX5-loss dependent AP prolongation and frequency of triggered activity was 
normalized by phospholamban knockout (myocytes/mice: n=18/7 R26CreERT, n=24/12 
Tbx5fl/fl;R26CreERT2, n=12/5 Pln-/-;R26CreERT2, n=9/3 Tbx5fl/fl;Pln-/+;R26CreERT2, and n=22/3 
Tbx5fl/fl;Pln-/-). (* p<0.05, ** p<0.01, *** p<0.001) 
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Figure 2-7. PLN deficiency protected against TBX5-loss associated AF. 

Intra-atrial pacing was used to induce AF. Representative intracardiac atrial electrogram recordings and 
corresponding surface ECG are shown from (A) R26CreERT2, (B)Tbx5fl/fl;R26CreERT2, (C)Pln-/-;R26CreERT2, 
(D)Tbx5fl/fl;Pln-/+;R26CreERT2, (E)Tbx5fl/fl;Pln-/-;R26CreERT2 atrial cardiomyocytes. A, atrial electrical signal; 
V, far field ventricular electrical signal. (F) AF was reproducibly demonstrated in 6/6 Tbx5 knockouts in 
contrast to 1/11 Pln/Tbx5 double knockouts, indicating rescue of atrial arrhythmogenesis. P values were 
determined by Fisher’s exact test (n=5 R26CreERT2, n=6 Tbx5fl/fl;R26CreERT2, n=7 Pln-/-;R26CreERT2, and n=5 
Tbx5fl/fl;Pln-/+;R26CreERT2, n=11 Tbx5fl/fl;Pln-/- mice) 
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Figure 2-8. Model of TBX5-dependent calcium regulation in atrial cardiomyocytes. 

  

(A) Excitation-contraction coupling of atrial cardiomyocytes is achieved through regulation of intracellular 
calcium handling. (B) Adult-specific Tbx5-knockout leads to decreased expression of SERCA2 and 
increased expression of PLN, leading to decreased SR Ca2+ load. In addition, removal of Tbx5 is associated 
with increased NCX1 expression and activity, thereby increasing Ca2+ extrusion, which is balanced by 
increased L-type calcium entry. (C) Combined Tbx5/Pln knockout relieves repression of SERCA2. This 
results in normalization of SERCA activity and rescue of cardiomyocyte ectopy, triggered activity, and AF 
observed with Tbx5 deficiency.  
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Discussion 

AF initiation has been linked to calcium handling abnormalities in computational and in 

vivo disease models106, 107. Ectopic or triggered activity in the form of EADs and DADs are often 

due to calcium handling abnormalities that increase NCX activity and promote AF initiation107. 

However, the mechanism underlying genetic predispositions for AF remain poorly understood. 

Genetic variants and mutations at the Tbx5 locus are associated with increased risk for human 

AF and Tbx5-mutant mice show both spontaneous and burst pacing-induced AF47. We report a 

calcium transport mechanism for Tbx5 dependent ectopic activity. We show that TBX5 is a 

critical regulator of SERCA-mediated SR calcium handling and that Tbx5-deficient mice have 

increased NCX-mediated Ca2+ extrusion, balanced by increased ICaL mediated Ca2+ influx. These 

calcium handling abnormalities provide a mechanism explaining the frequent triggered activity 

observed after TBX5 knockout. We show that decreasing phospholamban dosage can normalize 

TBX5-loss associated cellular calcium handling abnormalities, shorten AP duration, prevent 

triggered activity, and diminish AF susceptibility.  

Decreased SERCA activity and SR load in TBX5-loss associated atrial fibrillation 

We and others have hypothesized that ectopic triggers of AF can be due to abnormal 

atrial calcium handling. Here we define this relationship in a model of spontaneous AF96, 108. We 

analyzed the major calcium transport pathways in atrial myocytes and demonstrated that the 

critical calcium handling deficit associated with Tbx5-loss is depressed SERCA-mediated SR 

calcium uptake. We report significant reduction of SERCA2 protein expression and function, 

consistent with human paroxysmal or chronic AF87, 88, 97, 98.  



47 
 

The mechanism causing cardiomyocyte depolarizations from depressed SERCA activity 

must be indirect, given that SERCA2 is localized to the intracellular SR membrane and therefore 

does not directly contribute to membrane potential itself. Instead, slowed SR calcium uptake 

from depressed SERCA activity provides higher cytosolic calcium driving force for calcium 

extrusion from the cell via electrogenic inward INCX. 

Increased NCX activity in Tbx5- mutant atrial cardiomyocytes drives ectopic activity 

We demonstrate increased NCX1 protein expression with Tbx5 knockout, a finding also 

observed in human and other animal models of AF91, 94, 96, 97. Since protein expression, 

electrochemical driving force, and allosteric calcium regulation can all affect amplitude of 

inward INCX
109, we measured NCX activity following loss of Tbx5. NCX activity was 

significantly increased at all levels of calcium (Fig.4I). Thus, increased NCX function coupled 

with prolonged [Ca2+]i transients, drives increased inward INCX, providing additional depolarizing 

current during the AP, contributing to its prolongation. While increased NCX function may 

partially compensate for the depressed SERCA function to bring down calcium levels, it may 

also promote calcium-induced delayed afterdepolarizations in the setting of inappropriately 

timed SR calcium release events. Previous modeling in ventricular cardiomyocytes predicted 

countervailing functions of SERCA and NCX110, which we observed in Tbx5 knockout mice. 

Our data further support that DADs, which are classically thought to relate to SR calcium 

overload can still occur with depressed SR loads in the appropriate context of depressed SERCA 

and elevated NCX function87.  

Modeling suggests that compensatory increases in L-type calcium current in the setting of 

depressed SERCA function could be required to maintain systolic and diastolic calcium levels110. 
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In line with the modeling, we observed enhanced peak ICaL with loss of Tbx5.  This may account 

for early AP prolongation as well as EADs. It is interesting that peak [Ca]i is depressed using 

controlled square wave voltage clamp pulses (Fig. 4-figure supplement 1), which suggests that 

40 ms is insufficient to maintain calcium entry in Tbx5 knockout, even in the setting of enhanced 

ICaL. However, in the setting of AP prolongation (Fig. 2E-G) peak twitch calcium levels are 

maintained.  Additionally, the increase in calcium entering the cell through ICaL during the AP 

would be expected to balance a net increase in NCX mediated calcium extrusion (Fig. 4I), a 

requirement for steady state [Ca2+]i homeostasis. However, our observations that L-type calcium 

channel expression is TBX5-independent (Fig. 1D, 2D) and that genetically targeting only the 

Ca2+ efflux pathways in our model is sufficient to restore normal electrical activity (Fig. 5-7) 

suggest that the ICaL change is not a primary TBX5-dependent effect. Furthermore, although ICaL 

is increased, it quickly inactivates in TBX5 knockout cardiomyocytes (Fig. 2F). Together with 

our observation that nifedipine normalizes the APD, this supports that enhanced calcium entry 

impacts APD via secondary [Ca]i dependent mechanisms. 

TBX5 loss results in reduced RyR2 expression 

In addition to identifying the role of altered NCX and SERCA function, we assessed the 

importance of TBX5-driven RyR2 expression. RYR2 is a known susceptibility locus for AF and 

RYR2 mutations are correlated with AF. We observed that RyR2 protein expression was 

significantly depressed following Tbx5 loss3, 111. Defective RyR2 function has also been 

associated with AF89, 112. Despite TBX5-dependent RyR2 expression, the ryanodine binding 

assay113 suggested that RyR2 function is generally preserved over the physiologic range of 

calcium in Tbx5-mutant atria (Fig. 3D). This suggests a compensatory mechanism must occur 

allowing for preserved RyR2 open probability in the setting of depressed protein expression. For 
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example, CaMKII is a potential regulator of RyR2 function which could increase the open 

probability and thereby increase steady leakage or favor spontaneous local Ca2+ release events 

from the SR89, 91, 114 in Tbx5-deficient mice. In line with such compensation, we could not detect 

any differences in the calcium rise kinetics during controlled square wave voltage clamp pulses 

(Fig.4-figure supplement 1). Nevertheless, RyR2 compensation in the setting of reduced 

expression could contribute to abnormal triggered activity in the setting of Tbx5 loss, and is an 

important topic for further investigation.  

Abnormalities of the TBX5/SERCA2/PLN regulatory axis drive AF formation. 

We found that depressed SERCA function in TBX5 knockout was completely normalized 

with heterozygous or homozygous phospholamban knockout, which normalized AP duration, 

decreased frequency of afterdepolarizations, and reduced AF inducibility. This finding 

demonstrates the importance of SERCA2 to the pathophysiology of AF in the Tbx5-loss model. 

While phospholamban has been associated with AF by GWAS3, 104, its functional role is less 

clear. Although PLN is predominantly found in the ventricle115, we showed not only its 

expression is increased in the atria in the context of Tbx5 loss, but also PLN participates in 

rheostatic control of SERCA activity in the atria, which is sufficient to protect against AF 

inducibility (Fig. 5-7). Our findings are further supported by patient studies. For example, in 

patients who experience post-operative AF, SERCA2 is significantly decreased in the atrial 

tissue116, but those with PLN mutations have decreased AF susceptibility in the context of 

arrhythmogenic right ventricular cardiomyopathy117. Thus, AF is a heterogeneous disease and 

there can be variability in how the calcium handling proteins are expressed118 in different disease 

settings. The genetic background of an individual may be a critical determinant of how calcium 

handling moieties are disrupted to result in AF.  
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In summary, the most important features of the Tbx5-dependent SERCA2 and PLN 

regulatory axis are reduced SR uptake and load (Fig. 8). In this setting, enhanced inward INCX 

and ICaL contributes to AP prolongation, and, more importantly, to cardiomyocyte ectopy. 

Finally, we demonstrate PLN as a potential means to augment SERCA function, restoring 

normal atrial myocyte electrical activity and normal sinus rhythm in Tbx5 knockout mice. Thus, 

the Tbx5- knockout model represents an excellent system to study pharmacologic rescue of 

SERCA activity, prevention of cardiomyocyte ectopy, and AF.  

Broader implications for clinical treatment of AF 

AF has become an increasingly common cause of morbidity and mortality, underlying 

over one-third of stroke cases and significantly increases the risk for heart failure81. 

Consequently, AF poses a significant socioeconomic burden. AF does not always exist in 

isolation, but rather in conjunction with other predisposing factors such as obesity, thyroid 

hormone alterations, or heart failure. Interestingly, disruptions in calcium handling proteins such 

the SERCA2-PLN regulatory axis are implicated as predisposing factors. In AF compounded by 

heart failure, decreased SERCA2 and phosphorylated PLN, and increased NCX1 expression 

were observed119. Decrease in phosphorylated PLN coupled with an increase in total PLN has 

been found in animal models of obesity, potentially increasing risk of AF120, 121. These findings 

suggest a need to evaluate an individual’s genetic background as well as changes in calcium 

handling proteins when considering predisposing factors for AF. 

Currently, there are few effective and targeted AF therapies, in part due to an incomplete 

understanding of the mechanisms underlying AF. Recent studies of specific genetic loci for AF 

susceptibility have opened new opportunities to identify specific mechanisms at play in 
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subpopulations of AF patients. Understanding these specific mechanisms may facilitate more 

effective personalized therapies to target specific atrial Ca2+ handling abnormalities. Our data is 

consistent with the knowledge that pharmacologic regulators of NCX1 or SERCA2 may 

normalize defects in cellular calcium handling in the atrium86, 122-125. For example, a selective 

NCX1 inhibitor, ORM-10103, was shown to prevent cellular Ca2+ handling abnormalities in 

ischemic ventricular cardiomyocytes, possibly by limiting calcium entry through outward 

INCX.122, 126 The benefit of NCX inhibition might also be considered in human cases of AF with 

increased NCX activity. Further, resveratrol, which increases SERCA2 activity, has been shown 

to decrease AF, suggesting that targeting SERCA2 activity may be a viable therapeutic 

approach127, 128. In addition to providing specific insight into treating TBX5-loss associated AF, 

our findings may be more broadly applied. These data suggest that pharmacological treatment of 

AF may be improved by assessing for a defect in the TBX5-SERCA2-PLN axis followed by 

specifically targeting the defect to restore normal cardiomyocyte electrical activity. We expect 

this work and continued efforts to uncover mechanisms responsible for AF in subpopulations of 

patients will play a key role in advancing personalized therapeutics for AF.   
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Chapter III: Atrial fibrillation risk loci interact to modulate Ca2+-dependent atrial rhythm 

homeostasis 

Note: The following section titled “A calcium transport mechanism for atrial fibrillation” is 

reproduced verbatim, with the exception of figure renumbering from my published article 

(Laforest and Dai et al, JCI 2019;129(11):4937–4950). This material is distributed under the 

terms of the CC BY-NC 4.0 Unported license (https://creativecommons.org/licenses/by-nc/4.0/). 
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Abstract 

Atrial Fibrillation (AF), defined by disorganized atrial cardiac rhythm, is the most prevalent 

cardiac arrhythmia world-wide. Recent genetic studies have highlighted a major heritable 

component and identified numerous loci associated with AF risk, including the cardiogenic 

transcription factor genes TBX5, GATA4, and NKX2-5. We report that Tbx5 and Gata4 interact 

with opposite sign for atrial rhythm control than for cardiac development. Using mouse genetics, 

we find that AF pathophysiology caused by Tbx5 haploinsufficiency, including atrial arrhythmia 

susceptibility, prolonged action potential duration, and ectopic cardiomyocyte depolarizations 

were all rescued by Gata4 haploinsufficiency. In contrast, Nkx2-5 haploinsufficiency showed no 

combinatorial effect. The molecular basis of the TBX5/GATA4 interaction included normalization 

of intra-cardiomyocyte calcium flux and expression of calcium channel genes Atp2a2 and Ryr2. 

Furthermore, GATA4 and TBX5 show antagonistic interactions on a Ryr2 enhancer. Atrial rhythm 

instability caused by Tbx5 haploinsufficiency was rescued by decreased dose of Pln, a SERCA 

inhibitor, consistent with a role for decreased sarcoplasmic reticulum calcium flux in Tbx5-
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dependent AF susceptibility. This work defines a link between Tbx5 dose, SR calcium flux, and 

AF propensity. The unexpected interactions between Tbx5 and Gata4 in atrial rhythm control 

suggest that evaluating specific interactions between genetic risk loci will be necessary for 

ascertaining personalized risk from genetic association data.  
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Introduction 

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, affecting more than 7 

million Americans and 33 million people worldwide 2. AF is characterized by an irregular pattern 

of atrial depolarization, resulting in rapid and disorganized atrial conduction and lack of effective 

atrial chamber contraction. The rhythm abnormality in AF manifests with circulatory deficits and 

systemic thromboembolism that greatly increase morbidity and mortality. Because age is an 

independent risk factor for AF, its prevalence is expected to rise significantly as the population 

ages. AF has become a major clinical and economic burden, owing to the limitations and side 

effects associated with current AF therapies. Although AF most often manifests in the context of 

pre-existing cardiac pathologies, such as hypertension and cardiomyopathy, idiopathic or lone AF 

forms indicated a heritable component 57. Genome-wide association studies (GWAS) have to date 

identified over one hundred AF-associated loci, including many transcription factor (TF) loci, 

suggesting that transcriptional control of atrial rhythm is an important mediator of AF risk 3, 129.  

Recent work has illuminated a role for abnormal cardiomyocyte calcium (Ca2+) handling 

in the cellular pathophysiology of AF.  The current paradigm of AF causation describes ectopic 

(triggered) atrial activity, mediated by early and delayed afterdepolarization (EAD and DAD) 

events, and a fibrillogenic substrate that propagates the abnormal triggers causing arrhythmia. 

EADs and DADs have been associated with abnormal cardiomyocyte Ca2 handling, including 

RYR2 dysfunction, reduced SERCA2 (encoded by ATP2A2) activity, and/or increased Na+/Ca2+ 

exchanger (NCX) activity 91, 97, 106, 130, 131. How alterations of RYR2, ATP2A2, or NCX expression 

in AF models contributes to AF risk remains to be defined. 

GWAS and familial inheritance have implicated transcription factor genes in AF 

pathogenesis, including the cardiogenic transcription factors (TFs) TBX5, GATA4 and NKX2-5 
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57, 58. Autosomal dominant mutations in the T-box TF TBX5 cause Holt-Oram syndrome, 

characterized by upper limb malformations, congenital heart defects, cardiac conduction system 

abnormalities, and increased AF risk 132, 133. In addition, GWAS has identified common risk 

variants associated with PR interval and increased AF susceptibility in intergenic or intronic 

regions of TBX5 134-137. Adult-specific Tbx5 deletion in mice leads to spontaneous and sustained 

AF, characterized by slowed conduction and decrements in the expression of ion channels linked 

to AF 47. TBX5 drives the atrial expression of Pitx2, and TBX5 and PITX2 co-modulate the 

expression of cardiac rhythm effector genes, including Ryr2 and Atp2a2.  These findings indicated 

that interactions between TBX5 and PITX2 provide tight control of an atrial rhythm gene 

regulatory network and that perturbation of this network triggered AF susceptibility 47. This 

example suggested that cardiac TFs implicated in AF by genetic association may co-regulate a 

gene regulatory network for atrial rhythm homeostasis. GATA4 and NKX2-5 are particularly 

relevant candidates, given that they both interact physically and genetically with TBX5 during 

cardiac development. GATA4, a zinc finger transcription factor, plays critical roles in heart 

development and cardiomyocyte differentiation 138-140. Several GATA4 loss-of-function mutations 

have been reported to underlie AF susceptibility in humans 58, 141-143. GATA4 is highly expressed 

in adult cardiomyocytes, however its specific role in atrial cardiac rhythm has not been 

investigated. NKX2-5, a homeodomain containing TF has been implicated in AF by GWAS and 

family studies 134, 144-146. Common variants associated with PR prolongation, a marker for increased 

AF risk, have also been identified close to NKX2-5 by GWAS 134. Heterozygous mutations in 

NKX2-5 are associated with a spectrum of congenital heart diseases (CHD) in humans and mice 

147-151. NKX2-5 also has been shown to regulate a number of target genes involved in the 

cardiomyocyte action potential, suggesting that it may play a direct role in AF predisposition 152.  
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Combinatorial interactions between TBX5, GATA4 and NKX2-5 are critical for heart 

development. TBX5, GATA4, and NKX2-5 physically interact and CHD-causing (but not CHD-

sparing) mutations in TBX5 abrogate these interactions 153. Mutations in GATA4 that disrupt 

transcriptional cooperativity with TBX5 result in CHD and impaired cardiac gene expression, 

leading to aberrant chromatin states and gene expression 153, 154. Tbx5/Gata4 double heterozygous 

mice develop cardiac defects that are more severe than Tbx5 or Gata4 haploinsufficient mice alone, 

providing evidence for a cooperative interaction 155. TBX5, NKX2-5 and GATA4 synergistically 

activate multiple cardiac enhancers and promoters 100, 153, 156-164. Cooperative interactions between 

TBX5, NKX2-5 and GATA4 on cardiac gene expression may rely on interdependent binding of 

these factors genome-wide, enabling co-regulation of the cardiac differentiation program 165. 

Removal of Tbx5 or Nkx2-5 in mouse ES cell cardiac differentiations or GATA4 in human iPS 

cardiac differentiations resulted in inappropriate distribution of the other TFs to lineage-

inappropriate sites, inducing ectopic gene regulation 154, 165. This paradigm suggested that 

heterotypic interactions between these cardiogenic TFs may influence atrial rhythm control.  

 We investigated the combinatorial genetic interactions between the cardiogenic 

transcription factors Tbx5, Gata4, and or Nkx2-5 in murine atrial rhythm control. We hypothesized 

that adult-specific combined Tbx5, Gata4, or Nkx2-5 haploinsufficiency may alter AF 

susceptibility and illuminate AF pathophysiology. Surprisingly, we found that Gata4 

haploinsufficiency rescued the cardiac rhythm, cardiomyocyte electrophysiology, and molecular 

defects caused by Tbx5 haploinsufficiency.  In contrast, introducing Nkx2-5 haploinsufficiency 

had no observed effect on the penetrance or severity of defects caused by Tbx5 haploinsufficiency 

alone. Gata4 haploinsufficiency rescued the calcium handling defects and Ryr2 and Atp2a2 gene 

expression deficits caused by Tbx5 haploinsufficiency. We found that GATA4 negatively 
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modulated TBX5 activation of a cis-regulatory element at Ryr2. This observation indicated that 

GATA4 could repress TBX5-dependent transcriptional activation in some contexts, and provided 

a molecular model for the rescue of Tbx5 haploinsufficiency by Gata4 haploinsufficiency. We 

tested the hypothesis that rescue of Tbx5 haploinsufficiency was mediated by rescue of calcium 

homeostasis. Introduction of haploinsufficiency for phospholamban (Pln), a SERCA inhibitor, into 

Tbx5 haploinsufficient mice caused normalization of cardiac rhythm and rescue of SERCA 

activity.  Rescue of the Tbx5 haploinsufficient phenotype by Gata4 deficiency illuminated a novel 

TF genetic interaction in atrial rhythm control and provided a molecular model for transcriptional 

control of cardiomyocyte calcium flux as a central component of atrial rhythm homeostasis.   

Methods 

Experimental Design: This study was designed to investigate the oligogenic interaction of TFs 

that have been linked to AF by GWAS studies. We used murine models of conditional Tbx5 

deletion, conditional Gata4 deletion, conditional Nkx2-5 deletion and germline Pln 

heterozygosity for their similarities to human AF phenotype. The number of mice per genotype 

depended on the experiments and is specified in figure legends. For animal studies, littermates 

were used as controls and mice were grouped when appropriate. Endpoints for studies were 

selected according the phenotype of adult Tbx5 haploinsufficient mice. For single cell 

electrophysiology and calcium flux measurements, 3-5 mice per genotype were analyzed and a 

total of 10 cells were recorded for every mouse. All experiments, recordings and analysis were 

performed in a blinded fashion.  Outliers were excluded if samples/replicates were >2 SDs from 

the population mean. 

Transgenic mice: Tbx5fl/fl, Gata4fl/fl, Nkx2-5fl/fl, Pln+/- and Rosa26CreERT2 mice have all been 

previously described 100-102, 148, 166. Mice were maintained on a mixed genetic background, 
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harboring one copy of the Cre recombinase. All experiments involving Tbx5, Gata4, NKx2-5 and 

Pln heterozygotes and Gata4/Tbx5, Tbx5/Nkx2-5, Gata4/Nkx2-5 and Tbx5/Pln compound 

heterozygotes and Tbx5/Gata4/Nkx2-5 triple heterozygotes were performed 2 weeks after TM 

treatment, and age-matched littermate controls (R26CreERT2) were used for comparison. 200 µl of 

tamoxifen (20 mg/ml in corn oil) was administered for three consecutive days by intraperitoneal 

injection at 6- to 8-weeks of age, as previously described 47.   

Telemetry ECG recordings: Ambulatory ECG studies were performed on 8- to 10-weeks old 

mice. Mice were anesthetized using isoflurane, and telemetry transmitters (ETA-F10, Data 

Science International (DSI)) were implanted subcutaneously in the back with leads tunneled to 

the right upper and left lower thorax, as previously described 167. After post-implant recovery 

period of one day, baseline recordings were collected by DSI telemetric physiological monitor 

system. P wave duration, PR interval and Poincare plots were calculated using Ponemah 

Physiology Platform (DSI) and custom Python script.  

Intracardiac electrophysiology studies: Animals underwent catheter-based intracardiac 

recordings 2 weeks after receiving TM, as previously described 47. Mice were anesthetized with 

isoflurane, and right atrial and ventricular electrograms as well as surface electrogram were 

recorded using a 1.1-F octapolar catheter (EPR-800, Millar Instruments) inserted via the right 

jugular vein.  Programmed extra-stimulation protocols and burst pacing were used to induce 

atrial tachycardia and AF in animal subjects. Programmed right atrial extra-stimulation was 

carried out using S1 drive trains of 80 ms followed by 5 extra-stimulations at 50 ms each. Burst 

pacing was performed by applying a series of single extra-stimulus delivered at a constant pacing 

rate of 15-20 ppm (900-1200 bpm). Inducibility was considered positive if two or more series of 

atrial tachycardia and/or fibrillation was observed following burst pacing in the same animal. 
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Fibrillation was considered non inducible if zero or one cycle or irregular atrial rhythm was 

observed in the animal. 

Echocardiography: Transthoracic echocardiography was performed two weeks post-TM 

treatment under inhaled isoflurane, delivered via a nose cone, as previously described 168. 

Briefly, animals were imaged with a VisualSonics Vevo 770 machine (VisualSonics) using a 30-

MHz high-frequency transducer. Body temperature was maintained using a heated imaging 

platform. 2-dimensional images were recorded in parasternal long- and short-axis projections, 

with guided M-mode recordings at the midventricular level in both views. M-mode 

echocardiographic images were obtained at the mid-papillary muscle level in the parasternal 

short-axis view and measurement calculated at the same level from M- and/or B-mode images of 

long- or short axis view. Left ventricular dimensions in both diastole and systole were measured 

form at least three different beats from each projection and averaged to calculate the left 

ventricular ejection fraction. 

Calcium flux measurement: Single cell atrial cardiomyocytes were isolated by Langendorff 

perfusion with 2mg/mL of Collagenase Type 2 at 5 ml/min. Atrial myocytes were plated on 

laminin coated glass bottom dishes and incubated at room temperature for 30 minutes prior to 

incubation with Fluo-4/AM (Molecular Probes/Invitrogen). Cells were then incubated with 10 

µM Fluo-4/AM for one hour in normal Tyrode’s solution containing (in mM): 140 NaCl, 4 KCl, 

10 glucose, 10 HEPES, and 1 MgCl2, 1 CaCl2, with pH 7.4 using NaOH, followed by a 10min 

perfusion wash with pre-warmed Tyrode. SERCA and NCX measurements were performed 

using an Olympus microscope with a x20 objective lens, a LAMBDA DG-4 power source with a 

488 excitation and 515 excitation filters and a PMT (Microphotometer) to record whole cell 

signal, with electrical field stimulation (Grass stimulator; Astro-Med) at 1 Hz. SERCA and NCX 
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activities were measured as follow: sodium-free caffeine (10 mM) containing solution was 

applied in the absence of extracellular sodium and the cells returned to normal Tyrode at the end 

of the recording.  In the presence of sodium- free caffeine Tyrode, the intracellular calcium 

remains elevated and the peak value is a measure of SR calcium load that was released into the 

cytosol. 

Whole-cell electrophysiological recordings: Action potentials were recorded using the whole-cell 

patch-clamp method 47. Whole-cell action potentials were recorded using an Axopatch-200B 

amplifier connected to a Digidata1550A acquisition system (Axon Instruments, Foster City, CA, 

USA). Atrial myocytes were isolated by Langendorff perfusion, plated on laminin coated glass 

bottom dishes and incubated at room temperature for 30 minutes prior to recordings. Tyrode 

solution (140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, 10 mM 

Glucose, pH 7.4 with NaOH) was used to perfuse atrial cardiomyocytes during recordings at 

37 °C. Internal pipette solution contained 20 mM KCl, 100 mM K-glutamate, 10 mM HEPES, 5 

mM MgCl2, 10 mM NaCl, 5 mM Mg-ATP and 0.3 mM Na-GTP. Action potentials were 

triggered using 0.5 nA × 2 ms current clamp pulses following liquid junction potential 

correction. All recordings were filtered at a frequency of 2 kHz using a built-in Bessel filter and 

sampled at 10 kHz. Results were analyzed using pCLAMP10 (Axon Instruments). 

Diastolic calcium measurements: Atrial myocytes were isolated by Langendorff perfusion, plated 

on laminin coated glass bottom dishes and incubated at room temperature for 30 minutes prior to 

staining with Fura-2 AM.  Cells were then incubated with 1 µM Fura-2 AM for 10 minutes in 

normal Tyrode’s solution. Diastolic calcium measurements were performed at a fluorescence 

emission of 510 nm and recorded using an Olympus IX81 Inverted Widefield Microscope. [Ca]i 

was calculated by the ratio of emissions following excitation at 340 nm and 380 nm.  
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Relative luciferase assays: HEK293T and HL-1 cells were co-transfected as described previously 

47. The Atp2a2 and Ryr2 cis-regulatory elements were amplified from C57/B6 mouse genomic 

DNA. The sequence was confirmed by sequencing and then cloned into the pGL4.23 enhancer 

luciferase response vector with a minimal promoter. Mutagenesis of the GATA4 binding motifs 

was performed by PCR cloning, confirmed by sequencing and then cloned into the pGL4.23 

vector. Cells were co-transfected with the luciferase response vector and pRL control using 

lipofectamine 3000, then lysed and assayed following 48 hours using the Dual-Luciferase 

Reporter Assay system (Promega). 

Quantitative real time PCR: Total RNA was extracted from the left atrial wall of 8- to 10-weeks 

adult mice (2 weeks after receiving TM) using Trizol (Invitrogen) combined with RNeasy mini-

kit (Qiagen), according to the manufacturer’s instructions. First-strand cDNA was synthesized 

using the qScript cDNA synthesis kit (Quanta) according to the manufacturer’s protocol. Gene 

expression was assayed using the Power SYBR Green PCR Master Mix (Applied Biosystems) 

and run on an Applied Biosystems AB7500 machine in 96-well plates. Relative fold changes 

were calculated using the comparative threshold cycle method (2-∆∆Ct) using Glyceraldehyde-3-

phosphate dehydrogenase (Gapdh) as an internal control. Primer sequences used in this study are 

listed below. 

 Primers 

Gene Forward  Reverse  

Tbx5 GGCATGGAAGGAATCAAGGT CTAGGAAACATTCTCCTCCCTGC 

Gata4 AAACGGAAGCCCAAGAACCTGAAT GAGCTGGCCTGCGATGTCTAGGTG 

Nkx2.5 ACATTTTACCCGGGAGCC GGCTTTGTCCAGCTCCAC 

Ryr2 CAAATCCTTCTGCTGCCAAG  CGAGGATGAGATCCAGTTCC  

Atp2a2 CTGGTGATATAGTGGAAATTGCTG  GGTCAGGGACAGGGTCAGTA  
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Sln CTGAGGTCCTTGGTAGCCTG  GGTGTGTCAGGCATTGTGAG  

NCX TTCTCATACTCCTCGTCATCG TTGAGGACACCTGTGGAGTG 

CamK2B ACCCTCTACTTTCTCTCCTCC ACTTTGGTGTCTTCGTCCTC 

Pln TTATGCCAGGACGGCAAAAG CACTGTGACGATCACCGAAG 

Cacna1c CTACAGAAACCCATGTGAGCAT CAGCCACGTTGTCAGTGTTG 

Kcnj3 GCTGGCAACTACACTCCCTG AACATGCAGCCGATGAGGAA 

Kcnj5 TGTAAGAGCTCCGTGCTTGG TGTGGAGATGTCTCGTGCTC 

Kcna5 AAAATTGGAGACGATGACGG ATGAGGCCCATCACTGTAGG 

Kcnd3 GGGTGGCAGGCAGGTTAGA CCTGCTGCTCCCGTCGTA 

Kcnh2 ATGGCTCAGATCCAGGCAGTTA  CAAGGAGAGCGGTCAGGTAATG 

Kcnk2 TGGCTACGGGTGATCTCTAAG GCTGGAACTTGTCGTAGATCTC 

Kcnn3 CAAGAATGCCGCCGCCAATGTC CCAGGCTGCCAATCTGCTTTTC 

Kcnq1 GAGGATAGGAGGCCAGACCA AAGTACTGCATGCGCCTGAT 

 

Statistical analysis: All data is represented as means ± standard error of the mean (± SEM). For 

comparison of conscious ECG parameters, action potential duration (APD50 and APD90), SR 

load and SERCA activity, a one-way ANOVA followed by post-hoc Tukey analysis was used to 

test significance. For gene expression studies and in vitro luciferase assays, a one-way ANOVA 

followed by internal student T-test was used to test significance. AF inducibility and triggered 

activity (from AP measurements) counts were analyzed with a Fisher’s exact test (two-tailed).  

Study approval: All animal experiments were performed in accordance with national and 

institutional guidelines and were approved by the University of Chicago Institutional Animal 

Care and Use Committee (IACUC) approved protocol. 

Results 

Reduced Gata4 rescues atrial arrhythmias caused by reduced Tbx5 
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We previously demonstrated that adult-specific Tbx5 deletion or haploinsufficiency caused 

spontaneous AF or AF susceptibility, respectively, linking TBX5 dose with AF risk 47. GATA4 

and NKX2-5 physically and genetically interact with TBX5 during cardiac development, and all 

three cardiogenic TFs are strongly expressed in the adult atrium and are genetically linked to AF 

risk in humans (Figure 1A) 44, 57, 153, 155, 161, 165, 169. We therefore hypothesized that GATA4 and 

NKX2-5 would genetically interact with TBX5 in adult atrial rhythm control.  We employed a 

conditional knockout strategy to establish haploinsufficiency of Gata4, Tbx5 and Nkx2-5 singly or 

in combination in the adult mouse, affording normal gene dosage throughout development to 

circumvent early lethality or structural heart defects observed with each mouse model 100, 170-172. 

We combined TF floxed alleles (Gata4fl/fl; or Tbx5f/l/fl or Nkx2-5fl/fl) with a tamoxifen (TM)-

inducible Cre recombinase allele at the Rosa26 locus (R26CreERT2) to generate adult compound 

haploinsufficient Gata4/Tbx5 (Gata4fl/+;Tbx5fl/+;R26CreERT2), Gata4/Nkx2-5 (Gata4fl/+;Nkx2-

5fl/+;R26CreERT2) and Tbx5/Nkx2-5 (Tbx5fl/+;Nkx2-5fl/+;R26CreERT2) and triple haploinsufficient 

(Tbx5fl/+;Gata4fl/+;Nkx2-5fl/+;R26CreERT2) mice 100, 148, 166. All TF allelic combinations were 

generated and evaluated as littermates in a mixed genetic background. Mice were treated with TM 

at 6 weeks of age and loss of Gata4, Tbx5 and/or Nkx2-5 expression was confirmed in the left 

atrium of by qPCR 2 weeks following TM treatment (Figure 1B and Supplemental Figure 1A). 

Specifically, Gata4 decrements were not observed in Tbx5 or Nkx2-5 single heterozygotes, 

indicating that TBX5 or NKX2-5 alone does not regulate expression of Gata4 (Figure 1B and 

Supplemental Figure 1A). Similarly, Tbx5 (or Nkx2-5) expression is not regulated by GATA4 or 

NKX2-5 (or TBX5) alone. However, a greater reduction in Gata4 expression was observed in 

Tbx5/Nkx2-5 compound heterozygotes compared to their respective single haploinsufficient 
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controls (P = 0.195 versus Tbx5fl/+;R26CreERT2, P = 0.038 versus Nkx2-5fl/+;R26CreERT2, 

respectively), suggesting that TBX5 and NKX2-5 may cooperatively regulate GATA4.  

We first confirmed that atrial rhythm was sensitive to Tbx5 dosage in these mixed 

background crosses by examining adult Tbx5 heterozygotes (Tbx5fl/+;R26CreERT2). Significant 

prolongation of the P-wave duration, representing atrial depolarization (AF-associated finding in 

humans studies) was observed in Tbx5fl/+;R26CreERT2 mice compared to control littermates 2 weeks 

after TM treatment by conscious ambulatory telemetry ECG (P = 0.0008) (Figure 1C). The PR 

interval, representing the period between initiation of atrial and ventricular depolarization, was 

unchanged in Tbx5fl/+;R26CreERT2 compared to R26CreERT2 mice (P = 0.132) (Figure 1D), consistent 

with our previous publication 47. We further interrogated propensity to atrial arrhythmias by 

catheter-directed intracardiac pacing. Tbx5fl/+;R26CreERT2 adult mice were highly susceptible to AF 

induction, depicted by the irregular atrial electrogram, by intracardiac atrial pacing using either 

programmed single extra-stimulus or burst pacing. AF was reproducibly induced in 11 of 18 

Tbx5fl/+;R26CreERT2 mice but in 0 of 8 R26CreERT2 mice following atrial burst pacing (P=0.0074) 

(Figure 1E, F and I). Of these, 7 of 11 Tbx5fl/+;R26CreERT2 mice displayed atrial tachycardia (AT) 

and/or AF episodes lasting >1,000 ms (P = 0.0128), with a mean duration of 15,963 ms. In 

addition, 4 of 11 Tbx5 heterozygotes (P = 0.103) displayed rapid atrial irregular rhythm for <1,000 

ms, with a mean duration of 678 ms. Remarkably, 5 of 11 Tbx5fl/+;R26CreERT2 mice displayed 

spontaneous atrial arrhythmias in addition to induced irregular atrial rhythm (Supplemental Figure 

2). Tbx5fl/+;R26CreERT2 mice showed normal cardiac function two weeks post-TM treatment, with 

no difference in left ventricular ejection fraction compared to R26CreERT2 adult mice (Supplemental 

Figure 3). These findings establish that Tbx5 haploinsufficiency causes atrial conduction deficits 

and increased AF risk. 
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Atrial rhythm was not sensitive to adult-specific Gata4 or Nkx2-5 haploinsufficiency. 

Adult-specific Gata4 (Gata4fl/+;R26CreERT2) or Nkx2-5 (Nkx2-5fl/+;R26CreERT2) haploinsufficiency 

caused no abnormalities of P-wave duration (P = 0.928 R26CreERT2 versus Gata4fl/+;R26CreERT2 and 

P = 0.08 R26CreERT2 versus Nkx2-5fl/+;R26CreERT2) or PR interval (P = 0.956 R26CreERT2 versus 

Gata4fl/+;R26CreERT2 and P = 0.985 R26CreERT2 versus Nkx2-5fl/+;R26CreERT2) by conscious 

ambulatory telemetry ECG and showed no sign of beat-to-beat variability by Poincaré analysis in 

comparison to R26CreERT2 control littermates (P = 0.946 R26CreERT2 versus Gata4fl/+;R26CreERT2 and 

P = 0.992 R26CreERT2 versus Nkx2-5fl/+;R26CreERT2) (Figure 1C, D, Supplemental Figure 1). Unlike 

reduced Tbx5 dosage, Gata4 or Nkx2-5 haploinsufficient mice were not vulnerable to atrial 

arrhythmias by pacing induction (Figure 1F, G and I and Figure S4). Specifically, 4 of 12 

Gata4fl/+;R26CreERT2 mice (P = 0.116) and 1 of 8 Nkx2-5fl/+;R26CreERT2 mice (P = 0.5) experienced 

AF compared to 0 of 9 R26CreERT2 mice and both showed statistically less AF inducibility than Tbx5 

haploinsufficiency (P = 0.0074) (Figure 1G, I and Supplemental Figure 4B).  

Remarkably, atrial arrhythmicity caused by reduced Tbx5 dose was rescued by reduced 

Gata4 dose. Specifically, the increased P-wave duration observed in Tbx5 haploinsufficient mice 

was rescued in combined Gata4/Tbx5 haploinsufficient mice (P = 0.0163 Gata4/Tbx5 compound 

heterozygote versus Tbx5fl/+;R26CreERT2) (Figure 1C). Gata4/Tbx5 compound heterozygotes were 

not susceptible to AF induction by intracardiac burst pacing. Only 1 of 12 

Gata4fl/+;Tbx5fl/+;R26CreERT2 mice reproducibly paced into AF, demonstrating rescue of AF 

inducibility compared to 11 of 18 for Tbx5fl/+;R26CreERT2 mice (P = 0.0068), and no greater 

propensity for AF induction compared to R26CreERT2 controls (0 of 8 R26CreERT2, P = 0.999) (Figure 

1H, I).  
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Nkx2-5 haploinsufficiency had no discernable effect on atrial rhythm, by itself or in 

combination with Tbx5 or Gata4 haploinsufficiency. We analyzed adult-specific Tbx5/Nkx2-5 and 

Gata4/Nkx2-5 compound heterozygotes and Gata4/Tbx5/Nkx2-5 triple heterozygotes for atrial 

conduction deficits or arrhythmia inducibility. No significant P-wave duration or PR interval 

differences were detected in any of these genotypes compared to their respective single or double 

haploinsufficient controls (Supplemental Figure 1B, C). Furthermore, no significant differences in 

atrial arrhythmia inducibility were observed in Gata4/Nkx2-5 (P = 0.999 versus 

Gata4fl/+;R26CreERT2 and P = 0.999 versus Nkx2-5fl/+;R26CreERT2) or Tbx5/Nkx2-5 (P = 0.361 versus 

Tbx5fl/+;R26CreERT2 and P = 0.323 versus Nkx2-5fl/+;R26CreERT2) compound heterozygotes compared 

to their respective single heterozygote controls or in Gata4/Tbx5/Nkx2-5 triple heterozygotes 

compared to Gata4/Tbx5 double heterozygote controls (P = 0.999) (Supplemental Figure 4). 

Specifically, 1 of 12 Gata4fl/+;Nkx2-5fl/+;R26CreERT2 mice paced into AF compared to control 

littermates, suggesting that GATA4 and NKX2-5 do not interact together in the adult heart for 

control of atrial rhythm (Supplemental Figure 4D and F). Tbx5fl/+;Nkx2-5fl/+;R26CreERT2 mice were 

susceptible to AF induction by intracardiac burst pacing, with prevalence identical to that of Tbx5 

heterozygotes, indicating that TBX5 and NKX2-5 do not interact synergistically or 

antagonistically in the adult atrium (Supplemental Figure 4C and F). Lastly, mice lacking one copy 

of Gata4, Tbx5 and Nkx2-5 (Tbx5fl/+;Gata4fl/+;Nkx2-5fl/+;R26CreERT2 ) were not vulnerable to AF 

induction (Supplemental Figure 4E and F). Thus, the AF susceptibility observed in Tbx5/Nkx2-5 

compound heterozygotes was rescued by reducing Gata4 gene dosage, similar to 

Tbx5fl/+;Gata4fl/+;R26CreERT2 mice.  In each genetic context, Nkx2-5 was dispensable, causing no 

worsening or improvement of atrial rhythm in adult mice compared to littermate controls. 
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Abnormal atrial electric activity observed in Tbx5 heterozygotes is normalized in Gata4/Tbx5 

compound heterozygotes. 

We sought to define the cellular basis by which reduced Gata4 dose rescued the atrial 

conduction deficits and arrhythmia propensity caused by reduced Tbx5 dose. We previously 

showed that adult-specific Tbx5 haploinsufficiency caused prolonged atrial cardiomyocyte (CM) 

action potentials (APs) and abnormal spontaneous depolarizations of atrial myocytes, 

electrophysiological deficits that can cause or contribute to AF 47. We hypothesized that Gata4 

haploinsufficiency may rescue the cellular electrophysiology defects caused by Tbx5 

haploinsufficiency.  APs from atrial myocytes isolated from Tbx5fl/+;R26CreERT2 mice 2 weeks after 

TM treatment were significantly prolonged, specifically in phases 2 and 3 of the AP, and time to 

90% repolarization (APD90), compared to R26CreERT2 atrial myocytes (P = 0.0029) (Figure 2A, B, 

E). EADs and DADs were frequently observed in Tbx5fl/+;R26CreERT2 atrial myocytes but never in 

control littermates (9 of 14 Tbx5fl/+;R26CreERT2 versus 0 of 9 R26CreERT2 atrial myocytes, P = 0.003), 

consistent with our previous study (Figure 2F-H) 47. Adult-specific Gata4 haploinsufficiency 

caused no aberrations in AP measurements or inappropriate afterdepolarizations (Figure 2C, E and 

H). Remarkably, decreased Gata4 dose rescued the cellular electrophysiology abnormalities 

observed in Tbx5fl/+;R26CreERT2 mice. Atrial AP duration was rescued in 

Gata4fl/+;Tbx5fl/+;R26CreERT2 myocytes (P=0.0006) (Figure 2B, D, E). Additionally, propensity of 

EADs and DADs was rescued in Gata4fl/+;Tbx5fl/+;R26CreERT2 compared to Tbx5fl/+;R26CreERT2 

atrial myocytes (P = 0.018), and Gata4fl/+;Tbx5fl/+;R26CreERT2 atrial myocytes showed no increased 

propensity for inappropriate depolarizations compared to R26CreERT2 control atrial myocytes (P = 

0.493) (Figure 2H). We conclude that the cellular electrophysiology defects caused by reduced 

Tbx5 dose were rescued by reduced Gata4 dose (Figure 2I). 
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Atrial myocyte ectopic activity, implicated as a mechanism of AF induction, can result 

from abnormal calcium handling. We therefore investigated altered expression of genes 

controlling cardiomyocyte calcium flux as a potential molecular mechanism for paroxysmal AF 

induction in Tbx5 heterozygote mice. We focused on calcium handling genes involved in phase 2 

and 3 of the AP, given our observation of specific deficits during these AP phases in Tbx5 adult 

haploinsufficient mice (Figure 2). Adult-specific Tbx5 heterozygote mice showed significantly 

diminished left atrial expression of Atp2a2 and Ryr2 compared to R26CreERT2 mice (P = 0.0038 for 

Atp2a2; P = 0.0163 for Ryr2, respectively), whereas expression of other calcium handling genes, 

including Sln, Pln, Slc8a1 and Cacna1c were not significantly altered (Figure 3A and). 

Interestingly, Atp2a2 and Ryr2 expression was normalized in Gata4/Tbx5 compound 

heterozygotes (P = 0.0232 for Atp2a2; P = 0.0323 for Ryr2, respectively) (Figure 3A). In addition, 

we also assessed expression of potassium handling genes previously linked to AF. RNA expression 

of Kcnj3 (P = 0.0443), Kcnj5 (P = 0.0039) and Kcnh2 (P = 0.0182) showed significant reduction 

in left atrial tissue of Tbx5fl/+;R26CreERT2 compared to control littermates (Supplemental Figure 5), 

whereas expression of Kcna5, Kcnd3, Kcnk2, Kcnn3 and Kcnq1, were unchanged. However, 

Kcnj3, Kcnj5 or Kcnh2 gene expression were not normalized in Gata4fl/+;Tbx5fl/+;R26CreERT2 mice 

(P = 0.7001 for Kcnj3, P = 0.4254 for Kcnj5 and P = 0.5286 for Kcnh2, respectively). Overall, 

these results suggested that atrial arrhythmogenesis in adult Tbx5 heterozygous mice may be 

mediated by altered SR calcium flux, mediated by reduced expression of Atp2a2 and Ryr2.  

We previously demonstrated that TBX5 drives atrial expression of Pitx2, and that TBX5 

and PITX2 oppositely modulate the expression of cardiac rhythm effector genes, including Ryr2 

and Atp2a2 47. This suggested that the rescue of Tbx5 haploinsufficiency by Gata4 

haploinsufficiency could occur through diminished Pitx2 levels. Pitx2 mRNA expression 
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remained unchanged in Tbx5fl/+;R26CreERT2 and Gata4fl/+;R26CreERT2 mice 2 weeks after TM 

treatment, as previously described (P = 0.7049 Tbx5fl/+;R26CreERT2 compared to R26CreERT2 and P 

= 0.7261 Gata4fl/+;R26CreERT2 compared to R26CreERT2) (Figure 3B) 47. Levels of Pitx2 mRNA were 

slightly higher in Gata4fl/+;Tbx5fl/+;R26CreERT2 mice compared to wildtype littermates (P = 0.0117); 

however this increase was not significant compared to Tbx5fl/+;R26CreERT2 or Gata4fl/+;R26CreERT2 

mice (P = 0.1208 versus Tbx5fl/+;R26CreERT2 and P = 0.1135 versus Gata4fl/+;R26CreERT2 mice, 

respectively). This observation suggested that the rescue of Tbx5 haploinsufficiency by Gata4 

haploinsufficiency was not mediated by a reduction of Pitx2 expression. 

We hypothesized that TBX5 and GATA4 directly co-regulate expression of Atp2a2 and 

Ryr2. To test this hypothesis, we defined regions with overlapping chromatin occupancy for both 

TBX5 and GATA4 from published ChIP datasets (Figure 3C-D, Supplemental Figure 6 and 7) 173. 

Candidate cis-regulatory elements (CRE) were refined by open chromatin regions from HL-1 

cardiomyocyte ATAC-seq dataset 99. We functionally interrogated these CREs for enhancer 

activity in the presence of TBX5 and/or GATA4. The Atp2a2 enhancer (mm9 Chr5: 122970476-

122971591) demonstrated activation in response to TBX5 expression in HEK293T cells, as 

previously described (Figure 3E) 99. GATA4 similarly activated the enhancer and co-expression of 

TBX5 and GATA4 had no additive or synergistic effects, by in vitro luciferase reporter assay in 

HEK293T cells (Figure 3E). In contrast, the Ryr2 enhancer was activated by TBX5 (P = 0.0013) 

but not GATA4 alone (P = 0.5923) in HEK293T cells (Figure 3F). Remarkably, co-expression of 

GATA4 suppressed TBX5-dependent transactivation of this Ryr2 enhancer (P = 0.0681 compared 

to TBX5 alone), suggesting antagonistic interactions of TBX5 and GATA4 on this CRE. We 

further tested the Ryr2 CRE in HL-1 cardiomyocytes, which possesses expression of cardiac 

transcription factors, including TBX5 and GATA4 174. This enhancer previously demonstrated 
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TBX5-dependent activity in HL-1 cells, and consistently, this enhancer alone showed activation 

in HL-1 cardiomyocytes (Figure 3G) 99. Interestingly, mutation of the four GATA binding motifs 

within this enhancer caused an increase of enhancer activity in HL-1 cardiomyocytes (P = 0.0010 

versus WT enhancer) (Fig 3G). These observations indicated that GATA4 represses TBX5-

dependent activity of the Ryr2 enhancer.  

Reduced SR load and SERCA function caused by Tbx5 haploinsufficiency is rescued by Gata4 

haploinsufficiency 

Abnormal CM membrane depolarizations, including DADs, can be induced by Ca2+ driven 

Na+/Ca2+ exchanger (NCX1) activity in the setting of reduced SERCA-mediated SR Ca2+ uptake, 

causing membrane depolarization 175. We therefore hypothesized that the ectopic depolarizations 

caused by Tbx5 haploinsufficiency would be associated with depressed SERCA function and 

slowed SR Ca2+ uptake. To test this hypothesis, we measured SR load and SERCA activity in Tbx5 

heterozygote atrial myocytes, 2 weeks after TM treatment. We used fluo4 AM to study cytosolic 

calcium handling kinetics and fura2 AM to study diastolic calcium levels. We defined SR Ca2+ 

uptake by loading myocytes with Fluo-4 AM and pacing with a train of field stimuli to achieve a 

steady state load followed by application of caffeine to synchronize ryanodine receptor opening, 

resulting in a maximum release of SR calcium into the cytosol (Figure 4A-D). We observed 

reduced caffeine-induced calcium transient amplitudes in Tbx5fl/+;R26CreERT2 in comparison with 

R26CreERT2 mice, indicating reduced SR calcium levels  (P <0.0001) (Figure 4A, B and E). To 

assess SERCA activity, we measured [Ca]i decay rate after caffeine in the absence of external 

sodium (NCX inactive), allowing measurement of isolated SR uptake. Consistent with reduced left 

atrial expression of Atp2a2, we observed decreased SERCA activity in Tbx5 haploinsufficient mice 

(P <0.0001) (Figure 4A, B and F and Supplemental Figure 8). Furthermore, no significant 
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differences were observed in resting cytosolic calcium between Tbx5fl/+;R26CreERT2 and R26CreERT2 

cardiomyocytes (1.001 Tbx5fl/+;R26CreERT2 versus 0.992 R26CreERT2, P =0.515) (Supplemental 

Figure 8). This suggest that the observed differences in SERCA function is not due to alterations 

in cytosolic calcium levels or calcium buffering capacity, but rather to TBX5-depedent regulation 

of SERCA.  Overall, our findings indicate that Tbx5 haploinsufficiency causes reduced SERCA 

function, providing a molecular mechanism for ectopic CM depolarizations (Figure 4G).  

Decreased Gata4 dose rescued abnormal SERCA function observed in Tbx5 

haploinsufficient mice. Specifically, SR calcium load in Gata4fl/+;Tbx5fl/+;R26CreERT2 myocytes 

was not different from R26CreERT2 control cardiomyocytes (P = 0.312), and 

Gata4fl/+;Tbx5fl/+;R26CreERT2 myocytes showed significantly increased SR load compared to 

Tbx5fl/+;R26CreERT2 cardiomyocytes (P = 0.0070) (Figure 4B, D and E). Furthermore, SERCA 

activity was normalized in Gata4fl/+;Tbx5fl/+;R26CreERT2 myocytes as observed by a normal decay 

rate upon removal of caffeine, compared to Tbx5fl/+;R26CreERT2 cardiomyocytes (P = 0.0145) 

(Figure 4B, D and F). Additional analysis of the calcium dependence of SERCA activity showed 

decreased activity at all level of cytosolic calcium in Tbx5fl/+;R26CreERT2 compared to R26CreERT2, 

and this was normalized in Gata4fl/+;Tbx5fl/+;R26CreERT2 (Supplemental Figure 8).  We conclude 

that the atrial calcium homeostasis defects caused by reduced Tbx5 dose were rescued by reduced 

Gata4 dose, providing a molecular mechanism for the physiological rescue (Figure 4G) 

Modulation of SERCA function eliminates TF-driven arrhythmogenic phenotype. 

The observation that reduced Gata4 dose rescued the defects caused by reduced Tbx5 dose at the 

level of cardiac rhythm control, cellular electrophysiology, gene expression, and reduced SR 

calcium flux suggested that the pathophysiology of reduced Tbx5 dose on atrial rhythm control 

may be entirely mediated by reduced SR calcium uptake.  
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PLN inhibits SERCA activity in its non-phosphorylated state. Pln is essential for atrial 

calcium homeostasis and human genetic variants at PLN associate with AF risk, suggesting that 

PLN activity contributes to AF susceptibility 3, 176. We hypothesized that reducing Pln gene levels 

may restore SERCA activity and rescue atrial calcium abnormalities caused by reduced Tbx5 dose. 

We compared SR uptake, SERCA function, and AF inducibility in adult-specific littermate Tbx5 

haploinsufficient, Pln haploinsufficient or Tbx5/Pln double haploinsufficient mice 2 weeks 

following TM treatment.  We observed depressed SR load (P <0.0001) and SERCA activity (P = 

0.0221) in atrial cardiomyocytes from Tbx5fl/+;R26CreERT2 mice compared to those from R26CreERT2 

littermate controls, as expected (Figure 5A, B, E and F). Pln heterozygote atrial cardiomyocytes 

showed a significant increase in SR load (P = 0.0304) and SERCA function (P = 0.0003) compared 

to those from R26CreERT2 (Figure 5A, C, E and F). Both SR load (P = 0.0211) and SERCA activity 

(P =0.0007) were normalized in Tbx5/Pln compound heterozygotes (Figure 5L).  

We hypothesized that normalization of SERCA function and SR load in Tbx5/Pln 

compound heterozygotes may rescue the AF predisposition caused by decreased Tbx5 dose. Tbx5 

heterozygotes were highly susceptible to atrial arrhythmias, consistent with our previous 

observations (Figure 1E and H). AF was induced in 4 of 6 Tbx5fl/+;R26CreERT2 mice compared to 0 

of 10 for R26CreERT2 controls (P = 0.008) (Figure 5H and K). Pln heterozygotes demonstrated no 

AF inducibility (0 of 8 mice; P = 0.999) (Figure 5I and K). Remarkably, Tbx5fl/+;Pln+/-;R26CreERT2 

adult mice were not susceptible to AF induction by intracardiac pacing (0 of 7 Tbx5fl/+;Pln+/-

;R26CreERT2 mice; P = 0.021 versus Tbx5fl/+;R26CreERT2) (Figure 5G-K). Overall, we conclude that 

decreased Pln gene dose normalizes SERCA activity and rescues AF susceptibility caused by Tbx5 

haploinsufficiency, indicating that diminished SERCA activity is a primary deficit causing 

arrhythmogenesis in the setting of Tbx5 haploinsufficiency (Figure 5L).  
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Figure 3-1. Gata4 haploinsufficiency rescues atrial arrhythmias caused by Tbx5 
haploinsufficiency.  
 
(A) Common and rare gene variants in the transcription factors TBX5, GATA4 and NKX2-5 have been 
linked to increased AF susceptibility. (B) Relative transcript expression by qPCR in the left atrium of 
Tbx5fl/+;R26CreERT2, Gata4fl/+;R26CreERT2 and Gata4/Tbx5 compound heterozygotes 2 weeks after TM 
treatment. Data are represented as means ± SEM normalized to GAPDH and relative to R26CreERT2 mice 
(set as 1) (n=7-8 R26CreERT2, n=6-7 Tbx5fl/+;R26CreERT2, n=9-10 Gata4fl/+;R26CreERT2, n=12 
Gata4fl/+;Tbx5fl/+;R26CreERT2). Experiments were performed in technical duplicates. P values were 
determined by one-way ANOVA followed by Tukey post-hoc test. (C and D) P-wave duration and PR 
interval calculated from ambulatory telemetry ECG recordings from R26CreERT2 (n=6), Tbx5fl/+;R26CreERT2 
(n=8-9), Gata4fl/+;R26CreERT2 (n=6) and Gata4fl/+;Tbx5fl/+;R26CreERT2 (n=10) mice. Tbx5fl/+;R26CreERT2 adult 
mice displayed significant increase in P-wave duration (C) and prolongation of the PR interval compared 
to R26CreERT2 littermate controls (D). P values were determined by one-way ANOVA followed by post-
hoc Tukey test. (E-H) Intracardiac atrial electrogram recordings and corresponding surface ECG of 
R26CreERT2 (n=8), Tbx5fl/+;R26CreERT2 (n=18), Gata4fl/+;R26CreERT2 (n=12) and Gata4fl/+;Tbx5fl/+;R26CreERT2 

(n=12) mice. Tbx5 heterozygotes displayed irregular atrial electrogram, consistent with lack of P-wave on 
surface ECG, which is representative of AF (F). A, atrial electrical signal; V, far field ventricular 
electrical signal. (I) Pacing induction by intra-atrial pacing of mice in D-G. AF was reproducibly induced  
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Figure 3-1, continued.  
 
in 11 of 18 Tbx5 heterozygotes (60%) in contrast to 1 of 12 Gata4/Tbx5 compound heterozygotes, 
indicating rescue of atrial arrhythmias. P values were determined by Fisher’s exact test. 
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Figure 3-2. Abnormal atrial cardiomyocyte electrical activity caused by Tbx5 haploinsufficiency 
is rescued by Gata4 haploinsufficiency.  

(A-D) Representative AP recordings from atrial myocytes isolated from R26CreERT2, Tbx5fl/+;R26CreERT2, 
Gata4fl/+;R26CreERT2 and Gata4fl/+;Tbx5fl/+;R26CreERT2 mice 2 weeks after receiving TM. Prolongation of 
phase 2 and 3 of the AP was observed exclusively in Tbx5fl/+;R26CreERT2 mice (B) but not in 
Gata4fl/+;Tbx5fl/+;R26CreERT2 littermates (D), suggesting rescue of AP abnormalities. (E) Corresponding 
properties of AP from mice in A-D. Tbx5 heterozygotes showed significant prolongation of APD90 in 
comparison to R26CreERT2 controls. These defects were completely rescued in Gata4/Tbx5 compound 
heterozygote mice (APD90, P = 0.006). APD50, APD at 50% repolarization; APD90, APD at 90% 
repolarization; Data represent mean ± SEM (n=3-5 animals per genotype; n=9 cardiomyocytes R26CreERT2, 
n=14 Tbx5fl/+;R26CreERT2, n=10 Gata4fl/+;R26CreERT2 and n=13 Gata4fl/+;Tbx5fl/+;R26CreERT2). P values of 
APD50 and APD90 were determined by one-way ANOVA followed by Tukey post-hoc test. (F, G) 
Representative tracings of early after depolarizations (EAD) and delayed after depolarizations (DAD) in 
Tbx5fl/+;R26CreERT2 atrial myocytes. (H) Representative abnormal depolarization events (EAD and DAD) 
observed in atrial myocytes. Reduced Gata4 gene dosage rescued abnormal triggers observed in Tbx5 
haploinsufficient atrial myocytes. Total number of ectopic depolarization events were recorded in  
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Figure 3-2, continued.  
 
R26CreERT2 (n=9), Tbx5fl/+;R26CreERT2 (n=14), Gata4fl/+;R26CreERT2 (n=10) and Gata4fl/+;Tbx5fl/+;R26CreERT2 

(n=13)  atrial myocytes from n > 4 for each genotype. P values of triggers were determined by Fisher’s 
exact test. (I) Schematic representation of the cellular conduction deficits caused by Tbx5 
haploinsufficiency, including AP prolongation and triggered activity and normalization by reduced Gata4 
dose. 
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Figure 3-3. Antagonistic interactions between TBX5 and GATA4 on Atp2a2 and Ryr2 
expression and on a Ryr2 enhancer.  

(A) Relative gene expression by qPCR of known AF calcium genes and calcium interacting proteins from 
left atrium of R26CreERT2 (n=6-10) Tbx5fl/+;R26CreERT2 (n=5-7), Gata4fl/+;R26CreERT2 (n=7-10) and 
Gata4fl/+;Tbx5fl/+;R26CreERT2 (n=9-13) mice 2 weeks after TM treatment. Tbx5 heterozygotes showed 20% 
decrease in Atp2a2 and Ryr2 gene expression, which was normalized in Gata4/Tbx5 compound 
heterozygotes. Data are normalized to GAPDH and relative to R26CreERT2. P values were determined by 
one-way ANOVA followed by Tukey post-hoc test. (B) Relative transcript expression of Pitx2 by qPCR 
in the left atrium of Tbx5 heterozygotes, Gata4 heterozygotes and Gata4/Tbx5 compound heterozygotes 2 
weeks after TM treatment. Data are represented as means ± SEM normalized to GAPDH and relative to 
R26CreERT2 mice (set as 1) (n=6 R26CreERT2, n=5 Tbx5fl/+;R26CreERT2, n=5 Gata4fl/+;R26CreERT2 and n=5 
Gata4fl/+;Tbx5fl/+;R26CreERT2). Experiments were performed in technical duplicates. P value was 
determined by one-way ANOVA followed by post-hoc Tukey test. (C and D) Atp2a2 and Ryr2 genomic 
locus (Mm9) aligned with published ATAC-seq dataset from HL-1 cardiomyocytes and ChIP-seq dataset 
for TBX5 and GATA4. Green rectangle denotes the cis-regulatory regions with overlapping open 
chromatin as well as TBX5 and GATA4 binding motifs. (E-G) In vitro luciferase response assay of 
Atp2a2 and Ryr2 candidate enhancers in HEK293T cells co-transfected with TBX5 and/or GATA4 or 
HL-1 atrial cardiomyocytes and corresponding GATA mutant enhancer. Data are means ± SEM, 
normalized to scrambled vector. Experiments were performed in technical triplicates (n = 5 for Atp2a2 
enhancer; n = 4 for Ryr2 in HEK293T cells and n = 5 for Ryr2 in HL-1 cardiomyocytes). P values were 
determined by one-way ANOVA followed by Tukey post-hoc test.  
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Figure 3-4. Reduced SERCA function caused by Tbx5 haploinsufficiency is rescued by Gata4 
haploinsufficiency in atrial myocytes. 

 (A-D) Representative SERCA2 traces after steady state field stimulation at 1 Hz and application of 
caffeine in the absence of Nao provides a measurement of SR load.  Removal of caffeine, in the absence of 
external Nao provides a measure of SERCA2 mediated SR calcium uptake. (E) SR load, determined from 
peak caffeine transients was diminished in Tbx5fl/+;R26CreERT2 compared to R26CreERT2 and was completely 
rescued in Gata4fl/+;Tbx5fl/+;R26CreERT2 mice (n=49 R26CreERT2, n=47 Tbx5fl/+;R26CreERT2, n=18 
Gata4fl/+;R26CreERT2 and n=30 Gata4fl/+;Tbx5fl/+;R26CreERT2 atrial myocytes from 3-5 mice for each 
genotype). P values were determined by one-way ANOVA followed by post-hoc Tukey test.  (F) SERCA 
activity, determined from the maximal rate of calcium decay was diminished in Tbx5fl/+;R26CreERT2 
compared to R26CreERT2 and normalized by Gata4 haploinsufficiency. P values were determined by one-
way ANOVA followed by post-hoc Tukey test. (G) Schematic representation of calcium homeostasis in 
control atrial myocytes, how it is disrupted by Tbx5 haploinsufficiency and rescued by decreasing Gata4 
gene dosage.   
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Figure 3-5. Normalization of SERCA2 function eliminates AF susceptibility in 
Tbx5fl/+;R26CreERT2.  

(A-D) Representative SERCA2 traces of R26CreERT2 (A), Tbx5fl/+;R26CreERT2 (B), Pln+/-;R26CreERT2 (C), and 
Tbx5fl/+;Pln+/-;R26CreERT2 (D) atrial myocytes.  (E, F) Representative SR load and SERCA2 measurements 
from A-D. SR load (E) and SERCA2 function (F) was low in Tbx5fl/+;R26CreERT2 and normalized in 
Tbx5/Pln compound heterozygous mice. (n=43 R26CreERT2, n=40 Tbx5fl/+;R26CreERT2, n=30 Pln+/-

;R26CreERT2, and n=18 Tbx5fl/+;Pln+/-;R26CreERT2 for SR load and SERCA2 measurements, 3-4 mice per 
genotype were analyzed). (G-J) Intracardiac atrial electrogram recordings and corresponding surface 
ECG of R26CreERT2 (n=9), Tbx5fl/+;R26CreERT2 (n=6), Pln+/-;R26CreERT2 (n=8) and Pln+/-;Tbx5fl/+; R26CreERT2 

(n=7) mice. Tbx5 heterozygotes displayed irregular atrial electrogram, representative of AF (H). A, atrial 
electrical signal; V, far field ventricular electrical signal. (K) Pacing induction by intra-atrial pacing of 
mice in G-J. AF was reproducibly induced in 4 of 6 Tbx5 heterozygotes (60%) in contrast to 0 of 7 
Pln/Tbx5 compound heterozygotes, indicating complete rescue of atrial arrhythmias. P values were 
determined by Fisher’s exact test; *P < 0.05. (L) Schematic representation of calcium homeostasis in 
control atrial myocytes, how it is disrupted by Tbx5 haploinsufficiency and rescued by decreasing Pln 
gene dosage. 
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Figure 3-6. TBX5 and GATA4 are key regulators of atrial calcium homeostasis.  

Schematic representation of proteins involved in Ca2+ handling of atrial myocytes. In the healthy atrium, 
calcium homeostasis is maintained through a tight balance between Ca2+ fluxes across the membrane. 
Reducing Tbx5 gene dosage in the adult heart results in depressed Atp2a2 expression and SERCA2 
function, affecting SR Ca2+ influx. Abnormal Ca2+ handling leads to Ca2+ accumulation in the cytosol, 
contributing to ectopic atrial activity, prolonged APs and atrial arrhythmias observed with adult-specific 
Tbx5 haploinsufficiency. Reducing Gata4 gene dosage rescues Atp2a2 expression, SERCA2 function and 
SR Ca2+ uptake, restoring sinus rhythm. SERCA2 and its inhibitory protein PLN play a fundamental role 
in Ca2+ handling within atrial myocytes. Reducing Pln gene dosage, as a means to modulate SERCA2 
function, normalizes SERCA2 activity and SR Ca2+ uptake, resulting in restoration of sinus rhythm in 
combined Tbx5/Pln haploinsufficiency. NCX, sodium-calcium (Na+/Ca2+) exchanger; PLN, 
phospholamban; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; SR, sarcoplasmic reticulum. 
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Supplemental Figure 3-1.1. Combined Gata4 (or Tbx5) and Nkx2-5 haploinsufficiency does not 
affect adult atrial rhythm. 

 (A) Relative transcript expression by qPCR in the left atrium of Nkx2.5 heterozygotes, Tbx5/Nkx2.5 and 
Gata4/Nkx2.5 compound heterozygotes and Gata4/Tbx5/Nkx2.5 triple heterozygotes 2 weeks after TM 
treatment. Data are represented as means ± SEM normalized to GAPDH and relative to R26CreERT2 mice 
(set as 1) (n=5-7 R26CreERT2, n=3-4 Nkx2.5fl/+;R26CreERT2, n=3-4 Tbx5fl/+;Nkx2.5fl/+;R26CreERT2, n=4 
Gata4fl/+;Nkx2.5fl/+;R26CreERT2 and n=4 Tbx5fl/+;Gata4fl/+;Nkx2.5fl/+;R26CreERT2). Experiments were 
performed in technical duplicates. P value was determined by one-way ANOVA followed by post-hoc 
Tukey test; *P < 0.05 was considered significant. (B, C) P-wave duration and PR interval calculated from 
ambulatory telemetry ECG recordings from R26CreERT2 (n=12), Nkx2.5fl/+;R26CreERT2 (n=8), 
Tbx5fl/+;Nkx2.5fl/+;R26CreERT2 (n=5), Gata4fl/+;Nkx2.5fl/+;R26CreERT2 (n=4) and 
Gata4fl/+;Tbx5fl/+;Nkx2.5fl/+;R26CreERT2 (n=5) mice. P values were determined ANOVA followed by post-
hoc Tukey test. (D-G) Representative Poincare plot of RR interval (RRn) against the subsequent beat 
(RRn + 1) (n=7 for R26CreERT2, n=5 Tbx5fl/+;R26CreERT2, n=6 Gata4fl/+;R26CreERT2, n=6 Nkx2.5fl/+;R26CreERT2, 
n=7 Gata4fl/+;Tbx5fl/+;R26CreERT2, n=5 Tbx5fl/+;Nkx2.5fl/+;R26CreERT2, n=6 Gata4fl/+;Nkx2.5fl/+;R26CreERT2 and 
n=5 Gata4fl/+;Tbx5fl/+;Nkx2.5fl/+;R26CreERT2  mice). 
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Supplemental Figure 3-1.2. Adult Tbx5 heterozygotes have spontaneous atrial arrhythmias under 
anesthesia.  

(A) Pacing induction by intra-atrial pacing of Tbx5fl/+;R26CreERT2 mice showing episodes of spontaneous 
AF or AT. 5 of 11 (45%) Tbx5fl/+;R26CreERT2 mice developed spontaneous atrial arrhythmias (B-D) 
Intracardiac atrial electrogram recordings and corresponding surface ECG of R26CreERT2 (B), 
andTbx5fl/+;R26CreERT2 mice (C, D) with paroxysmal AF (C) or spontaneous atrial tachycardia (D) 2 weeks 
post-TM treatment. Paroxysmal AF was observed in 3 of 11 and Tbx5fl/+;R26CreERT2 mice while 
spontaneous AT occurred in 2 of 11 Tbx5fl/+;R26CreERT2 mice. A, atrial electrical signal; AF, atrial 
fibrillation; AT, atrial tachycardia; pAF, paroxysmal AF; sAT, spontaneous atrial tachycardia; V, far field 
ventricular electrical signal.   
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Supplemental Figure 3-1.3. Left ventricular function of Tbx5fl/+;R26CreERT2 adult mice is not 
changed. 

 (A-D) M-mode echocardiography from R26CreERT2 (A), Tbx5fl/+;R26CreERT2 (B), Gata4fl/+;R26CreERT2 (C) 
and Tbx5fl/+;Gata4fl/+;R26CreERT2 (D) mice 2 weeks post-TM treatment. Surface ECGs are represented at 
the bottom. N = 3-4 mice per genotype. (E) Left ventricular ejection fraction (LVEF) was calculated from 
the M-mode images. P values were calculated from ANOVA followed by post-hoc Tukey test. 
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Supplemental Figure 3-1.4. Combined Gata4 (or Tbx5) and Nkx2.5 haploinsufficiency does not 
increase susceptibility to AF.  

(A-F) Intracardiac atrial electrogram recordings and corresponding surface ECG of R26CreERT2 (n=9), 
Nkx2.5fl/+;R26CreERT2 (n=8), Tbx5fl/+;Nkx2.5fl/+;R26CreERT2 (n=8), Gata4fl/+;Nkx2.5fl/+;R26CreERT2 (n=12) 
Gata4fl/+;Tbx5fl/+;Nkx2.5fl/+;R26CreERT2 (n=6) mice. A, atrial electrical signal; V, far field ventricular 
electrical signal. (F) Pacing induction by intra-atrial pacing of mice in A-H. P values were determined by 
Fisher’s exact test; *P < 0.05 and **P < 0.01. 
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Supplemental Figure 3-3.1. Decreased expression of potassium channels in Tbx5 heterozygotes 
is not rescued by Gata4 haploinsufficiency. 

 (A-H) Relative transcript expression by qPCR of known AF potassium genes from left atrium of 
R26CreERT2 (n=6) Tbx5fl/+;R26CreERT2 (n=5), Gata4fl/+;R26CreERT2 (n=7) and Gata4fl/+;Tbx5fl/+;R26CreERT2 

(n=9) mice 2 weeks after TM treatment. Tbx5fl/+;R26CreERT2  mice showed a 20-30% reduction in Kcnj3, 
Kcnj5 and Kcnh2 gene expression, and was not normalized in Gata4fl/+;Tbx5fl/+;R26CreERT2 mice. Data are 
normalized to GAPDH and relative to R26CreERT2. P values were analyzed with one-way ANOVA 
followed by post-hoc Tukey test. 
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Supplemental Figure 3-3.2. Nucleotide sequence of the 5’-upstream region of the mouse Atp2a2 
gene.  

 Atp2a2 enhancer located 19Kb upstream of the start site (mm9 Chr5: 122970476-122971591) with 
GATA and TBX canonical binding sites shown in blue and green.  
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Supplemental Figure 3-3.3. Nucleotide sequence of the 5’-upstream region of the mouse Ryr2 
gene.  

Ryr2 enhancer located 24Kb upstream of the start site (mm9 Chr13: 12223550-12226563) with GATA 
and TBX canonical binding sites shown in blue and green.  
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Supplemental Figure 3-4. Diastolic calcium levels are unaltered in Tbx5fl/+;R26CreERT2.  

(A, B) Representative diastolic calcium traces after Fura-2 AM staining. (C) [Ca]I, determined by 
dividing fluorescence emission following 340 nm excitation by 380 nm excitation, was unchanged in 
Tbx5fl/+;R26CreERT2 compared to littermate controls (n = 3 mice per genotype). (D) SERCA activity was 
decreased at all levels of calcium Tbx5fl/+;R26CreERT2 compared to littermate controls and normalized in 
Gata4/Tbx5 compound heterozygotes. P values were calculated using an ANOVA followed by post-hoc 
Tukey test. (* Tbx5fl/+;R26CreERT2 versus R26CreERT2 mice; § Tbx5fl/+;R26CreERT2 versus 
Gata4fl/+;Tbx5fl/+;R26CreERT2 mice). 
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 Primers 

Gene Forward  Reverse  

Tbx5 GGCATGGAAGGAATCAAGGT CTAGGAAACATTCTCCTCCCTGC 

Gata4 AAACGGAAGCCCAAGAACCTGAAT GAGCTGGCCTGCGATGTCTAGGTG 

Nkx2.5 ACATTTTACCCGGGAGCC GGCTTTGTCCAGCTCCAC 

Ryr2 CAAATCCTTCTGCTGCCAAG  CGAGGATGAGATCCAGTTCC  

Atp2a2 CTGGTGATATAGTGGAAATTGCTG  GGTCAGGGACAGGGTCAGTA  

Sln CTGAGGTCCTTGGTAGCCTG  GGTGTGTCAGGCATTGTGAG  

NCX TTCTCATACTCCTCGTCATCG TTGAGGACACCTGTGGAGTG 

CamK2B ACCCTCTACTTTCTCTCCTCC ACTTTGGTGTCTTCGTCCTC 

Pln TTATGCCAGGACGGCAAAAG CACTGTGACGATCACCGAAG 

Cacna1c CTACAGAAACCCATGTGAGCAT CAGCCACGTTGTCAGTGTTG 

Kcnj3 GCTGGCAACTACACTCCCTG AACATGCAGCCGATGAGGAA 

Kcnj5 TGTAAGAGCTCCGTGCTTGG TGTGGAGATGTCTCGTGCTC 

Kcna5 AAAATTGGAGACGATGACGG ATGAGGCCCATCACTGTAGG 

Kcnd3 GGGTGGCAGGCAGGTTAGA CCTGCTGCTCCCGTCGTA 

Kcnh2 ATGGCTCAGATCCAGGCAGTTA  CAAGGAGAGCGGTCAGGTAATG 

Kcnk2 TGGCTACGGGTGATCTCTAAG GCTGGAACTTGTCGTAGATCTC 

Kcnn3 CAAGAATGCCGCCGCCAATGTC CCAGGCTGCCAATCTGCTTTTC 

Kcnq1 GAGGATAGGAGGCCAGACCA AAGTACTGCATGCGCCTGAT 
 

Discussion 

We report that TBX5 and GATA4, both implicated in human AF, genetically interact in 

mice for atrial rhythm control with unanticipated results. Surprisingly, reducing Gata4 gene 

dosage rescued defects caused by Tbx5 haploinsufficiency, including atrial arrhythmias, prolonged 

APs, abnormal ectopic cellular depolarizations, sarcoplasmic reticulum Ca2+ load and SERCA 
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calcium flux. Rescue of both P-wave prolongation and ectopic cardiomyocyte depolarizations 

suggests that Gata4 haploinsufficiency may rescue both the vulnerable substrate and arrhythmia 

trigger propensity caused by Tbx5 haploinsufficiency. The identification of SERCA function as 

the nexus of the Tbx5/Gata4 genetic interaction suggested the more general hypothesis that 

calcium flux deficits caused by Tbx5 haploinsufficiency were the primary mechanism for the 

observed atrial rhythm disturbance. This hypothesis is supported by the ability of reduced dose of 

phospholamban (pln), encoding a direct binding SERCA inhibitor, to also rescue the Tbx5 

heterozygote phenotype. By providing insights into the co-regulation of atrial rhythm and calcium 

homeostasis by TBX5 and GATA4, this work illuminates complex genetic interactions that will 

undergird efforts towards personalized care in human rhythm control. The work also identifies 

SERCA calcium flux as the pathophysiologic basis of increased AF risk caused by decreased Tbx5 

dose, and therefore a possible pathophysiologic mechanism germane to AF risk more generally. 

 We defined a calcium handling network underlying cardiomyocyte prolonged action 

potentials and ectopy observed with decreased Tbx5 dose and rescued by reduced Gata4 dose. We 

hypothesized that normalization of SERCA expression caused normalization of AP duration and 

elimination of ectopic depolarization events. Consistently, reduction in Atp2a2 expression, 

SERCA activity and SR Ca2+ load observed in Tbx5 haploinsufficient mice were all rescued by 

Gata4 haploinsufficiency (Figure 4). Recent studies investigating the cellular mechanisms of AF 

have suggested that abnormal atrial calcium handling contributes to AF pathogenesis, contributing 

to trigger formation 87, 88, 175, 177. While SR calcium content is affected by both SERCA uptake and 

RYR2-mediated calcium leak, our previous study suggested that Ryr2 binding was not affected in 

Tbx5 knockout mice, suggesting a primary role of SERCA in TBX5-dependent calcium 

dysfunction 45. Consistent with this model, increased SERCA activity by reduced PLN, a SERCA 
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inhibitor, rescued the Tbx5 haploinsufficient phenotype (Figure 5).  Human PLN mutations have 

been previously linked to AF and cardiomyopathy 178-180. Reductions in SERCA2 

expression/activity or enhancement of the inhibitory effects of PLN are also hallmarks of heart 

failure (HF) 181, 182. Interestingly, PLN inhibition has been shown to alleviate cardiomyopathy in 

several animal models and improve cardiomyocyte contractility in patients with HF 183-185. Here 

we show that decreased Pln dose can rescue the arrhythmogenic phenotype caused by Tbx5 

haploinsufficiency, by restoring SERCA function and normalizing SR Ca2+ content (Figure 4 and 

6). Zhu et al observed rescue of heart failure and ventricular SERCA function following ablation 

of PLN in Tbx5vdel/+ mice 186.  TBX5 therefore regulates SERCA in both the atria and ventricles 

for both cardiac function and rhythm.  The observation that decreased Pln normalizes SR Ca2+ 

uptake and SERCA activity in a mouse model of AF provides a direct molecular link between 

calcium flux perturbations observed in HF and AF risk, which are strongly associated, regardless 

of genetic background. These observations suggest that PLN inhibition, and more generally the 

modulation of SR calcium flux, may be considered as possible therapeutic approaches for the 

treatment of AF in HF. 

Understanding of the genetic basis of cardiac rhythm control has benefited greatly from 

highly powered genome-wide association studies, which have identified over 100 loci contributing 

to the heritability of AF. A mechanistic and actionable understanding of how the identified loci 

affect cardiac rhythm control requires the transition from genetic implication to functional 

investigation 187. The implication of the cardiogenic TFs TBX5, GATA4 and NKX2-5 by GWAS is 

an exciting feature, suggesting a shared transcriptional kernel in cardiac development and adult 

cardiac rhythm control. In the context of cardiac development, Tbx5, Gata4, and Nkx2-5 interact 

genetically in a synergistic fashion, their encoded TFs physically associate, and they cooperatively 
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drive embryonic cardiac gene expression (33-44).  These detailed studies provided a clear 

paradigm for the cooperative interaction between these TFs in adult rhythm control. Remarkably, 

we find that these TFs interact very differently in the adult mouse: Tbx5 and Gata4 act oppositely, 

and Nkx2-5 has no appreciable impact.   

Understanding how TBX5 and GATA4 levels are integrated at the molecular level to afford 

genetic rescue of the Tbx5 mutant phenotype by reduced Gata4 activity will be essential for AF 

risk prediction. We identified an enhancer at Ryr2 that molecularly integrates GATA4 and TBX5 

with opposite activity. Previous work has characterized multiple promoters or enhancers co-

regulated by TBX5 and GATA4, and in each case positive interactions were observed, either 

additive or synergistic 153, 156-161.  However, GATA4 has been reported to possess repressive 

molecular activity on cardiac enhancers in a few cases. For example, GATA4 recruits Hdac1/2 to 

deacetylate specific atrioventricular canal loci, thereby repressing AV canal identity during cardiac 

chamber development 157. GATA4 can also cooperate with β-catenin on TCFL2-enahncers in the 

adult heart, to maintain normal homeostasis through repression of TCFL2-driven loci 188.  

Therefore, GATA4 harbors repressive potential in some contexts in the heart. Here, we identified 

a novel repressive role for GATA4 at an enhancer of Ryr2, on which GATA4 opposes TBX5-

dependent activation (Figure 3). We observed that TBX5 activation and GATA4 antagonism of 

the Ryr2 enhancer was dependent on GATA-binding sites in HL-1 cells but not HEK293T cells. 

One possibility for these different results is the distinct physiological conditions of these cell lines. 

Because HEK cells lack endogenous expression of TBX5 and GATA4, TF overexpression may 

overcome the effect of the binding site mutation because TBX5 and GATA4 physically interact 

153. In contrast, HL-1 cells, possessing endogenous physiologic expression of the cardiogenic 

kernel of TFs, including TBX5 and GATA4, may be more sensitive to the necessity of the GATA 
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binding sites. It remains to be elucidated how GATA4 antagonizes TBX5-dependent function in 

the adult atrium, perhaps by recruiting repressive chromatin remodeling enzymes or cardiac co-

repressors. None-the-less, our observations provide a model for the integration of TBX5 and 

GATA4 dose on gene expression by the opposite modulation of single target gene enhancers. 

Understanding the molecular mechanisms underlying the opposite action of TBX5 and GATA4 

on cardiac gene expression will improve our understanding of the molecular basis of adult cardiac 

rhythm control.   

This work unveiled complex genetic interactions between genes individually implicated in 

AF by human genetic studies. The opposite sign with which decreased Gata4 dose impacted AF 

risk in the context of decreased Tbx5 dose indicates the importance of unveiling specific genetic 

interactions between genetic risk loci for understanding the combined impact of genetic variants 

across genomes for disease risk prediction. Human genetic studies have been underpowered for 

the identification of multigenic interactions to date, highlighting the importance of gene-gene 

interactions studies in model systems like those included in this study. This work suggests that 

interaction studies between genetic risk loci will be an essential component of understanding 

personalized risk from genetic association studies.    



95 
 

Chapter IV: ZO-1 regulates intercalated disc composition and atrioventricular node 

conduction  

Note: The following section titled “A calcium transport mechanism for atrial fibrillation” is 

reproduced verbatim, with the exception of figure renumbering from my published article (Dai et 

al., Circulation Research. 2020;127:e28–e43) This material is distributed under the terms of the 

CC BY-NC 4.0 Unported license (https://creativecommons.org/licenses/by-nc/4.0/). 

Authors: Wenli Dai, Rangarajan D. Nadadur, Jaclyn A. Brennan, Heather L. Smith ,Kaitlyn M. 
Shen, Margaret Gadek, Brigitte Laforest, Mingyi Wang, Joanna Gemel, Ye Li, Jing Zhang, 
Bruce D. Ziman, Jiajie Yan, Xun Ai, Eric C. Beyer, Edward G. Lakata, Narayanan Kasthuri,  
Igor R. Efimov, Michael T. Broman, Ivan P. Moskowitz, Le Shen§ and Christopher R. Weber§  
§ Co-corresponding authorship 

Abstract 

Rationale: Zona occludens 1 (ZO-1), encoded by the Tight Junction Protein 1 (TJP1) gene, is a 

regulator of paracellular permeability in epithelia and endothelia. ZO-1 interacts with the actin 

cytoskeleton, gap and adherens junction proteins, and localizes to intercalated discs in 

cardiomyocytes. However, the contribution of ZO-1 to cardiac physiology remains poorly 

defined. Objective: We aim to determine the role of ZO-1 in cardiac function.  Methods and 

Results: Inducible cardiomyocyte-specific Tjp1 deletion mice (Tjp1fl/fl; Myh6Cre/Esr1*) were 

generated by crossing the Tjp1 floxed mice and Myh6Cre/Esr1* transgenic mice. Tamoxifen-

induced loss of ZO-1 led to atrioventricular (AV) block without changes in heart rate, as 

measured by electrocardiogram (ECG) and ex vivo optical mapping. Mice with tamoxifen-

induced conduction system specific deletion of Tjp1 (Tjp1fl/fl; Hcn4CreERt2) developed AV 

block while tamoxifen-induced conduction system deletion of Tjp1 distal to the AV node 

(Tjp1fl/fl; Kcne1CreERt2) did not demonstrate conduction defects. Western blot and 

immunostaining analyses of AV nodes showed that ZO-1 loss decreased connexin (Cx) 40 
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expression and intercalated disc localization. Consistent with the mouse model study, 

immunohistochemical staining showed that ZO-1 is abundantly expressed in the human AV 

node, and colocalizes with Cx40. Ventricular conduction was not altered despite decreased 

localization of ZO-1 and Cx43 at the ventricular intercalated disc and slightly decreased left 

ventricular ejection fraction, suggesting ZO-1 is differentially required for AV node and 

ventricular conduction. Conclusion: ZO-1 is a key protein responsible for maintaining 

appropriate AV node conduction through maintaining gap junction protein localization.  
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Introduction 

ZO-1, encoded by the TJP1 gene, is a cytoplasmic scaffolding protein critical to the 

function of the apical junctional complex70, 189, 190. Its essential function as a regulator of 

paracellular permeability is well recognized190, 191. In addition to binding to transmembrane 

proteins that dictate paracellular permeability192-194, ZO-1 can bind to the actin cytoskeleton and 

the adherens junction component, α-catenin192, 195-198. Although ZO-1 is widely expressed in 

multiple cell types, its function has mostly been studied in epithelial and endothelial cells72, 191, 

199. 

  While its function in the heart remains poorly defined200, ZO-1 is known to be enriched at 

the myocardial intercalated disc37, 73, 75, 201, which contains multiple components, including gap 

junctions, adherens junctions, and desmosomes37.  ZO-1 has been shown to bind to multiple 

intercalated disc proteins, including Coxsackie and adenovirus receptor (CAR)77 and gap 

junction proteins Connexin (Cx) 35, 36 , 43, 45 and 4073, 78-80, 202, and vinculin203. In addition, 

loss of ZO-1 binding partners Cx43, CAR, α-catenin, or vinculin in cardiomyocytes all disrupt 

heart function204-208 and loss of CAR results in decreased ZO-1 localization at the intercalated 

disc205, 206. Taken together, these data suggest ZO-1 may be required for intercalated disc 

structure and function. 

Given previous studies suggesting the importance of ZO-1 at the intercalated disc37, 76, we 

sought to understand how ZO-1 might affect cardiac physiology. To circumvent the embryonic 

lethality of constitutive total body ZO-1 knockout209, we developed inducible heart-specific Tjp1 

deletion mouse models that allow for interrogation of the role for ZO-1 in the adult myocardium 

and conduction system. We show that ZO-1 is critical to AV nodal conduction and only 
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modestly contributes to ventricular myocardial function. These data shed insight into the role of 

ZO-1 and potentially other ZO-1 associated proteins in heart physiology. 

Methods 

Generation of adult, cardiac specific ZO-1 deficient mice: All protocols were approved by The 

University of Chicago Institutional Animal Care and Use Committee. Tjp1 floxed mice 

(Tjp1tm2c(KOMP)Wtsi, MGI:6272009) were described previously71, 210. These mice were bred with 

mice expressing a tamoxifen inducible Cre recombinase driven by the Myh6 (B6.FVB(129)-

A1cfTg(Myh6-cre/Esr1*)1Jmk/J, MGI:3050453)211, Hcn4 (Tg(Hcn4-cre/ERT2)1Yzhao, 

MGI:5562295)212 , or Kcne1 (Tg(Kcne1-cre/ERT2)1Imos, MGI:5301931)213 promoter. To 

induce recombination, both male and female mice were injected with tamoxifen at 6-8 weeks of 

age as previously described138. Tjp1fl/fl littermates with no Cre were also dosed with tamoxifen 

and used as controls.  

Gene expression analysis: Left ventricular tissue was harvested from anesthetized mice. RNA 

extraction, reverse transcription, and quantitative real time PCR was performed as previously 

described47. Mouse Tjp1 expression was measured by quantitative real-time PCR with exon 3 

spanning primers specific to the deletion, F: 5’-TTTCAGAGTGGGGAAACCTCC-3’, R: 5’-

CACTCTTCCTTAGCTGCTGAAC-3’. Transcript abundance was normalized to Gapdh.  

Western blot analysis: Following heart harvest, left ventricular and AV node was identified and 

dissected under a dissecting microscope. These tissues were processed and tissue homogenates 

were made as previously described214. Bradford assay was used to determine the protein 

concentration of the homogenates and 25 g of protein was loaded onto 5% (homemade) or 4-

20% (Bio-rad) acrylamide gels for separation by SDS-PAGE. Immunoblotting and detection 
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were performed as previously described214. Mouse anti-ZO-1 antibody (Thermo Fisher, 

Waltham, MA, Catalog # 339100) and Rabbit anti-GAPDH (Cell Signaling Technology, Catalog 

#5174) were used at 1:1000 dilution. CAR (Santa Cruz Biotechnology, Catalog #sc-373791), 

Cx40 (Thermo Fisher Scientific, Catalog # 37-8900), β-catenin (Cell Signaling Technology, 

Catalog #9562), and HCN4 (Abcam, Catalog #ab32675) were used at 1:300 dilution. Mouse, 

Rat, and Rabbit HRP conjugated secondary antibodies were used at 1:1000 dilution (Cell 

Signaling Technology, Catalog #7076, 7077, 7074 respectively).  

Electrocardiogram recordings: ECGs were recorded as previously described45, 47, 168. Briefly, 

mice were implanted with subcutaneous telemetry transmitters and recorded over 48 hours 

(ETA-F10; Data Science International, St. Paul, MN)168. Arrhythmia analysis and measurement 

of ECG intervals were carried out using Ponemah Physiology Platform software (Data Science 

International, St. Paul, MN).  

In vivo electrophysiology: In vivo electrophysiology was performed as previously described47. A 

right internal jugular venous approach was used on anesthetized mice to make recordings from 

the atrium, His bundle and ventricle via a Scisense 1.9 F octapolar catheter with 0.5 mm spacing 

(Transonic, Ithica, NY) connected to ADI BioAmp and PowerLab apparatus (ADInstruments, 

Colorado Springs, CO). Data were recorded using LabChart Software (ADInstruments). Atrial 

and ventricular pacing protocols were driven by a custom Python-based pacing program. 

Effective refractory periods were measured using 8-beat S1 drive trains followed by a single 

extra-stimulus.  

Echocardiography: Echocardiography was performed on anesthetized mice as previously 

described47. The heart was imaged with a Vevo 770 ultrasound (VisualSonics, Toronto, Canada) 
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using a 30 MHz high-frequency transducer. Two-dimensional images were recorded in the 

parasternal long- and short-axis projections at the mid-papillary muscle level in both views. Left 

ventricular internal diameters, septal wall thickness, and posterior wall thickness were measured 

in at least three beats from each projection and averaged, and fractional shortening was 

calculated, and used to calculate left ventricular ejection fraction.  

Ex vivo optical mapping: Optical mapping was performed as previously described47 using an 

approved George Washington University animal protocol. Hearts were isolated and prepared as 

previously described215. Briefly, a midsternal incision was performed on the mice, and hearts 

were excised and mounted on a Langendoff apparatus for retrograde perfusion and superfusion 

with warmed (37 °C) and oxygenated (95% O2/ 5% CO2) Tyrode’s solution (in mM: 128.2 NaCl, 

4.7 KCl, 1.05 MgCl2, 1.3 CaCl2, 1.19 NaH2PO4, 20 NaHCO3, 11.1 Glucose). Each isolated heart 

was pinned at the apex to bottom of the chamber to prevent stream-induced movement. After 

pinning the right atrial and left atrial appendages, the excitation-contraction uncoupler 

blebbistatin (10 μM, Bio-techne, Minneapolis, MN) was used to eliminate motion artifacts from 

the optical signals. Langendorff-perfused hearts were stained in line with perfusion with the 

voltage-sensitive dye di-4-ANEPPS (30 μl of a 2.6 mM stock solution dissolved in DMSO). 

Epicardial depolarization was measured by illuminating the tissue preparation with a 520 nm 

LED light. Emitted light was recorded through a 650 nm long-pass filter by a MiCAM Ultima-L 

CMOS camera (SciMedia) with high spatial (100 x 100 pixels, 230 ± 20 μm/pixel) and temporal 

(1000–3000 frames/s) resolution. The acquired fluorescent signal was analyzed with custom-

developed software216. 

Immunofluorescence staining: 5 µm thick cryosections of mouse left ventricular tissue or 10 µm 

AV node containing tissue were fixed (1% PFA), washed (1xPBS), quenched (50 mM NH4Cl), 
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permeabilized (0.5% NP-40), and stained with primary antibody as previously described217. 

Antibodies were used against the following intercalated disc proteins: ZO-1 (Thermo Fisher 

Scientific, Catalog # 339100), ZO-2 (Thermo Fisher Scientific, Catalog #71-1400 ), Cx43 (Cell 

signaling technology, Catalog # 3512), JUP (Abcam Catalog #ab11799), Nav1.5 (Abcam, 

Catalog #ab56240), β-catenin (Cell Signaling Technology, Catalog #9562), N-cadherin (Thermo 

Fisher Scientific, Catalog #333900), CAR (Santa Cruz Biotechnology, Catalog #sc-373791), 

Cx45 (Thermo Fisher Scientific, Catalog #PA5- 77357), Cx40 (Thermo Fisher Scientific, 

Catalog # 37-8900), CD31 (Antio-Proteomie, Catalog # mAP-0032). The sections were then 

stained with Alexa Fluor dye conjugated secondary antibodies (Jackson ImmunoResearch 

Laboratories, Inc, Catalog #s 711-586-152,715-546-151), phalloidin (Thermo Fisher Scientific, 

Catalog# A22287), and Hoechst 33342 (Thermo Fisher Scientific, Catalog# 953557). ProLong 

Gold (Thermo Fisher Scientific, Catalog# P36934) was used for mounting. Fluorescence images 

were taken using an IX81 Olympus microscope (Olympus, Waltham, MA) with 20x or 40x air or 

oil immersion objectives. Quantification was performed in MetaMorph Image Analysis Software 

(Molecular Devices, San Jose, CA) with linescan of the fluorescence signal across the width of 

the intercalated disc. Blinded imaging and quantification were performed using identical 

exposures and matched imaging and processing conditions.  

Immunohistochemistry: Immunohistochemical staining for ZO-1 was performed using anti-ZO-1 

(Thermo Scientific, Cat#339100, mouse monoclonal antibody, Clone: ZO-1-1A12,) on formalin 

fixed paraffin embedded mouse heart sections. After deparaffinization and rehydration, tissue 

sections were treated with antigen retrieval solution (Agilent, Santa Clara, CA) in a steamer for 

20 minutes. MOM blocking kit (Vector Laboratories, Burlingame, CA) was used. Anti-ZO-1 

antibody (1:50) was applied on tissue sections for one hour incubation at room temperature in a 
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humidity chamber. Following PBS wash, the antigen-antibody binding was detected with 

Envision+ system (Agilent) and DAB+ chromogen (Agilent). Tissue sections were 

counterstained with hematoxylin and mounted. Hematoxylin and eosin stain218 and trichrome 

stain (Millipore-Sigma, St. Louis, MO) were performed using standard protocols. Slides were 

imaged using a Leica DM2000 Microscope (Leica Microsystems, Wetzlar, Germany) with a 

ProgRes C14plus color digital camera (Jenoptik, Jena, Germany). 

Use of human atrial tissue: Human heart tissue was collected from organ donors (that were not 

used for heart transplantation, but had no history of major cardiovascular diseases and had 

normal cardiac function) provided by Illinois Gift of Hope Organ & Tissue Donor Network 

(GOH). The studies were approved by the Human Study Committee of Rush University. The AV 

node containing region was dissected out and fixed with formalin. Immunofluoresence and IHC 

staining of AV node slides were performed using anti ZO-1 (described above) and anti-Cx40 

(Thermo Fisher Scientific, Catalog # 37-8900) antibodies with the secondary antibodies 

described above. Immunofluoresence images were obtained using an Olympus IX81 Inverted 

Widefield Microscope (Olympus, Waltham, MA). 

Transmission Electron Microscopy: AV node and surrounding tissues were dissected from mice 

two weeks post tamoxifen treatment. Tissues were fixed, embedded, sectioned and mounted onto 

carbon grids as previously described with the following differences219. For primary fixation, 2% 

glutaraldehyde and 4% paraformaldehyde in 0.1M sodium cacodylate buffer was used. 1% 

Osmium Tetroxide was used for secondary fixation. Polymerization was done at 60ºC for 48 

hours in a vacuum oven. 60 nm thickness sections were cut and mounted on carbon-coated 

copper grids. Brief staining in 100% Uranyl Acetate and Lead Citrate was performed. Semi-thin 
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sections used for Toluidine blue staining were cut at 300 nm. Images were taken with a JEM-

1400 Plus electron microscope (JEOL, Tokyo, Japan).  

Statistics: Data are reported as mean ± standard error of the mean (SEM). Statistical analyses 

were performed for paired comparisons using a two-tailed Student’s t-tests unless otherwise 

noted. For count-based quantification of heart-block occurrence, a two-tailed Fisher’s exact test 

was used. Statistical significance is designated as *p<0.05, **p<0.01, and ***p<0.001 in the 

figures. 

Results  

Generation of adult cardiac-specific Tjp1 knockout mice  

ZO-1 is widely expressed in multiple cell types and is a known regulator of paracellular 

permeability in epithelial and endothelial cells70, 72, 189-191, 199. Although ZO-1 localization at the 

intercalated disc is well-documented37, 73, 201, 220, 221, the function of ZO-1 in the heart remains 

poorly defined. Since complete loss of ZO-1 is embryonic lethal at day E11.5 due to vascular 

defects209, we generated inducible tissue-specific knockout models to study cardiac-specific ZO-

1 function. Tjp1 floxed mice were bred with cardiomyocyte-specific (Myh6 promoter) Cre/Esr1* 

transgenic mice (Fig. 1A) 71, 211.  

We first assessed Tjp1 deletion efficiency in the heart. qRT-PCR showed Tjp1fl/fl; 

Myh6Cre/Esr1* heart tissue have decreased Tjp1 exon3 containing mRNA (46 ± 4% decrease, 

p=1e-5) relative to Tjp1fl/fl controls two weeks post-tamoxifen injection (Fig. 1B). In contrast, 

liver expression of Tjp1 mRNA was unchanged between Tjp1fl/fl; Myh6Cre/Esr1* and Tjp1fl/fl mice. 

In the left ventricle, ZO-1 protein was reduced by 69 ± 10% (p=0.007) by western blot (Fig. 1C). 

The partial loss of Tjp1 mRNA and ZO-1 protein in the left ventricle could be due to 1) 
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incomplete Tjp1 locus recombination resulting in incomplete knockout or 2) the presence of non-

cardiomyocyte cells (such as endothelial cells and fibroblasts) not affected by cardiomyocyte 

specific MerCreMer protein activity. To differentiate between these two possibilities, we next 

performed immunofluorescence staining for ZO-1 protein to determine its myocardial-specific 

expression.  ZO-1 expression remained abundant in endothelial cells, as identified by CD31 (Fig. 

1D arrow heads). ZO-1 protein expression at the intercalated discs was significantly reduced (73 

± 8% decrease, p=2e-7) (Fig. 1D,E arrows, F) as measured by peak intensity of 

immunofluorescence staining of ZO-1 at the intercalated disc. These findings support that 

incomplete Tjp1 knockout is due to a combination of both factors discussed above. There were 

no observed differences in cardiomyocyte actin organization or cell morphology.  

Loss of ZO-1 disrupts cardiac conduction 

To study the physiologic role of ZO-1 in the heart, we first monitored mice longitudinally 

by electrocardiogram (ECG) under anesthesia. Five d after tamoxifen treatment, Tjp1fl/fl; 

Myh6Cre/Esr1* mice had significantly prolonged PR interval (80 ± 10% prolongation, p=2e-6) (Fig. 

2A, B), indicating 1st degree AV block. By 10 d post-tamoxifen, 4 of 11 mice (p=0.04, Fisher’s 

exact test) displayed complete dissociation of atrial and ventricular depolarization, indicating 

heart block with junctional escape rhythm compared to none in control mice (Fig. 2C). 

Ambulatory telemetric electrocardiogram recordings were performed to assess RR and PR 

interval variation. At one week post-tamoxifen injection, Poincaré plots of the PR interval 

showed distinct separation between Tjp1fl/fl; Myh6Cre/Esr1* and Tjp1fl/fl control mice (Fig. 2D) and 

average PR interval was significantly prolonged in Tjp1fl/fl; Myh6Cre/Esr1* mice (Fig. 2E). In 

contrast, dispersion of RR interval was similar and average RR interval and heart rate was 

unchanged (Fig. 2F,G). By two weeks post-tamoxifen injection, PR interval was not only 
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prolonged, but highly variable, consistent with 3rd degree heart block with junctional escape 

rhythm. RR intervals remained unchanged (Fig. 2H-K). Neither P wave (10.2 ± 0.8 ms vs. 12.3 ± 

0.7 ms, p=0.18) nor QRS complex durations (8.9 ± 0.4 ms vs. 10.4 ± 0.5 ms, p=0.13) were 

altered between Tjp1fl/fl and Tjp1fl/fl; Myh6Cre/Esr1* mice. Additionally, tamoxifen-injected 

Myh6Cre/Esr1* control mice also did not exhibit PR interval prolongation (PR=32.7 ± 14 ms). To 

confirm the specific location of the conduction defect, intracardiac electrophysiology studies 

were performed. Ten d after tamoxifen injection, the time interval from atrial to bundle of His 

depolarization was increased (A-H Interval, p=0.003, Fig. 2L, M), but the interval from bundle 

of His depolarization to ventricular depolarization was unchanged (H-V Interval, p=0.3, Fig. 2L, 

N). The minimum cycle duration that is capable of maintaining 1:1 atrial to ventricular 

conduction time (Fig. 2O; AV Wenckebach time) was prolonged (p=0.02). Together, A-H 

interval and AV Wenckebach prolongation are indicative of slowed AV nodal conduction. 

Intracardiac pacing studies showed normal atrial and ventricular refractory periods (AERP 

p=0.5, VERP p=0.25, not shown). These data suggest that removal of ZO-1 causes slowed AV 

nodal conduction, but does not alter atrial myocardial conduction, ventricular myocardial 

conduction, or RR interval. 

To assess epicardial depolarization patterns, we performed optical mapping studies. 

Propagation of epicardial depolarization in isolated hearts from mice 20 d post-tamoxifen 

treatment was measured. The overall pattern of atrial and ventricular depolarization was not 

different between Tjp1fl/fl and Tjp1fl/fl; Myh6Cre/Esr1* hearts with only one focus of depolarization 

initiation occurring at or near the sinoatrial node in both genotypes (Fig. 3A).  There were no 

significant differences observed in atrial and ventricular activation times (Fig. 3A, B). However, 
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an increase in AV conduction time was observed, consistent with electrophysiology studies (Fig. 

3 and Fig. 2A, B, L, M, O).  

Tjp1 deletion is associated with modestly decreased heart function. 

Given the observed changes in conduction, we next asked whether loss of cardiomyocyte 

Tjp1 would cause decreased heart function. We measured left ventricular ejection fraction by 

echocardiography over the course of 10 weeks. Ejection fraction was unchanged in Tjp1fl/fl; 

Myh6 Cre/Esr1* compared to Tjp1fl/fl controls in the first 10 d post-tamoxifen. Beginning at 20 d 

post-tamoxifen treatment, average ejection fraction in Tjp1fl/fl; Myh6 Cre/Esr1* mice was slightly 

decreased compared to Tjp1fl/fl controls (16 ± 4%, p=5e-5). (Supplement 1A, B). 40 d post-

tamoxifen injection, the decreased ejection fraction in Tjp1fl/fl; Myh6 Cre/Esr1* mice persisted 

without additional decrease in ejection fraction (Supplement 1B). A repeated measures mixed 

ANOVA was performed and ejection fraction between Tjp1fl/fl and Tjp1fl/fl; Myh6Cre/Esr1* mice 

was significantly different (p=5e-4 and partial eta squared = 0.952). The heart rate was not 

significantly different at any time point (Supplement 1B). Left ventricular systolic and diastolic 

diameters are shown in Supplement 2A-F.  The small and persistent decrease in ejection fraction 

in Tjp1fl/fl; Myh6 Cre/Esr1* mice at >20 d is due predominantly to increased internal diameter during 

systole without reduction in diastolic diameter (Supplement 2D). The change in ejection fraction 

was not accompanied by gross or microscopic changes, including heart size (Supplement 1C), 

heart weight (Supplement 1D), or fibrosis as determined by trichrome staining (Supplement 1E) 

12 weeks after tamoxifen injection. Thus, loss of ZO-1 causes only a small but significant 

change in cardiac function without evidence of gross or histological alterations. 

ZO-1 loss disrupts AV nodal Cx40 and CAR localization and perinodal Cx43 localization 
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Due to AV nodal dysfunction following Tjp1 deletion, we assessed AV node morphology 

and ZO-1 expression in Tjp1fl/fl and Tjp1fl/fl; Myh6Cre/Esr1* mice. Using trichrome staining, we 

identified the AV node, which was not organizationally disrupted in Tjp1fl/fl; Myh6Cre/Esr1* mice 

(Fig. 4A). In Tjp1fl/fl mice, immunohistochemical staining showed ZO-1 was highly expressed at 

the AV node. ZO-1 staining intensity was decreased by 49 ± 10% (p=0.01, n=3 for each group) 

in AV nodes in Tjp1fl/fl; Myh6Cre/Esr1* mice (Fig. 4B). Next, we assessed expression and 

localization of proteins important to AV nodal conduction. HCN4 staining was high in the region 

identified as the AV node via trichrome stain (Fig. 4C,D), further confirming its functional 

specialization. Cx40 and CAR stained the AV node strongly, whereas Cx43 was absent from the 

AV node, but was strongly expressed in the adjacent myocardium (perinodal region) (Fig 4E,F). 

Cx40 and CAR co-staining with the intercalated disc marker β-catenin showed that Cx40 and 

CAR are enriched at intercalated discs of AV nodes (Supplement 3). Cx40 staining intensity 

within the intercalated discs of the AV node was decreased by 70 ± 8% in Tjp1fl/fl; Myh6Cre/Esr1* 

mice (p=0.05, n=3 animals per genotype) (Fig. 4G). Cx43 staining intensity at the intercalated 

discs of perinodal myocardium was decreased by 65 ± 4% in Tjp1fl/fl; Myh6Cre/Esr1* mice 

(p=0.002, n=3 animals per genotype) (Fig. 4H). CAR stained AV nodal cells in a punctate and 

membranous pattern at cell-to-cell junctions, and staining intensity was decreased by 39 ± 6% in 

Tjp1fl/fl; Myh6Cre/Esr1* mice (p=0.01, n=3 animals per genotype) (Fig. 4I). Cx45, NaV1.5, β-

catenin and N-cadherin staining intensity were not changed in the AV node (Supplement 4). 

To determine whether overall Cx40 and CAR protein abundance is altered, we performed 

western blot for ZO-1, Cx40, and CAR using homogenates of dissected AV nodes.  AV nodal 

tissue dissection was confirmed by enrichment of HCN4 in AV nodal tissue relative to 

ventricular tissue (Fig. 4J). We observed that ZO-1 and Cx40 protein abundance was decreased 
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by 50 ± 6% (p=.009) and 59 ± 11% (p=.04) respectively in dissected AV nodal regions of 

Tjp1fl/fl; Myh6Cre/Esr1* mice at 2 weeks of age (Fig. 4K,L). CAR protein abundance also showed a 

downward trend, but it did not reach statistical significance, (Fig. 4K,L).  Similar to 

immunofluorescence staining results, β-catenin protein abundance was also not changed (Fig. 

4K,L).  We further tested if similar changes could also occur in ventricular myocardium distant 

from the AV node.  At the ventricular intercalated disc, Cx43 and CAR localization was 

significantly decreased, but β-catenin distribution was unaltered, as assessed by 

immunofluorescent staining (Supplement 5). 

We next examined whether changes in AV node protein localization and total expression 

would yield discernable AV node ultrastructural changes. Transmission electron microscopy 

(TEM) was performed on AV node containing sections, as determined by Toluidine blue staining 

(Supplement 6 A,B). No discernable differences in overall AV node architecture or in the 

appearance of the intercalated disc were noted between Tjp1fl/fl; Myh6Cre/Esr1* and control mice at 

2 weeks of age (Supplement 6 C,D)   

ZO-1 and Cx40 colocalize in human AV nodes 

Similar to our observation of high ZO-1 abundance in mouse AV nodes, we found ZO-1 

is also highly expressed in AV nodes of humans (Fig. 5A,B).  It is also expressed at intercalated 

discs of atrial and ventricular cardiomyocytes (Fig. 5A,B). Since Cx40 is a major AV node 

connexin222, 223, and Cx40 is decreased in Tjp1fl/fl; Myh6Cre/Esr1*, we stained for Cx40 in human 

AV node samples. ZO-1 colocalizes with Cx40 in both the AV node and atrial myocardial tissue 

but is not found in the ventricle (Fig. 5C). Taken together, our human and mouse studies suggest 

abundant ZO-1 expression in the AV node.  
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Conduction system-specific ZO-1 loss is sufficient to drive heart block. 

Upon determining that ZO-1 is abundantly expressed in mouse and human AV nodal 

tissues, we next tested the contribution of ZO-1 to cardiac conduction specifically by genetic 

dissection. We generated conduction system specific (Tjp1fl/fl; Hcn4CreERt2) and AV bundle-His-

Purkinje specific (Tjp1fl/fl; Kcne1CreERt2) Tjp1 deletion mouse models. Tjp1fl/fl; Hcn4CreERt2 mice 

developed increased PR interval (148 ± 7% increase, p=6e-6) and dissociation of atrial and 

ventricular depolarization 2 weeks after the start of tamoxifen treatment (Fig. 6A-C). In contrast, 

Tjp1fl/fl; Kcne1CreERt2 mice did not demonstrate any heart block (Fig. 6A-C). In line with this 

finding, the abundant ZO-1 expression found in the AV node was not observed in the AV bundle 

(Supplement 7). Furthermore, despite the conduction system defects in the Tjp1fl/fl; Hcn4CreERt2 

mice, there was no evidence of depressed myocardial function (Fig. 7D), in contrast to our 

observations in Tjp1fl/fl; Myh6Cre/Esr1* mice (Supplement 1 A, B). These results show that ZO-1 

expression in the conduction system proximal to the His bundle is critical to conduction. 

Furthermore, the data suggest myocardial dysfunction is independent of the conduction system 

defects in cardiac specific Tjp1 deleted mice. 

Discussion 

Healthy cardiac conduction and function relies on the coordinated electrical activity of 

distinct populations of cardiomyocytes. Electrical activity initiated at the SA node must 

propagate through atrial myocardium, the AV node, His-Purkinje system, and into ventricular 

myocardium. Disruption of cell-cell conduction results in cardiac arrhythmias and 

cardiomyopathies, a leading cause of morbidity and mortality worldwide38, 224-226. Intercalated 

disc proteins have been recognized as important regulators of cardiac conduction due to their 



110 
 

function in maintaining electrical and physical coupling between cells. Here we show inducible 

loss of the intercalated disc protein ZO-1 in cardiomyocytes of adult mice impedes AV node 

conduction and modestly affects ejection fraction. 

Mice with induced cardiomyocyte specific Tjp1 deletion (Tjp1fl/fl; Myh6Cre/Esr1* mice with 

tamoxifen injection) exhibit an AV nodal conduction defect with normal atrial and ventricular 

conduction (Figs. 2,3). This interpretation is based on electrophysiological and optical mapping 

studies demonstrating increased PR interval, increased AH intervals, increased AV Wenckebach 

time, and AV conduction time but unchanged HV interval, P wave, QRS complex duration, and 

atrial and ventricular activation time in Tjp1fl/fl; Myh6Cre/Esr1* mice (Figs. 2,3).  To assess 1) if the 

AV block is intrinsic to the conduction system or secondary to myocardial changes, and 2) to 

assess potential region-specific requirements of ZO-1 in the conduction system, we generated 

two additional inducible tissue-specific knockout models. Similar to induced cardiomyocyte 

specific Tjp1 knockout (Tjp1fl/fl; Myh6Cre/Esr1*), tamoxifen-induced overall conduction system 

Tjp1 knockout (Tjp1fl/fl; Hcn4CreERt2) resulted in AV block without decreased ejection fraction 

(Fig. 6), suggesting AV block is not secondary to myocardial changes. In contrast, tamoxifen-

induced Tjp1 knockout distal to the AV node (Tjp1fl/fl; Kcne1CreERt2) did not manifest heart block. 

Taken together with our observation that ZO-1 is highly expressed in the AV node, but in the fast 

conducting AV-bundle, such high expression was not apparent (Supplement 7), these results 

support that ZO-1 loss in the conduction system above the bundle of His is responsible for PR 

prolongation and ZO-1 expression is critical to normal AV nodal conduction. 

Given the observed AV node dysfunction following ZO-1 loss, we hypothesized that ZO-

1 is important to the organization of proteins at the intercalated disc that facilitate cell-cell 

conduction. Immunofluorescent microscopy and western blot studies showed decreased 
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expression of Cx40223, 227 and to a lesser extent, CAR205, 206, in the AV node in Tjp1fl/fl; 

Myh6Cre/Esr1 mice. This is in line with previous biochemical data demonstrating that connexins, 

CAR, and ZO-1 can reside within the same protein complex. Connexins contain a C-terminal 

PDZ binding sequence that directly binds to the PDZ domains of ZO-173, 80, 228-230. CAR contains 

a PDZ binding C-terminal motif and can precipitate with ZO-177, 205, 231, 232. Furthermore, genetic 

deletion of Cx40223, 227 and CAR205, 206 both slow AV nodal conduction. Together these data 

suggest ZO-1 plays a key role in maintaining the connexin-ZO-1-CAR complex at the 

intercalated disc. 

It is notable that although PR interval was altered in cardiac and conduction system 

specific Tjp1 deleted mice, there was no change in RR interval or heart rate. This observation of 

AV block with normal heart rate is in contrast to some models in which PR interval prolongation 

is associated with increased RR interval233, 234. Interestingly, PR prolongation with normal heart 

rate is also observed in Cxadr (CAR)205, 206 and Gja5 (Cx40)223 knockout mice. Our finding that 

CAR localization at the intercalated disc is affected by Tjp1 knockout along with biochemical 

interactions between ZO-1, CAR, and Cx40 (discussed above) and altered ZO-1 distribution in 

Cxadr knockout mice provide increasing evidence for functional interactions between these 

proteins. Together, these observations coalesce into a model in which ZO-1, CAR, and Cx40 

physically associate to co-regulate AV nodal conduction. 

Although atrial and ventricular conduction speed were normal in Tjp1fl/fl; Myh6Cre/Esr1 

mice, changes in ventricular intercalated disc organization and protein staining were still 

observed. By immunofluorescence microscopy, there was decreased Cx43 and CAR localization 

at the ventricular intercalated disc. These observations are consistent with previous findings that 

partial connexin loss is not sufficient to induce altered myocardial conduction235, 236, 237, and 
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Cxadr (CAR) deletion in cardiomyocytes also does not significantly affect atrial and ventricular 

conduction, despite decreased connexin and ZO-1 localization at intercalated discs of ventricular 

cardiomyocytes205, 206. Our finding that Tjp1 knockout mice have prolonged AV nodal 

conduction times but normal ventricular conduction times suggests that AV nodal and ventricular 

cardiomyocyte conduction have different molecular requirements. Our observations support that 

AV nodal conduction may be particularly vulnerable to defects in the connexin-ZO-1-CAR 

complex (Fig. 7). 

We demonstrate that ZO-1 loss in myocardial tissue is associated with modestly 

decreased ejection fraction. In contrast, neither of the conduction specific knockout models 

demonstrated this phenotype (Fig. 6D). This suggests that loss of ZO-1 can independently affect 

conduction and ejection fraction, and decreased functional output is due directly to loss of ZO-1 

in the myocardium and not secondary to conduction defects. We did not observe a progressive 

loss of ejection fraction and sudden death of the Tjp1fl/fl; Myh6Cre/Esr1* mice, which could be 

explained by the presence of compensatory mechanisms that may be important for preserving 

myocardial function following loss of ZO-1. For example, ZO-2, a closely related protein to ZO-

1, may play a role in such compensatory mechanisms. ZO-1 and ZO-2 both work to regulate 

epithelial function, including tight junction function and apical membrane organization238-240. 

Although we could readily detect ZO-2 expression in cardiac endothelial cells, we failed to 

detect ZO-2 at the intercalated disc 10 d following ZO-1 knockout (Supplement 8), long term 

studies are needed to understand whether ZO-2 along with other protein expression and 

localization are altered and limit ZO-1 induced myocardial changes.  

Recently, TJP1 variations have been associated with arrhythmogenic cardiomyopathy in 

patients241, but AV nodal dysfunction was not observed in the 4 probands studied by Bartoli et 



113 
 

al241.  We do not currently know why such a difference exists, and further investigation will be 

requiredto determine the potential role of ZO-1 on AV nodal function in humans with 

arrhythmogenic cardiomyopathy. Another difference between our ZO-1 knockout mouse model 

and the patients of Bartoli et al241 is the absence of fibrofatty replacement of myocardial tissue up 

to 12 weeks after Tjp1 deletion in the mice. This difference may be due to the adult onset, 

cardiomyocyte specific nature of the ZO-1 loss in our mouse model compared to patients 

carrying pathogenic TJP1 variants, who have altered ZO-1 function in all cell types, throughout 

their life. Since ZO-1 may influence many aspects of cardiac (e.g. coronary vasculature) as well 

as other organ system development and physiological function, the clinical symptoms may be 

influenced by all of these cell types and organs.  Long term studies will be required to further 

evaluate whether histological features of arrhythmogenic cardiomyopathy can manifest in mice 

following knockout of Tjp1.  

 ZO-1 has been implicated in other forms of cardiomyopathy without Tjp1 mutations. For 

example, expression of a pathogenic mutant of transmembrane protein 43 (TMEM43) associated 

with arrhythmogenic cardiomyopathy causes loss of ZO-1 at the intercalated disc-like cell-cell 

junctions, and decreases cell-cell conduction velocity in HL-1 cells54. Furthermore, our analysis 

of published Gene Expression Omnibus datasets suggest TJP1 expression is altered in hearts of 

cardiomyopathy patients (GDS2205 and GDS1362), and isoproterenol treated mice (GDS3684). 

Together, these findings suggest ZO-1 expression or localization change can influence 

cardiomyopathy pathogenesis. 

In conclusion, we demonstrate ZO-1 is necessary for maintaining gap junction protein 

expression and localization, and loss of ZO-1 results in AV node dysfunction, and when deleted 

from myocytes throughout the heart, results in modest decrease in cardiac function. 
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Understanding how ZO-1 function is altered in patients with cardiomyopathy and other heart 

diseases will be important and may provide novel therapeutic approaches.   
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Figure 4-1. Inducible cardiomyocyte-specific Tjp1 deletion reduces ZO-1 expression at 
intercalated discs. 

 A. Breeding and treatment scheme for Tjp1 deletion (Tjp1fl/fl; Myh6Cre/Esr1*). B. Exon 3 
specific Tjp1 mRNA levels in left ventricle and liver, as determined by qRT-PCR (n=4-5 animals per 
genotype). C. Western blot of left ventricular lysate (n=4 animals per genotype). D. Representative 
images of immunofluorescent staining of ZO-1 in left ventricular tissue. CD31 was used to label 
endothelial cells.  Arrows: intercalated disc, Arrow heads: endothelial cells. E. Representative images of 
immunofluorescent staining of ZO-1 in left ventricular tissue. Junction plakoglobin (JUP) was co-stained 
with ZO-1 to mark intercalated discs. Arrow: intercalated disc E. Immunofluorescent staining along lines 
perpendicular to the intercalated disc are shown (n=3 mice per genotype, 2-3 regions within the ventricle 
per animal, 8-10 intercalated discs per region) (Red: Tjp1fl/fl; Myh6Cre/Esr1*, Blue: Tjp1fl/fl, 
***P<0.001, ** P<0.01). All studies were performed at 10 d post-tamoxifen injection. (Scale bar = 10 
µm) 
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Figure 4-2. Tjp1fl/fl; Myh6Cre/Esr1* mice have altered cardiac electrophysiology. 

 A. Averaged telemetry signals 5 d after tamoxifen injection. B. Time course of PR interval following 
tamoxifen injection (n=6-11 animals per genotype). C. Sampling of 3 time points within a representative 
ECG trace  in Tjp1fl/fl and Tjp1fl/fl; Myh6Cre/Esr1* mice. (arrows: P waves) D, H. Representative Poincaré 
plots, showing beat-to-beat PR interval variability, from Tjp1fl/fl; Myh6Cre/Esr1* and Tjp1fl/fl mice 5 or 10 d 
post tamoxifen treatment. E, I. PR intervals for three individual mice per genotype 5 or 10 d post 
tamoxifen treatment. F, J. Representative Poincaré plots, showing beat-to-beat RR interval variability, 
from Tjp1fl/fl; Myh6Cre/Esr1* and Tjp1fl/fl mice 5 or 10 d post tamoxifen treatment. G, K. RR intervals for 
three individual mice per genotype 5 or 10 d post tamoxifen treatment. L. Representative atrial 
electrogram and simultaneous surface ECG recordings (n=4-5 animals per genotype). M. Atrial to His 
conduction time (n=4-5 animals per genotype). N. His to ventricular conduction time (n=4-5 animals per 
genotype). O. AV Wenckebach time (n=4-5 animals per genotype). (Red: Tjp1fl/fl; Myh6Cre/Esr1*, Blue: 
Tjp1fl/fl, ***P<0.001, ** P<0.01, *P<0.05)   
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Figure 4-3 Identification of prolonged AV conduction time by optical mapping. 

 A. Representative activation maps of atria and ventricle in Tjp1fl/fl (left) and Tjp1fl/fl; Myh6Cre/Esr1* (right) 
mice. B. Atrial, ventricular, AV conduction times (n=5-6 mice of each genotype). All studies were 
performed 20 d post-tamoxifen injection.  (Red: Tjp1fl/fl; Myh6Cre/Esr1*, Blue: Tjp1fl/fl, *P<0.05)  
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Figure 4-4. ZO-1 loss disrupts AV node protein localization and abundance. 
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Figure 4-4, continued.  
 
A. Representative trichrome stain of mouse AV nodes. B. Representative immunohistochemical staining 
for ZO-1 in AV nodes (Low and high magnification images of the same AV node). C-D. Representative 
trichrome (C) and HCN4 immunofluorescent (D) staining for AV node identification. E-F. 
Immunofluorescent staining of Cx40 (E), Cx43 (E), and CAR (F) at low power (scale bar = 100 µm). G-I. 
Representative high power images from boxed region of images in E-F (Cx40 in panel G, within AV 
node, Cx43 in panel H, in perinodal area, CAR in panel I, within AV node, scale bar = 10 µm) and 
quantification of intercalated disc staining of Cx40 (G, within AV node), Cx43 (G, perinodal area), and 
CAR (I, within AV node). Quantification of immunofluorescent staining along lines perpendicular to the 
intercalated disc are shown. N = 3 for each group, 8 intercalated disc region measurements per mouse). 
AV nodes are circled by dashed lines. J. Western blot images of HCN4 expression in AV node tissues 
compared to ventricular tissue in the same Tjp1fl/fl mice (N=3). K. Representative western blot images of 
AV node ZO-1, Cx40, CAR, and β-catenin and corresponding GAPDH loading control. L. Quantification 
of western blot from 4 mice per genotype (Red: Tjp1fl/fl; Myh6Cre/Esr1*, Blue: Tjp1fl/fl, ***P<0.001, ** 
P<0.01, *P<0.05, N.S. P>0.05. All studies were performed 10 d post-tamoxifen injection.  
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Figure 4-5. ZO-1 colocalizes with Cx40 in human AV nodes.  

A. Representative H&E stain of a normal human AV node (scale bar = 1 mm). B. Immunohistochemical 
staining of ZO-1 in normal human atrium, AV node, and ventricle (scale bar = 100 µm). C. 
Immunofluorescence staining of ZO-1 and Cx40 in human atrium, AV node, and ventricle (scale bar = 10 
µm).  
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Figure 4-6. PR prolongation is due to ZO-1 loss proximal to the bundle of His. 

 A. Schematics of locations of ZO-1 deletion in Tjp1fl/fl; Myh6Cre/Esr1*, Tjp1fl/fl; Hcn4CreERt2, and Tjp1fl/fl; 
Kcne1CreERt2 mouse lines. B. PR intervals of Tjp1fl/fl; Hcn4CreERt2, and Tjp1fl/fl; Kcne1CreERt2 mice. C. 
Representative surface ECG recordings in Tjp1fl/fl; Myh6Cre/Esr1*, Tjp1fl/fl; Hcn4CreERt2, and Tjp1fl/fl; 
Kcne1CreERt2 mice. D. Ejection fraction in Tjp1fl/fl; Hcn4CreERt2, and Tjp1fl/fl; Kcne1CreERt2 mice. All studies 
were performed 10 d post-tamoxifen injection. (***P<0.001) 
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Figure 4-7. ZO-1 maintains AV nodal Cx40-ZO-1-CAR complex to facilitate atrial to ventricular 
conduction.   

Electrical conduction from the atrium to ventricle passes through the AV node (purple triangle).  A.  
Cx40-ZO-1-CAR protein complex exist at the cell-cell junctions within the AV node to maintain normal 
AV nodal conduction. B. When ZO-1 expression is lost in AV nodal cells, Cx40 and CAR cannot 
concentrate at cell-cell junctions, decreasing cell-cell conductance, leading to impeded AV nodal 
conduction (AV node purple, ZO-1 blue, Cx40 green, Cx43 red, CAR magenta).     
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Supplemental Figure 4-1.1. Tjp1fl/fl; Myh6Cre/Esr1* mice have modestly decreased cardiac function 
without evidence of gross or histologic changes.  

A. Representative M-mode echocardiographs 10 d post tamoxifen injection. B. Time course of ejection 
fraction and heart rate in Tjp1fl/fl and Tjp1fl/fl; Myh6Cre/Esr1* mice following tamoxifen injection (n=8-10 
animals per genotype). C. Hearts from of a cohort of 3 Tjp1fl/fl (top) and 3 Tjp1fl/fl; Myh6Cre/Esr1* (bottom) 
42 d after tamoxifen injection. D. Heart weights of 3 Tjp1fl/fl and 3 Tjp1fl/fl; Myh6Cre/Esr1* 42 d after 
tamoxifen injection. E. Low and high power images of trichrome stained Tjp1fl/fl and Tjp1fl/fl; Myh6Cre/Esr1* 

hearts.  Left panels: low magnification; Right panels: high magnification of boxed regions in left panels. 
(Red: Tjp1fl/fl; Myh6Cre/Esr1*, Blue: Tjp1fl/fl, *P<0.05) 
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Supplemental Figure 4-1.2. Cardiac dimension changes in Tjp1fl/fl; Myh6Cre/Esr1* mice following 
tamoxifen induced knockout. 
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Supplemental Figure 4-1.2, continued.  
 
 Time course of echocardiogram parameters in Tjp1fl/fl and Tjp1fl/fl; Myh6Cre/Esr1* mice following tamoxifen 
injection (n=8 animals per genotype) A. Septal wall thickness during diastole. B. Septal wall thickness 
during systole. C. Left ventricular internal diameter during diastole. D. Left ventricular internal diameter 
during systole E. Posterior wall thickness during diastole. F. Posterior wall thickness during systole. 
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Supplemental Figure 4-4.1. Connexin 40 and CAR colocalize with β-catenin in the AV node.  

Representative immunofluorescence staining of Tjp1fl/fl AV nodes. A. Cx40 B. CAR. Arrows indicate 
regions of co-localization. All studies were performed 10 d post-tamoxifen injection. 
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Supplemental Figure 4-4.2. Tjp1 deletion does not alter nodal expression of NaV1.5, Cx45, β-
catenin or N-cadherin.  
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Supplemental Figure 4-4.2, continued.  

Representative trichrome and immunofluorescence staining of AV nodes. A. NaV1.5, B. Cx45, C. β-
catenin, D. N-cadherin. All studies were performed 10 d post-tamoxifen injection. For each stain, 
trichrome was used to visualize the node (top) and low power (middle) and high power (bottom) images 
are shown.  High power images reflect boxed areas within the circled AV nodal regions. 
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Supplemental Figure 4-4.3. Tjp1 deletion alters protein localization at the intercalated disc of 
ventricular cardiomyocytes. 

 Representative images immunofluorescent staining and quantification of immunofluorescent staining 
along lines perpendicular to the intercalated disc are shown. A. Cx43 (red), JUP (green), B. CAR (red), 
JUP (green), C. β-catenin (β-cat; red), JUP (green), D. JUP (green), N-cad (red). Phalloidin stains (F-
actin) are shown in grey. (Red: Tjp1fl/fl; Myh6Cre/Esr1*, Blue: Tjp1fl/fl, ***P<0.001, N.S. P>0.05) All studies 
were performed 10 d post-tamoxifen injection (Scale bars = 10 µm).  
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Supplemental Figure 4-4.4. AV node ultrastructure was not significantly altered by Tjp1 
deletion. 

 A-B. Representative images of Toluidine blue stained sections of AV node containing tissues; bars: 10 
µm. Arrows indicate large AV nodal cell nuclei with prominent nucleoli. C-D. Representative TEM 
images of AV nodes. Arrows indicate large AV nodal cell nuclei with prominent nucleoli. Bars =5 µm E-
F. Representative TEM images of AV nodes. Magnified views of boxed intercalated disc containing 
region are shown in insets. Representative EM images from two mice of each genotype are shown. Bars 
=1 µm. Samples were collected 10 d post-tamoxifen injection.  
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Supplemental Figure 4-7. ZO-1 is abundantly expressed in AV node, but not the His bundle in 
Tjp1fl/fl mice. 

 A. Immunohistochemical staining of HCN4 in AV node and His bundle in Tjp1fl/fl mice.  B.  
Immunohistochemical staining of ZO-1 in AV node and His bundle. (left panels: scale bars = 100 µm, 
right panels: scale bars = 10 µm) His bundles are circled by dashed lines. 
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Supplement 4-7. Low ZO-2 expression in ventricular cardiomyocytes.  
 
ZO-2 and N-cadherin staining in Tjp1fl/fl and Tjp1fl/fl; Myh6Cre/Esr1* ventricular tissue sections. N-cadherin 
staining highlights intercalated discs (white arrows), with no colocalization with ZO-2. ZO-2 staining is 
present in cardiac endothelial cells (yellow arrowheads). Studies were performed 10 d post-tamoxifen 
injection (Scale bar = 10 µm).  
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Discussion 

Healthy cardiac conduction and function relies on the coordinated electrical activity of 

distinct populations of cardiomyocytes. Electrical activity initiated at the SA node must 

propagate through atrial myocardium, the AV node, His-Purkinje system, and into ventricular 

myocardium. Disruption of cell-cell conduction results in cardiac arrhythmias and 

cardiomyopathies, a leading cause of morbidity and mortality worldwide38, 224-226. Intercalated 

disc proteins have been recognized as important regulators of cardiac conduction due to their 

function in maintaining electrical and physical coupling between cells. Here we show inducible 

loss of the intercalated disc protein ZO-1 in cardiomyocytes of adult mice impedes AV node 

conduction and modestly affects ejection fraction. 

Mice with induced cardiomyocyte specific Tjp1 deletion (Tjp1fl/fl; Myh6Cre/Esr1* mice with 

tamoxifen injection) exhibit an AV nodal conduction defect with normal atrial and ventricular 

conduction (Figs. 2,3). This interpretation is based on electrophysiological and optical mapping 

studies demonstrating increased PR interval, increased AH intervals, increased AV Wenckebach 

time, and AV conduction time but unchanged HV interval, P wave, QRS complex duration, and 

atrial and ventricular activation time in Tjp1fl/fl; Myh6Cre/Esr1* mice (Figs. 2,3).  To assess 1) if the 

AV block is intrinsic to the conduction system or secondary to myocardial changes, and 2) to 

assess potential region-specific requirements of ZO-1 in the conduction system, we generated 

two additional inducible tissue-specific knockout models. Similar to induced cardiomyocyte 

specific Tjp1 knockout (Tjp1fl/fl; Myh6Cre/Esr1*), tamoxifen-induced overall conduction system 

Tjp1 knockout (Tjp1fl/fl; Hcn4CreERt2) resulted in AV block without decreased ejection fraction 

(Fig. 6), suggesting AV block is not secondary to myocardial changes. In contrast, tamoxifen-

induced Tjp1 knockout distal to the AV node (Tjp1fl/fl; Kcne1CreERt2) did not manifest heart block. 
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Taken together with our observation that ZO-1 is highly expressed in the AV node, but in the fast 

conducting AV-bundle, such high expression was not apparent (Supplement 7), these results 

support that ZO-1 loss in the conduction system above the bundle of His is responsible for PR 

prolongation and ZO-1 expression is critical to normal AV nodal conduction. 

Given the observed AV node dysfunction following ZO-1 loss, we hypothesized that ZO-

1 is important to the organization of proteins at the intercalated disc that facilitate cell-cell 

conduction. Immunofluorescence microscopy and western blot studies showed decreased 

expression of Cx40223, 227 and to a lesser extent, CAR205, 206, in the AV node in Tjp1fl/fl; 

Myh6Cre/Esr1 mice. This is in line with previous biochemical data demonstrating that connexins, 

CAR, and ZO-1 can reside within the same protein complex. Connexins contain a C-terminal 

PDZ binding sequence that directly binds to the PDZ domains of ZO-173, 80, 228-230. CAR contains 

a PDZ binding C-terminal motif and can precipitate with ZO-177, 205, 231, 232. Furthermore, genetic 

deletion of Cx40223, 227 and CAR205, 206 both slow AV nodal conduction. Together these data 

suggest ZO-1 plays a key role in maintaining the connexin-ZO-1-CAR complex at the 

intercalated disc. 

It is notable that although PR interval was altered in cardiac and conduction system 

specific Tjp1 deleted mice, there was no change in RR interval or heart rate. This observation of 

AV block with normal heart rate is in contrast to some models in which PR interval prolongation 

is associated with increased RR interval233, 234. Interestingly, PR prolongation with normal heart 

rate is also observed in Cxadr (CAR)205, 206 and Gja5 (Cx40)223 knockout mice. Our finding that 

CAR localization at the intercalated disc is affected by Tjp1 knockout along with biochemical 

interactions between ZO-1, CAR, and Cx40 (discussed above) and altered ZO-1 distribution in 

Cxadr knockout mice provide increasing evidence for functional interactions between these 
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proteins. Together, these observations coalesce into a model in which ZO-1, CAR, and Cx40 

physically associate to co-regulate AV nodal conduction. 

Although atrial and ventricular conduction speed were normal in Tjp1fl/fl; Myh6Cre/Esr1 

mice, changes in ventricular intercalated disc organization and protein staining were still 

observed. By immunofluorescence microscopy, there was decreased Cx43 and CAR localization 

at the ventricular intercalated disc. These observations are consistent with previous findings that 

partial connexin loss is not sufficient to induce altered myocardial conduction235, 236, 237, and 

Cxadr (CAR) deletion in cardiomyocytes also does not significantly affect atrial and ventricular 

conduction, despite decreased connexin and ZO-1 localization at intercalated discs of ventricular 

cardiomyocytes205, 206. Our finding that Tjp1 knockout mice have prolonged AV nodal 

conduction times but normal ventricular conduction times suggests that AV nodal and ventricular 

cardiomyocyte conduction have different molecular requirements. Our observations support that 

AV nodal conduction may be particularly vulnerable to defects in the connexin-ZO-1-CAR 

complex (Fig. 7). 

We demonstrate that ZO-1 loss in myocardial tissue is associated with modestly 

decreased ejection fraction. In contrast, neither of the conduction specific knockout models 

demonstrated this phenotype (Fig. 6D). This suggests that loss of ZO-1 can independently affect 

conduction and ejection fraction, and decreased functional output is due directly to loss of ZO-1 

in the myocardium and not secondary to conduction defects. We did not observe a progressive 

loss of ejection fraction and sudden death of the Tjp1fl/fl; Myh6Cre/Esr1* mice, which could be 

explained by the presence of compensatory mechanisms that may be important for preserving 

myocardial function following loss of ZO-1. For example, ZO-2, a closely related protein to ZO-

1, may play a role in such compensatory mechanisms. ZO-1 and ZO-2 both work to regulate 
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epithelial function, including tight junction function and apical membrane organization238-240. 

Although we could readily detect ZO-2 expression in cardiac endothelial cells, we failed to 

detect ZO-2 at the intercalated disc 10 d following ZO-1 knockout (Supplement 8), long term 

studies are needed to understand whether ZO-2 along with other protein expression and 

localization are altered and limit ZO-1 induced myocardial changes.  

Recently, TJP1 variations have been associated with arrhythmogenic cardiomyopathy in 

patients241, but AV nodal dysfunction was not observed in the 4 probands studied by Bartoli et 

al241.  We do not currently know why such a difference exists, and further investigation will be 

requiredto determine the potential role of ZO-1 on AV nodal function in humans with 

arrhythmogenic cardiomyopathy. Another difference between our ZO-1 knockout mouse model 

and the patients of Bartoli et al241 is the absence of fibrofatty replacement of myocardial tissue up 

to 12 weeks after Tjp1 deletion in the mice. This difference may be due to the adult onset, 

cardiomyocyte specific nature of the ZO-1 loss in our mouse model compared to patients 

carrying pathogenic TJP1 variants, who have altered ZO-1 function in all cell types, throughout 

their life. Since ZO-1 may influence many aspects of cardiac (e.g. coronary vasculature) as well 

as other organ system development and physiological function, the clinical symptoms may be 

influenced by all of these cell types and organs.  Long term studies will be required to further 

evaluate whether histological features of arrhythmogenic cardiomyopathy can manifest in mice 

following knockout of Tjp1.  

 ZO-1 has been implicated in other forms of cardiomyopathy without Tjp1 mutations. For 

example, expression of a pathogenic mutant of transmembrane protein 43 (TMEM43) associated 

with arrhythmogenic cardiomyopathy causes loss of ZO-1 at the intercalated disc-like cell-cell 

junctions, and decreases cell-cell conduction velocity in HL-1 cells54. Furthermore, our analysis 
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of published Gene Expression Omnibus datasets suggest TJP1 expression is altered in hearts of 

cardiomyopathy patients (GDS2205 and GDS1362), and isoproterenol treated mice (GDS3684). 

Together, these findings suggest ZO-1 expression or localization change can influence 

cardiomyopathy pathogenesis. 

In conclusion, we demonstrate ZO-1 is necessary for maintaining gap junction protein 

expression and localization, and loss of ZO-1 results in AV node dysfunction, and when deleted 

from myocytes throughout the heart, results in modest decrease in cardiac function. 

Understanding how ZO-1 function is altered in patients with cardiomyopathy and other heart 

diseases will be important and may provide novel therapeutic approaches.    
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Chapter V: Discussion 

Summary and implications of cellular mechanism studies in Tbx5 knockout mice 

In the past decade, GWAS and other genomics studies have identified transcriptional 

networks that regulate cardiac rhythm. In addition to identification of the network members, 

mechanistic studies are required to determine how transcription factor changes result in atrial 

fibrillation. Our data along with others have linked transcription factor regulation of calcium 

handling to cardiac rhythm control. We find that Tbx5 knockout mice develop spontaneous AF 

and isolated atrial cardiomyocytes from these mice display prolonged action potentials and 

increased propensity for EADs and DADs. Further, we find this triggered activity is caused by 

abnormal calcium handling, specifically decreased SERCA activity concurrent with increased 

NCX and L-type calcium activity. Rescue of SERCA activity through phospholamban knockout 

not only rescued action potential duration and decreased propensity for triggered activity, but 

also prevented spontaneous AF in Tbx5 knockout mice.  

Our findings help to illustrate that AF can be the manifestation of a number of different 

underlying cellular defects. Here, we discuss several ways in which our findings add to breadth 

of cellular changes that have been observed in AF. First, commonly atrial fibrillation is thought 

to be associated with shortened action potentials as was found in many early models of AF242, 

but we find that Tbx5 knockout mice actually exhibit prolonged action potentials. Our findings 

are in line with previous examples of prolonged action potentials in both human and animal atrial 

fibrillation243-249.  Overall, these data support the paradigm that AF is caused by an 

arrhythmogenic substrate and ectopic trigger leading to reentrant arrhythmia. In Tbx5 knockout 

mice, the arrhythmogenic trigger is provided by EADs and DADs while decreased conduction 

speed47 and increased dispersion of refractoriness from the AP prolongation may both be 
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arrhythmogenic substrates. Second, we observed DADs in Tbx5 knockout atrial myocytes 

despite a decreased SR load. Classically, DADs are thought to be associated with SR calcium 

overload, which then generates a calcium wave that triggers increased NCX activity, leading to a 

DAD250. In this case, DADs are likely still triggered by increased NCX activity, but driven by 

increased driving force during diastole as less calcium can be returned to the SR via SERCA and 

thus needs to extruded via NCX to maintain homeostasis 

 Third, we observe unaltered amplitude of calcium transients in Tbx5 knockout atrial 

myocytes despite a decreased SR load and SERCA activity. This is likely due to the prolonged 

action potential, which increases the time during which the cell is depolarized and thus calcium 

is released from the SR, resulting in the same overall same total amplitude of the calcium 

transient. Further, the increased L-type calcium current in Tbx5 knockout myocytes may also 

facilitate increased SR release from RyR2. When Tbx5 knockout cells were stimulated by a 

constant duration square pulse, which normalizes the AP duration, calcium transient amplitudes 

were decreased. Overall, our studies demonstrate the need to examine the specific mechanism 

underlying individual cases of AF as treatments that target one aspect of atrial fibrillation such as 

drugs increasing AP duration would not be appropriate in the case of TBX5 loss-of-function 

associated AF. Further, it is important to consider the interplay between different calcium 

handling components as changing one component can result in compensatory changes in other 

components.  

Ryanodine regulation by Tbx5 

RNA sequencing and western blot experiments in Tbx5 knockout atrial myocytes showed 

significantly decreased RyR2 expression, but a ryanodine binding assay indicated RyR2 function 

is actually preserved over the physiological range of calcium. This indicates the presence of 
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compensatory mechanisms that may maintain RyR2 function in this context. We discuss here 

several potential avenues of exploration to elucidate the regulation of RyR2 in the context of 

Tbx5 loss. First, to directly measure SR calcium leak, intracellular calcium can be measured 

using Fluo-4AM in 0 Na+/0 Ca2+ tyrode solution with the addition of tetracaine to block RyR2 

mediated calcium leak compared to total SR calcium content as measured by caffeine induced 

calcium release. Second, we could examine modulation of RyR2 in the setting of Tbx5 loss. Ryr2 

can be regulated by numerous proteins, but one important form of regulation is phosphorylation 

and dephosphorylation of RyR2 subunits by kinases PKA PKG, and CamKII, and phosphatases 

PP1, PP2A, and PDE4D3. CaMKII is of particular interest because its phosphorylation of RyR2 

promotes increased open probability and increased calcium release or leak at baseline. CaMKII 

has a critical role in adjusting intracellular calcium content through the phosphorylation of 

multiple calcium handling moieties including L-type calcium channel, phospholamban, and 

RyR2.  CaMKII is activated by the binding of a complex consisting of calcium bound to 

calmodulin, a calcium sensor, which releases the autoinhibitory domain from the catalytic 

domain, and allowing for kinase activity. Interestingly, CaMKII creates molecular memory 

through autophosphorylation, which increases the binding affinity of calmodulin to CaMKII and 

thus prevents dissociation and prolongs kinase activity even when intracellular calcium is 

decreased. This memory as an acute response is a beneficial compensatory mechanism in cases 

such as a fight-or-flight response or sudden pressure or volume stresses to the heart. However, in 

cases such as heart failure, CaMKII upregulation can be maladaptive as it results in decreased 

contractile force and can be arrhythmogenic251-254. PKA is activated by increased cytosolic 

cAMP levels upon activation of beta-adrenergic receptors. Like CaMKII, PKA can also 

phosphorylate L-type calcium channels, phospholamban, and RyR2. It has been shown that PKA 
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phosphorylation of RyR2 S2808 synchronizes RyR2 calcium release with calcium flux through 

L-type calcium channel, regulates propagation of calcium waves, and sensitizes RyR2 to luminal 

calcium255. It would be valuable to understand the extent of CaMKII and PKA phosphorylation 

by first assessing using western blot the expression of phosphorylated RyR2 S2808 and S2814 

and Cav1.2. We observed previously that Pln S17 was unchanged in Tbx5 knockout mice, but 

Pln S16 was significantly increased, suggesting PKA activity may play an important role in 

compensating for decreased RyR2 expression256. Following this, addition of isoproterenol could 

be used to induce a beta-adrenergic response after which RyR2 mediated SR leak can be 

evaluated to determine the sensitivity of Tbx5 knockout atrial myocytes to PKA. This could be 

compared to measurement of SR leak upon addition of CaMKII inhibitor KN93 to dissect out the 

effects of the two compensatory pathways257.  

Therapeutic potential for mechanistic findings in Tbx5 knockout mice 

Our data along with others strongly suggest that AF is likely a manifestation of multiple 

different cellular mechanisms that may include disturbances in calcium handling, sodium 

channels, and potassium channels. As health care moves toward a personalized medicine model 

of disease treatment, it will hopefully become more feasible to determine the mechanism for the 

observed AF in each patient via high throughput genomics and proteomics. Concurrent with the 

advances in diagnostics, it will also be important to develop a broader range of therapeutics 

specific to individual mechanisms. In the case of Tbx5 loss associated AF, several avenues of 

pharmacologic treatments can be considered. Drugs such as Istaroxime, which simultaneously 

increases SERCA activity while decreasing NCX flux may be beneficial in restoring SR load, 

decreasing APD, and reducing propensity for EADs and DADs. Additionally, since the APD is 

prolonged in Tbx5 deficient myocytes, increasing repolarizing force by increasing potassium 
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currents with Zacopride could be an alternative method of preventing triggered activity. 

Increased repolarizing force would shorten the AP and reduce late L-type calcium. In general, 

new therapeutics that can restore calcium homeostasis could be valuable in treating AF. 

Tbx5 regulation in development compared to adulthood 

Our studies combined with previous work demonstrating the critical role of Tbx5 in 

cardiogenesis56, 132 illustrate that it is a continued requirement for normal cardiac rhythm and 

function throughout life. Here we synthesize the known regulatory roles of Tbx5 in development 

and adulthood. Tbx5 is expressed throughout most of the heart in both development and 

adulthood, with notable exceptions being the AV valves, the left ventricular endocardium, 

developing right ventricular chamber, and the developing outflow tract258. Further, its expression 

is much higher in the atria compared to the ventricle133. During development, Tbx5 is known to 

play a key role in ventricular septum morphology via its unilateral expression on the left side259, 

atrial septum morphology, acting upstream of Sonic hedgehog signaling260, and formation of the 

ventricular conduction system via its regulation of transcriptional repressor Id2163. Embryos with 

heterozygous Tbx5 deletion had significantly decreased expression of connexin 40 and atrial 

natriuretic factor, but connexin 43 and L-type calcium channel gene transcripts were 

unchanged100. In the adult Tbx5 homozygous deletion model, Cacna1c transcript levels were 

unchanged, Gja5 transcript levels were also significantly decreased. Interestingly, in the adult 

Tbx5 knockout model, Gja1 was significantly decreased but ANF was unchanged, and L-type 

calcium current was significantly increased. Further, we and others observe significant changes 

in calcium handling genes Atp2a2, Ryr2, and Pln in our adult Tbx5 homozygous and 

heterozygous knockout mice, which was not previously observed in embryonic loss of Tbx5 gene 

dosage261. These differences suggest that although the effect of Tbx5 on its downstream targets 



143 
 

remains unchanged from development to adulthood, some key alterations such as transcriptional 

regulation of calcium handling are likely critical in the maintenance of cardiac rhythm.  Direct 

studies examining the specific changes in the network of Tbx5 targets through different 

developmental stages, adulthood, and through the aging process could provide valuable insight 

into the changing role of Tbx5 through life. These studies if performed utilizing previously 

established models of controlled Tbx5 gene dosage could be particularly valuable in dissecting 

how the sensitivity of gene targets to Tbx5 dosage changes over time261.  

Complexity of Gata4 and Tbx5 interaction 

Our findings that Gata4 haploinsufficiency rescues Tbx5 haploinsufficiency caused AF 

provides another example of the complexity of the transcriptional gene network that regulates 

cardiac rhythm. Previously, it was found that Tbx5 and Pitx2, both of which have been 

implicated in AF, form an incoherent feed forward loop where Tbx5 drives expression of Pitx2, 

but Pitx2 has the opposite effect on downstream targets as Tbx547. A Tbx5 dependent cis-

regulatory element was identified in the Pitx2 AF GWAS signal. Thus, loss of Pitx2 is able to 

rescue Tbx5 loss induced AF. While Gata4 haploinsufficiency rescued AF symptoms, Tbx5 and 

Gata4 do not appear to directly regulate each other. Tbx5 haploinsufficient atrial myocytes did 

not show altered Gata4 expression and likewise Gata4 haploinsufficiency did not alter Tbx5 

expression levels. Instead, both Gata4 and Tbx5 appear to act on downstream calcium handling 

moieties, specifically Atp2a2 and Ryr2. Interestingly, Gata4 haploinsufficiency did not directly 

increase Atp2a2 and Ryr2 transcript levels compared to littermate controls, but both of these 

genes were significantly increased in Gata4/Tbx5 double haploinsufficient myocytes compared 

to Tbx5 haploinsufficient littermate controls. We also observed that Gata4 haploinsufficiency did 

not decrease Pitx2 transcript levels, thus suggesting against Pitx2 mediated mechanism of rescue. 
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However, it is interesting to note that unlike Tbx5 homozygous knockout animals, Tbx5 

heterozygous knockout animals did not show a decrease in Pitx2 in our study or previous studies. 

Thus, it may be valuable to evaluate in the context of homozygous Gata4 knockout and 

compound Tbx5/Gata4 homozygous knockout whether Pitx2 may play a role. In our luciferase 

assay assessing Atp2a2 enhancer activity, we observed activation by Tbx5 and Gata4 

individually, but no evidence of a synergistic effect, which differs from our functional data that 

SERCA activity is decreased in Tbx5 heterozygous myocytes but unchanged in Gata4 

heterozygous myocytes. Several factors could contribute to this discrepancy. First, there could be 

a thus far unidentified cis-regulatory element that may show different enhancer activity than the 

one identified in this study. Second, regulation of SERCA function by Gata4 may be through 

means other than direct Atp2a2 transcript activity, such as through phospholamban or 

microRNAs, both of which could be interesting areas of future study. In contrast to Atp2a2, the 

Ryr2 enhancer was activated by Tbx5, but suppressed in the presence of both Gata4 and Tbx5, 

suggesting antagonistic regulatory interactions between the two transcription factors. To follow 

up on this observation, it may be valuable to compare RyR2 function via ryanodine binding 

assays or RyR2 mediated leak measurements to determine the functional effect of this 

antagonistic relationship between Gata4 and Tbx5. Further, it may also be valuable to perform 

RNA-sequencing and ATAC sequencing experiments in Gata4 heterozygous and homozygous 

animals to determine the breadth of Gata4 targets. Follow-up studies on these targets could 

provide novel insight into the full picture of interaction between Gata4 and Tbx5.   

The undetermined role of Nkx2.5 

Nkx2.5 haploinsufficiency alone or compounded with Tbx5 and Gata4 insufficiency did 

not result in AF although Nkx2.5 has been implicated in AF by GWAS and many studies have 
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demonstrated synergistic activation of cardiac enhancers and promoters by Tbx5, Nkx2.5, and 

Gata4. Further, these three transcription factors physically associate during development. Thus, 

it is remarkable that in adulthood, the synergistic effect between these transcription factors does 

not appear to exist. It would be valuable to understand why and how such a change occurs. 

Several aspects to consider include if the expression and localization of Nkx2.5 and its gene 

product changes over time, if there are additional regulatory elements that may repress Nkx2.5 

binding during adulthood, over what time course does this change in functional interaction with 

other transcription factors occur, and whether this is conserved across species. We may also 

consider the use of a homozygous Nkx2.5 deletion model in the case that the heterozygous 

deletion is insufficient to produce an observable functional effect or if there are compensatory 

mechanisms that mask the effect of heterozygous deletion. Since Nkx2.5 is implicated by GWAS 

in human AF, it may be important to consider the role of Nkx2.5 loss in the context of clinical 

risk factors for AF such as hypertension, heart failure, coronary disease, obesity, and diabetes. 

Although in this study Nkx2.5 haploinsufficiency did not cause AF symptoms, more studies are 

necessary to determine the role of Nkx2.5 in adult cardiac rhythm regulation.   

Transcription factors at the intercalated disc 

Transcription factors such as Tbx5 and Gata4 have been shown to regulate intercalated 

disc proteins, particularly connexins. For example, loss of Tbx5 results in decreased connexin 43, 

connexin 40, as well as ZO-1.  Further, strong Tbx5 and Gata4 expression is found at the human 

intercalated disk as visualized by immunohistochemical staining262. This is of interest because it 

suggests that transcription factors may play a role at the intercalated disc itself instead of just in 

the nucleus.  We consider here some potential avenues of exploration regarding the interaction of 

intercalated disc proteins with transcription factors. First, it may be valuable to determine the 
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proportion of intercalated disc compared to nuclear Tbx5 and Gata4 via a fractionation assay. 

Following this, it would be useful to perform more detailed characterization of transcription 

factor complexes at the intercalated disc using co-immunoprecipitation assays and super 

resolution microscopy. Such studies could address questions such as which proteins directly 

interact with Tbx5 and Gata4 at the intercalated disc, what is the distribution of transcription 

factors among the components of the intercalated disc (gap junction, adherens junction, or 

desmosome), and whether transcription factor localization and expression varies across different 

heart regions (atria, ventricle, conduction tissue). Additionally, studies using FRAP could be 

used to determine the rate of transcription factor turnover at the intercalated disc. Such studies 

could reveal a new functional role of Tbx5 and Gata4 at the intercalated disc.  

Intercalated disc proteins in cellular signaling 

In a similar vein as the observation that transcription factors can be localized at the 

intercalated disc, recent studies revealed intercalated disc proteins β-catenin and plakophilin-2 

can have dual functions as structural elements as well as transcription factors regulating calcium 

handling or Wnt signaling263, 264.  Both β-catenin and plakophilin-2 can be found at the 

intercalated disc as well as in the nucleus, where they can interact with nuclear proteins. Loss of 

plakophilin-2 results in reduced Ryr2, Cacna1c, and calsequestrin-2 suggesting that intercalated 

disc proteins can regulate cardiac rhythm via both structural and signaling mechanisms.  It is 

interesting to consider if other proteins that can shuttle between the intercalated disc, cytosol, and 

nucleus may also have roles in cell signaling. For example, ZO-1 interacts with small GTPases, 

ion channels37, 265, 266, transcription factors267, 268, and signaling molecules269-271 can shuttle 

between the nucleus and cytoplasm, suggesting it may play a role in intrinsic cell functioning in 

addition to its role at the ID. Additionally, we observed perinuclear localization of ZO-1 in areas 
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with fibrofatty replacement in patients with arrhythmogenic cardiomyopathy compared to 

adjacent regions where ZO-1 was mostly localized at the intercalated disc. Further studies are 

needed to investigate if there is a role for ZO-1 in cell signaling.  

Figure 5-1. Perinuclear ZO-1 distribution  

In humans with AC cardiomyocytes exhibit ZO-1 redistribution from the ID (arrow) to perinuclear 
regions (arrowhead) in regions of fibrofatty change. Scale bar 50 µm. 

Relationship between Tbx5 and ZO-1 

Tbx5 was previously found to be a regulator of several intercalated disc proteins, 

particularly connexins and desmoplakin. ZO-1 also appears to be regulated in part by Tbx5, as 

Tbx5 knockout animals show a 32% decrease in Tjp1 transcript levels47. Interesting in Tjp1 

knockout animals, Tbx5 was actually increased. This suggests that Tjp1 and Tbx5 may be in the 

same pathway, perhaps with Tbx5 acting upstream of Tjp1 and serving in a compensatory role 

following loss of Tjp1. It is also of note that both Tjp1 deleted and Tbx5del/+ animals show PR 

prolongation100, 132, suggesting that a relationship between ZO-1 and TBX5 could be particularly 

important in the AV node.  
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AV node arrhythmia resulting from ZO-1 loss 

Upon deletion of Tjp1 from the myocardium, PR prolongation was consistently observed 

beginning less than one-week post-tamoxifen treatment. The PR prolongation increased in 

severity over time, and by day 10, dissociation of the P-wave and QRS complex was observed. 

Further, the AH interval and AV Wenckebach time, a measurement of the refractory time of the 

AV node, were both significantly increased, all suggestive of AV node dysfunction. Traditional 

AV node block is also accompanied by slow ventricular rate or skipped beats. In ZO-1 knockout 

mice however, there were no qualitative differences in the distribution of RR interval in the 

Poincaré plot, which would be altered if there were skipped beats, or the average RR interval was 

larger. Interestingly, this exact phenotype was also observed in CAR knockout mice, where PR 

interval was prolonged but the heart rate was either unchanged or higher than littermate 

controls205, 206.  This suggests that while there is a conduction blockage between the SA and AV 

node, the automaticity of the AV node or its surrounding conduction tissue may be higher, 

resulting in junctional escape rhythm, which was observed during the dissociation of the P-wave 

and QRS complex, and the consistent ventricular rhythm that is independent of the atrial rhythm. 

The mechanism by which loss of ZO-1 or CAR can result in decreased conduction, but increased 

automaticity is of interest for future studies.  

We consider here several approaches to begin evaluating the mechanism by which ZO-1 

and proteins within the connexome can regulate conduction and automaticity in the AV node. 

First, it is important to determine if there are any sinus node conduction defects that may drive 

PR prolongation. Gjd3 driven Cre recombinase could be used to delete Tjp1 specifically in the 

AV node to confirm that AV node specific ZO-1 loss is indeed responsible for the PR 

prolongation272. Our data showed that ZO-1 loss in the AV node results in loss of Cx40 protein 
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expression as visualized by immunofluorescence and quantified by western blot. We were not 

able to detect changes in Cx45 or Cx30.2 by immunofluorescence. However, more in-depth 

characterization of the localization and characteristics of these connexins could prove valuable. 

For example, while the distribution of connexins in a gap junction plaque compared to the 

perinexus has been examined in ventricular cardiomyocytes, such studies have not been done in 

the AV node. The localization of each connexin type within the context of the AV node 

ultrastructure could be examined by careful immuno-gold labelling with electron microcopy of 

AV node tissue in Tjp1 deleted hearts compared to littermate controls. Using different size 

immune-gold particles, we could label multiple connexins at once to understand their 

localization with respect to each other or with respect to ZO-1. Since the organization of the AV 

node is particularly complex, with one AV node cell making contacts with many cells in 

different orientations, it is particularly valuable to have a method to examine protein localization 

and ultrastructure over numerous cells. Serial electron microscopy could be a valuable tool to 

help elucidate the role of ZO-1 in regulating AV node structure and cell-cell junctions. 

Additionally, 3D fluorescence microscopy could also be utilized to visualize the distribution of 

each connexin through the entire AV node in both Tjp1 deleted animals and their littermate 

controls.  

Given previous work demonstrating that Cx30.2 is a regulator of AV node conduction, 

and specifically that its loss results in increased conduction speed64, one hypothesis is that loss of 

ZO-1 could result in loss of Cx30.2 localization in a manner that results in increased 

automaticity. Testing this hypothesis would require generation and validation of a Cx30.2 

antibody that shows strong signal in the AV node. In the CAR knockout mice, dye coupling 

experiments revealed increased dye coupling between cells upon loss of CAR, which indicates 
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increased ability to exchange ions and small molecules between cells. Given our data along with 

others205, 206 indicate that ZO-1 and CAR reside in the same complex, it is possible that ZO-1 loss 

could also result in increased dye coupling in the ventricular slices. Dye coupling experiments 

could also be conducted in AV node slices to determine if the same remains true. The results of 

such an experiment could provide insight into a mechanism by which abnormal, increased 

coupling between cells could facilitate increased automaticity.  

Differential effect of ZO-1 loss on AV node compared to ventricular myocardium 

In contrast to the pronounced AV node dysfunction, atrial and ventricular activation 

times and conduction velocity remained unchanged, despite a decrease in Cx43 at ventricular 

intercalated discs. This difference was also observed in CAR knockout models205, 206. We 

consider here several ideas for why there is phenotypic discrepancy between the AV node and 

atria/ventricle.  

First, previous work has suggested that connexin protein expression must be reduced by 

70% to 95% in the ventricle before conduction velocity is decreased273. Additionally, studies of 

heart failure in canines revealed that loss of Cx43 significantly precedes conduction velocity 

slowing, but relocalization of Cx43 from the intercalated disc to the lateral membrane as well as 

dephosphorylation correlated closely with decreased conduction velocity274. These data suggest 

that in Tjp1 deletion alone in the ventricle is likely insufficient to reduce Cx43 protein levels to 

the threshold required for conduction velocity loss. However, in the AV node the threshold of 

connexin reduction for conduction slowing may be lower. Further, since AV node conduction is 

reliant on a combination of Cx40, Cx30.2, and Cx45, with Cx30.2 and Cx45 providing higher 

intercellular resistance64, 275-277. ZO-1 loss may not only affect total connexin expression, but also 

the ratio of these connexins, which may be a potential secondary means of regulation that could 
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make the AV node more sensitive to ZO-1 loss. Finally, we observed a significantly increased 

density of ZO-1 in the AV node of both human and mice hearts compared to surrounding atrial 

and ventricular tissue, suggesting a higher intrinsic level of ZO-1 is required in the AV node. 

Follow-up experiments quantifying Cx43, Cx 40, Cx45, and Cx30.3 protein expression, 

localization, phosphorylation state over time following Tjp1 deletion in atrial, ventricular, and 

AV node tissue would be necessary to fully dissect out the location specific role of ZO-1. 

Additional experiments in which Tjp1 deletion was coupled with a pharmacological method of 

connexin dephosphorylation could be a potential strategy of testing the hypothesis that changes 

in connexin phosphorylation state in addition to protein expression reduction are required for 

altered ventricular conduction speed.  

In addition to differences in connexin requirements, structural differences unique to the 

AV node may result in conduction differences such that a minor loss of cell-cell communication 

has a much more detrimental effect than the same loss in ventricular tissue. The AV node is 

highly complex and contains several different regions, which are both structurally and 

electrophysiologically distinct. It has been established that there are two functional pathways of 

conduction through the AV node, the fast pathway and the slow pathway, although the anatomic 

pathways are less clear278-280. Generally, the fast pathway is thought to be located in the cells 

surrounding or within the compact node, while the slow pathway travels through the inferior 

nodal extension. During normal conduction, the depolarizing wave travels from the atrium into 

both the fast and slow pathways, but the fast pathway wave front arrives at the bundle of His 

first. The slow pathway wave encounters tissue that has already been activated by the fast 

pathway, so it is blocked from being conducted further into the bundle of His281. Anatomically, 

cells of the fast pathway are longer with a larger diameter compared to those of the slow 
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pathway. The molecular composition of the AV node is also complex in the distribution of 

connexin type expressed. Cx43 is highly expressed surrounding the AV node, but becomes 

significantly less abundant closer to the compact node, and is important for the slow pathway, 

while Cx40 expression is highest within the compact node is a main component of the fast 

pathway. Cx45 and Cx30.2 are expressed throughout the AV node region, but at comparatively 

lower levels than connexin 40280.  We observed a decrease in both Cx40 AV node expression as 

well as localization at AV node intercalated discs following deletion of Tjp1. This data along 

with the observed PR prolongation in Tjp1 deleted mice suggests that ZO-1 may be important in 

regulating the fast pathway in the AV node. Careful examination of cell morphology, protein 

localization, and measurement of conduction velocity between the fast and slow pathway would 

be required to determine the specific effect of ZO-1 on AV node functional and structural 

pathways. This would be challenging in a mouse model due to the small size of the AV node. 

Thus, a rabbit model of Tjp1 deletion may be better suited for these studies. Alternatively, AV 

node conduction could be modeled computationally incorporating our observed changes in 

connexin expression to dissect out the role of ZO-1 in regulating conduction of the different 

regions of the AV node. Overall, a greater understanding of differences in the role of intercalated 

disc proteins within the AV node compared to surrounding atrial or ventricular myocardium 

could help shape new clinical outcomes for patients with AV node dysfunction.  

ZO-1 complex components 

Tight junction composition has been examined extensively in epithelial and endothelial 

cells with dozens of transmembrane and tight junction associated proteins having been identified 

over the years. ZO-1 was the first to be identified in 1986, and since then has been found to bind 

a long list of proteins including claudins, occludin, JAM family of proteins, tricellulin, CAR, 
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Bves, Neph family of proteins, connexins, the other members of the zonula occludens family, 

AF6, α-catenin, ARVCF (PDZ domains), α-actinin-4, α-spectrin, d F-actin, ZONAB, tuba, 

Shroom2, Csk, Gα(12), phosphoinositide70. Our data provides evidence that ZO-1 also interacts 

with CAR, Cx40 and Cx43 in the cardiac gap junctions. However unlike epithelial tight 

junctions, which require ZO-1 for their formation, cardiac gap junctions were still observed by 

immunofluorescence and immune-gold electron microscopy staining ten days following Tjp1 

deletion although connexin expression at the intercalated disc was decreased. This along with 

other studies suggest that the requirement for ZO-1 in gap junction formation may be different 

from that for tight junction formation. While ZO-1 interaction with critical tight junction protein 

claudin is required for its polymerization, in vitro studies showed blocking the PDZ mediated 

interaction between ZO-1 and Cx43 led to increased plaque size, suggesting the role of ZO-1/ 

Cx43 interaction is to regulate the population of connexins available for incorporation into the 

gap junction plaque75. In addition to its direct interaction with Cx43, ZO-1’s regulatory role may 

be through its interactions with multiple other proteins including vinculin, CAR, and N-cadherin. 

This hypothesis is supported by our data and other studies in Cx43, vinculin, CAR, and N-

cadherin knockout mice. Loss of vinculin, CAR, Cx43, and N-cadherin all resulted in decreased 

expression of ZO-1 and Cx43, accompanied by cardiomyocyte necrosis or increased propensity 

for arrhythmias. This suggests a complex role of ZO-1 in the regulation of the intercalated disc 

that relies on more than its direct interaction with one protein. Further studies will be required to 

dissect out the role of specific protein interactions in the regulation of the intercalated disc. To 

understand the scope of regulation by ZO-1, an RNA sequencing experiment comparing Tjp1 

deleted cardiomyocytes with littermate controls could be performed. Following this, double 

knockout of ZO-1 with its interaction partners including vinculin, CAR, N-cadherin, connexins, 
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as well as targets identified by the RNA sequencing can be assessed to determine if interactions 

between intercalated disc proteins are synergistic. Further, in vitro experiments assessing the 

effect direct interaction of ZO-1 with its interaction partners using peptide inhibitors of the 

binding regions could yield insight into the specific role of ZO-1 binding at the intercalated disc.  

Conclusion 

In summary, we have investigated the mechanisms of arrhythmogenesis from several 

angles. First, we defined a novel calcium-dependent mechanism of atrial fibrillation following 

transcription factor Tbx5 insufficiency. Next, we examined the coregulatory relationship 

between transcription factors Tbx5 and Gata4 in maintaining atrial rhythm. Finally, we assessed 

the role of Tbx5 downstream intercalated disc protein, ZO-1, in arrhythmogenesis and find that it 

is important for AV node function.  
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