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Abstract

Background: ZFHX3, a gene that encodes a large transcription factor, is at the second-most 

significantly associated locus with AF, but its function in the heart is unknown. This study aims to 

identify causative genetic variation related to AF at the ZFHX3 locus and examine the impact of 

Zfhx3 loss on cardiac function in mice.

Methods: CRISPR-Cas9 genome editing, chromatin immunoprecipitation, and luciferase assays 

in pluripotent stem cell-derived cardiomyocytes were used to identify causative genetic variation 

related to AF at the ZFHX3 locus. Cardiac function was assessed by echocardiography, MRI, 

electrophysiology studies, calcium imaging, and RNA sequencing in mice with heterozygous and 

homozygous cardiomyocyte-restricted Zfhx3 deletion (Zfhx3 Het and KO, respectively). Human 
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cardiac single-nucleus ATAC-sequencing data was analyzed to determine which genes in atrial 

cardiomyocytes are directly regulated by ZFHX3.

Results: We found SNP rs12931021 modulates an enhancer regulating ZFHX3 expression, and 

the AF risk allele is associated with decreased ZFHX3 transcription. We observed a gene-dose 

response in AF susceptibility with Zfhx3 KO mice having higher incidence, frequency, and burden 

of AF than Zfhx3 Het and WT mice, with alterations in conduction velocity, atrial action potential 

duration, calcium handling and the development of atrial enlargement and thrombus, and dilated 

cardiomyopathy. Zfhx3 loss results in atrial-specific differential effects on genes and signaling 

pathways involved in cardiac pathophysiology and AF.

Conclusions: Our findings implicate ZFHX3 as the causative gene at the 16q22 locus for AF, 

and cardiac abnormalities caused by loss of cardiac Zfhx3 are due to atrial-specific dysregulation 

of pathways involved in AF-susceptibility. Together, these data reveal a novel and important 

role for Zfhx3 in the control of cardiac genes and signaling pathways essential for normal atrial 

function.
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Introduction

Atrial fibrillation (AF) is the most common sustained arrhythmia and is associated with 

significant morbidity1. Various risk factors for AF have been identified including age, sex, 

cardiovascular disease, obesity, and family history2. In the last decade, large scale studies in 

population genetics have identified more than 100 loci associated with AF3. However, the 

mechanisms by which genetic variation at these loci leads to AF remains largely unknown. 

For example, the second-most significantly associated locus with AF was identified over a 

decade ago near the gene ZFHX33–5, yet little is known about the role of this gene in cardiac 

function or AF development.

Located on human chromosome 16q22, ZFHX3 encodes AT motif binding factor 1 

(ATBF1), a large transcription factor with various zinc finger motifs and homeodomains6. 

Studies have indicated that ZFHX3 functions as both a promoter and suppressor of 

carcinogenesis and tumor formation in multiple cancers. In breast cancer, ZFHX3 was 

shown to promote tumor growth through the upregulation of transcription factors such 

as TBX3, but it has also been shown to bind the AT-rich enhancer regions of alpha-

fetoprotein and aminopeptidase-N, as well as the oncoprotein Myb, leading to inhibition 

of transcriptional activity7–10. Additionally, ZFHX3 has been shown to play a role in 

regulating myogenic and neuronal differentiation11,12, and is among the genes least tolerant 

of loss of function variation, implying a critical role in physiological homeostasis13. In 
vitro experiments performed in murine atrial myocytes have indicated an important role 

for Zfhx3 in the pathogenesis of AF through altered calcium homeostasis14,15. Moreover, 

it was recently shown that Zfhx3 plays a role in mitochondrial dysfunction induced with 

tachypacing in mouse atrial cardiomyocytes16. However, the effects that cardiac ZFHX3 loss 

may have on the pathophysiology of AF in vivo are not known.
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We therefore sought to identify the causative genetic variation related to AF at this locus 

and then examined the impact of Zfhx3 loss on cardiac structure and function in a mouse 

knockout (KO) model. Our results reveal an important role for Zfhx3 in cardiac function and 

through regulation of genes essential for normal atrial function.

Methods

Additional methods are available in Supplemental Material provided. The RNA sequencing 

data have been uploaded to the Gene Expression Omnibus (GEO) database with free 

accessibility (GSE229525). The data that support the findings of this study are available 

from the corresponding author upon reasonable request.

Animal Protocols

All animal studies were approved by the Institutional Animal Care and Use Committee at 

Massachusetts General Hospital and were in compliance with relevant ethical regulations.

Statistical analyses

Statistical data analysis is included in every figure and described in detail on the respective 

figure legends. The exact P values and number of cells analyzed per condition (n) are stated 

in the figures, figure legends, and in Data Set S5. All experimentation and data analyses 

were conducted blinded to genotype. Animal group sizes were as low as possible and 

determined based on previous experience. Results are presented as mean values ± s.e.m. All 

statistical analyses were performed with GraphPad Prism 9 software. A P-value of <0.05 

was considered statistically significant. Data were tested for normality using the Shapiro-

Wilk test when applicable. For two group comparisons, unpaired two-tailed Student’s t test 

was used. Multiple group comparisons were performed by one-way or two-way ANOVA 

with Tukey’s multiple comparisons test (unless otherwise noted) when the data exhibited a 

normal distribution. For data sets that did not follow a normal distribution or when sample 

size was smaller than 6, either Mann-Whitney non-parametric analysis (two-group analysis) 

was performed, or the normal distributions of the variables were externally supported by 

our previous work17. Multiple testing corrections were performed independently within each 

hypothesis. Representative images were selected to represent the means of the quantified 

data.

Results

rs12931021 is a functional genetic variant that modulates expression of ZFHX3

We began by linking the genetic variant(s) associated with AF risk to altered expression of a 

gene in the region. The sentinel AF SNP at the locus, rs2106261, is located between the first 

and second exon of ZFHX3. The AF locus, defined as SNPs with linkage disequilibrium 

r2 > 0.3 to rs2106261 (in population of European ancestry from the 1000 Genomes Project 

data) spans a ~74 kb region and contains a total of 52 common variants with a minor 

allele frequency greater than 1% in individuals of European descent. We did not observe 

any expression quantitative trait loci (eQTL) for this variant in the heart tissues from the 
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Genotype Tissue Expression (GTEx) database18 nor in our prior data eQTL data from 

human left atrium3.

We narrowed down our search for potential functional variants to those within open 

chromatin regions by utilizing the digital DNaseI hypersensitivity (DHS) dataset from 

the Encyclopedia of DNA Elements (ENCODE) project19. Specifically, we intersected the 

52 AF-associated SNPs on 16q22 with the DHS signal in human cardiac myocytes. Six 

candidate SNPs (Table S1) showed colocalization with the DHS signal and overlapped 

with active chromatin marks as shown by the 18-state model of the Roadmap Epigenomics 

consortium (Figure 1a)20. We then assessed the effect of candidate SNPs on gene expression 

by cloning 500–1000 bp regions surrounding each candidate SNP (risk and non-risk alleles) 

upstream of a minimal promoter driving the firefly luciferase gene. Enhancer activity 

between the two alleles was compared in human pluripotent stem cell (PSC)-derived 

cardiomyocytes (PSC-CMs). Out of the six SNPs, only rs12931021 exhibited differential 

activity dependent on genotype, with the non-risk C allele being 3.9-fold more active than 

the risk A allele, although the overall luciferase signal was modest (Figure 1b). On the 

other hand, rs12596810 displayed the highest luciferase signal, suggesting the presence of 

a strong enhancer which is also evolutionarily conserved. However, no differential allelic 

activity was observed for rs12596810 (Figure 1b). To confirm the allele-specific regulatory 

effects of rs12931021, we performed chromatin immunoprecipitation (ChIP) in PSC-CMs 

heterozygous at rs12931021. Using antibodies against H3K4me1 and H3K27ac, we then 

quantified the enrichment of each allele by qPCR. While no enrichment for H3K27ac was 

detected in either allele, a greater enrichment of H3K4me1 at the C allele was observed 

compared to the A allele (21.7 ± 0.6 versus 15.4 ± 1.2; Figure 1c), verifying the genotype-

dependent regulatory activity at rs12931021. We then explored whether the presence of 

the rs12931021-containing regulatory element effects the expression of ZFHX3. Using 

CRISPR-Cas9, we deleted a 219 bp region harboring rs12931021 in PSC-CMs (Figure S1a) 

and measured the ZFHX3 level by qPCR. The PSC-CMs with the deletion of rs12931021 

expressed a significantly lower level of ZFHX3, compared to the wild-type PSC-CMs (0.85 

± 0.02 versus 1.01 ± 0.02; Figure 1d).

To examine the relationship more precisely between rs12931021 genotype and ZFHX3 
expression, we generated two isogenic CRISPR PSC lines with the AA and CC genotype 

at rs12931021, respectively, from the wild-type heterozygous (AC) PSCs (Figure S1b). We 

differentiated these isogenic PSC lines to PSC-CMs and evaluated the effect of rs12931021 

genotype on ZFHX3 expression. As a result, we observed a dose relationship between 

non-risk C allele number and greater ZFHX3 expression (Figure 1e). Taken together, these 

data support ZFHX3 as the causal gene at the 16q22 locus for AF association and suggests 

that rs12931021 is a functional SNP mediating the genetic association with increased AF 

risk correlated to reduced ZFHX3 expression.

Cardiac-restricted loss of Zfhx3 increases arrhythmia susceptibility

The cardiovascular effects of Zfhx3 loss in vivo were examined using mice with 

cardiomyocyte-restricted heterozygous or homozygous knockout of Zfhx3 (denoted Zfhx3 
Het or Zfhx3 KO, respectively) created by crossbreeding heterozygous or homozygous 
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floxed Zfhx3 (Zfhx3fl/+or Zfhx3fl/fl, respectively) mice with Zfhx3 heterozygous or 

homozygous KO expressing α-myosin heavy chain-cre (Myh6-cre- Zfhx3fl/+ or Myh6-cre-
Zfhx3fl/fl, respectively). Age-matched Zfhx3fl/fl littermates were used as controls (denoted 

WT). Organ specific genotyping confirmed that deletion of the critical exons was restricted 

to cardiac tissues in Zfhx3 KO mice (Figure S2) and that expression of Zfhx3 in the adult 

WT mouse heart was seen primarily in the atria (Figure 2a). No differences in offspring 

survival between genotypes were seen however, we observed a high incidence of premature 

death in both Zfhx3 Het and Zfhx3 KO mice: by age 10 months 32 out of 42 Zfhx3 KO mice 

had died, while 20 out of 36 Zfhx3 Het mice had died by 12 months of age. In contrast, there 

was minimal mortality in WT mice with only 4 out of 42 dead by 9 months of age (Figure 

2b).

To assess the effects of Zfhx3 loss on cardiac function, we performed two dimensional 

and M-mode echocardiography to screen for ventricular and atrial structural and functional 

abnormalities in 3-month-old WT, Zfhx3 Het, and Zfhx3 KO mice. No differences were 

observed among genotypes in left ventricular internal dimension in systole (LVIDs), left 

ventricular end dimension in diastole (LVIDd), interventricular septal thickness in systole 

(IVSs), interventricular septal thickness in diastole (IVSd), posterior wall thickness in 

systole (PWs), posterior wall thickness in diastole (PWd), left atrial diameter or left 

ventricular function (Table S2).

To further evaluate cardiac structure and to exclude subtle anomalies that might have been 

missed by echocardiography, we performed cardiac magnetic resonance imaging (MRI) in 

WT and Zfhx3 KO mice at 3 months of age and found significantly reduced ejection fraction 

(WT vs Zfhx3 KO mice: 72.2 ± 2.47 vs 59.5 ± 4.05 %, P = 0.023) and significantly 

increased left atrial size (WT vs Zfhx3 KO mice: 2.12 ± 0.11 vs 2.67 ± 0.17 mm, P = 

0.024) in Zfhx3 KO mice (no differences in LV end diastolic volume (EDV), end systolic 

volume (ESV), or stroke volume between the groups; Figure 2c). Finally, we assessed 

trichrome-stained heart sections for cardiac fibrosis and found no differences in fibrosis 

between 3-month-old Zfhx3 KO and WT mice (Figure 2d).

To examine the susceptibility of Zfhx3 Het and Zfhx3 KO mice to arrhythmias, we 

then performed in vivo cardiac electrophysiology testing at the same age. Despite no 

overt differences in baseline electrophysiological parameters measured (Table S3), we 

observed a gene-dose response in inducible atrial arrhythmias (AA)/AF by programmed 

stimulation. Zfhx3 KO mice had a higher incidence of AA/AF than WT mice (13/17 vs 6/15, 

respectively,) and Zfhx3 Het mice (13/17 vs 4/6 mice, respectively) at shorter atrial cycle 

lengths lasting both at least 1 sec after burst pacing (Figure 3a, b) and at least 15 sec after 

burst pacing with spontaneous return to baseline or termination by overdrive pacing (Zfhx3 
KO, 13/17; WT, 2/15; and Zfhx3 Het 4/6; Figure S3). Zfhx3 KO mice were also more 

prone to arrhythmia induction and had increased frequency of AA/AF compared to WT and 

Zfhx3 Het mice (Figure 3c, d). In some cases, arrhythmias in the Zfhx3 KO mice persisted 

until termination by either burst pacing or introduction of programmed extra stimuli. These 

arrhythmias presented as spontaneous termination of atrial tachycardia in Zfhx3 KO mice 

manifest by an abrupt reduction in the cycle length and inversion of the P wave axis on 
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the surface EKG. This was followed by spontaneous resumption of the atrial tachycardia. 

(Figure 3e).

Zfhx3 loss increases arrhythmia susceptibility through alterations in cardiac conduction 
velocity, action potential duration, and calcium handling

To identify potential mechanisms by which Zfhx3 loss increases susceptibility to AA/AF, 

we performed ex vivo optical mapping in isolated 3-month-old Langendorff-perfused hearts. 

Zfhx3 KO mouse hearts demonstrated significantly slower right atrial (RA) conduction 

velocity (CV: 0.81 ± 0.044 vs. 0.59 ± 0.63 m/s, P = 0.016; Figure S4), and no differences in 

APD90 in the RA or LA were observed (Figure S4).

Next, we performed calcium imaging as calcium dysregulation plays a critical role in the 

pathophysiology of AF21. Removal of Zfhx3 caused abnormal calcium handling in murine 

left atrial cardiomyocytes. Notably, we observed afterdepolarization-associated calcium 

transients in the left atrial cardiomyocytes of Zfhx3 KO mice but not in WT mice (Figure 

4a), which potentially provide a trigger that might contribute to arrhythmogenesis in Zfhx3 
KO mice. Additionally, we saw significant increases in both decay time and spontaneous 

calcium release events compared to control (Decay time: 82.7 ± 4.4 vs 60.6 ± 2.8 ms, P 
= .0063; Spontaneous calcium release events per second: 0.914 ± 0.15 vs 0.437 ± 0.08, 

P = .0063, respectively; Figure 4a-f). Together, these data indicate loss of Zfhx3 results 

in conditions that predispose to increased automaticity resulting in the observed increased 

susceptibility to AA/AF.

Loss of Zfhx3 disrupts expression of genes and signaling pathways involved in cardiac 
pathophysiology

To explore any molecular mechanisms underlying AA/AF, we identified transcripts altered 

by Zfhx3 by RNA sequencing of the LA and RA of 6-month-old Zfhx3 KO, Zfhx3 Het, and 

WT mice (Figure 5a). Pearson’s correlation analysis and clustering revealed that both Zfhx3 
Het and KO atria were distinguishable from WT samples, thus we grouped them together 

for all further analysis (Figure 5b, see methods). Next, we performed differential expression 

analysis and found that there were 613 total significantly differentially expressed genes in 

the RA (Figure 5c, Data Set S1) and 1246 significantly differentially expressed genes in 

the LA (Figure 5d, Data Set S2). To determine the overlap of differentially expressed genes 

between each atrial chamber we combined all significantly affected genes (n=1541, adjusted 

p-value < 0.05) together (Figure 5e). Overall, we observed that the major gene expression 

patterns were concordant. In mutant animals we found a consistent upregulation of genes 

associated with dendritic cells, inflammation, and cardiac injury, including Cd209a, Sfrp5, 
and Nppb22–24. Among the commonly downregulated genes we found Myl2, Cacna1s, 

Hcn1, and Scn4b. There were more discordantly expressed genes found upregulated in the 

LA (n=45) than in the RA (n=29). Genes elevated in expression in the LA but not the RA 

included inflammatory markers such as Ifit1, Mx1, and Il2ra.

Next, we performed gene ontology (GO) and pathway enrichment analysis of the common 

differentially expressed genes to determine the global transcriptional signatures associated 

with Zfhx3 loss of function (Figure 5f, and 5g). We found that in Zfhx3 deficient atria many 
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genes associated with diabetic cardiomyopathy, oxidative phosphorylation, and fatty acid 

metabolism were downregulated (Figure 5f). Further, genes associated with cardiac muscle 

contraction and protein translation were also significantly downregulated. Upregulated 

signaling pathways included, VEGF, TGFB, and BMP (Figure 5g), possible indications 

of interstitial cardiac fibrosis and endothelial dysfunction. Moreover, we found evidence for 

cell stress and the unfolded protein response in mutant atrial tissue. We also found numerous 

genes involved in the regulation of Wnt signaling were significantly differentially expressed 

in our dataset. Of the Wnt signaling-related dysregulated transcripts in the atria of Zfhx3 KO 

mice, secreted frizzled-related protein 5 (Sfrp5; Figure 5e). Sfrps act to inhibit Wnt pathway 

signaling, which has been shown to have positive effects on cardiac function, left ventricular 

remodeling, and fibrosis25. Taken together, these findings establish ZFXH3 in the regulation 

of genes signaling pathways involved in cardiac pathophysiology.

Zfhx3 directly regulates genes related to cardiac conduction and AF

The DNA binding motif of ZFHX3 has been characterized in vitro and is known to bind 

AT rich sequences26–28. However, no ChIP-seq datasets exist to precisely characterize the 

consensus binding motif and cistrome for ZFHX3, as there are no antibodies available 

of sufficient quality. To overcome this issue and to determine which genes are directly 

regulated by ZFXH3 in vivo, we generated a consensus ZFHX3 motif derived from 

published AT sequences of genes regulated by Zfhx3, as has been done previously29 (Figure 

6a). This approach takes advantage of in vitro luciferase validated ZFHX3 binding sites 

that share sequence conservation across mammals in order to develop a ZFHX3 motif that 

can be used to assess identify putative target sites in silico. To determine which genes 

in atrial cardiomyocytes (CMs) are putatively regulated directly by ZFHX3, we analyzed 

human cardiac single nucleus ATAC-seq data (snATAC) obtained from each of the 4 cardiac 

chambers (LV, RV, LA, RA)30. Firstly, we evaluated the enrichment of ZFHX3 binding sites 

across all identified cardiac regulatory elements (n= 287,415 peaks from 9 cell clusters) and 

identified 6,779 high confidence binding sites (log-odds score > 10). We then determined the 

cell type-specific enrichment across these peaks and found that atrial CMs had the greatest 

signal when compared to ventricular CMs and cardiac fibroblasts (Figure 6b). Secondly, we 

looked at all the putative ZFHX3 binding sites in atrial CMs alone and performed Genomic 

Regions Enrichment Annotation (GREAT) analysis (Figure 6c)31. Among the top enriched 

terms for the putative ZFHX3 cistrome were cardiac conduction, heart contraction, and Ca2+ 

transport. Next, we extracted all the atrial-enriched snATAC peaks and performed motif 

enrichment analysis for ZFHX3, identifying 4,174 ZFHX3 atrial CM-specific binding sites 

(Figure 6d, Data Set S3). Of these, 306 genes were identified as differentially expressed 

from our RNA-seq analysis (adjusted p-value < 0.05). GO analysis of these 306 direct 

ZFHX3 target genes uncovered enrichment for genes with roles in cardiac development, 

VEGF signaling, Wnt signaling, calcium binding, and heart contraction (Figure 6e). Further, 

we intersected the direct ZFHX3 target genes with all known AF GWAS loci (Figure 6d, 

Data Set S4)32. We found 6 genes located at AF GWAS loci that are directly regulated 

by ZFHX3, including PFDN1, PLN, CAV1, TBX5, SYNE2, and CYS1 (Figure 6d, Data 

Set S4). The directionality of expression of these and other genes was consistent with both 

positive and negative regulation by ZFHX3 in cardiomyocytes (Figure 6f). For example, 

Tbx5 expression increases in Zfhx3-deficient CMs, while Pln and Pfdn1 decreases. These 
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results are consistent with previous studies evaluating the repressive role of Zfhx3 on other 

cardiac-specific transcription factors, including Tbx5 (Figure 6g)33.

Zfhx3 loss ultimately leads to the development of a dilated cardiomyopathy, atrial 
enlargement, and intra-atrial thrombus formation

Finally, we investigated whether cardiac abnormalities were responsible for the observed 

diminished survival in Zfhx3 KO mice. Indeed, both gross and histologic examination of 

the Zfhx3 KO hearts between 9 and 11 months of age confirmed cardiac enlargement and 

revealed the formation of a large left atrial thrombus in ~67% of Zfhx3 KO mice (8/12 

Zfhx3 KO mice) and large thrombi in both the left and right atria in ~17% of Zfhx3 KO 

mice (2/12 Zfhx3 KO mice; Figure 7a) with significantly increased fibrosis of the atrial 

wall and left ventricle (Figure 7b). Supporting the observation of thrombus formation in 

mice lacking Zfhx3, we found significantly increased levels of Vcam1 in both the LA and 

RA, a cell surface protein upregulated in patients with left atrial appendage thrombi (Data 

Set S1)34,35. Analysis of the serial in vivo MRI-acquired images revealed significant atrial 

enlargement in Zfhx3 KO mice beginning at 3-months-old (WT vs Zfhx3 KO mice: 2.12 ± 

0.11 vs 2.67 ± 0.17 mm in Zfhx3 KO mice, P = 0.024; Figure S5). Further, MRI analysis 

in Zfhx3 KO mice at 9 months of age was notable for severely impaired left ventricular 

function (significantly increased left ventricular end systolic volume, WT vs Zfhx3 KO 

mice: 55.0 ± 4.33 vs 108.8 ± 5.94 μl, P = 2.50E-05 and left ventricular end systolic volume: 

17.8 ± 1.97 vs 86.33 ± 3.40 μl, P = 1.10E-08; Figure 7c), and significantly reduced stroke 

volume (WT vs Zfhx3 KO mice: 36.0 ± 3.68 vs 21.2 ± 3.74 μl, P = 0.018; Figure 7c), 

ejection fraction (WT vs Zfhx3 KO mice: 67.7 ± 2.40 vs 24.5 ± 0.56 %, P = 7.9E-09; 

Figure 7c), and cardiac output (WT vs Zfhx3 KO mice: 16.3 ± 1.06 vs 11.4 ± 0.94 ml/min, 

P = 0.0065; Figure 7c), with significant LA enlargement (WT vs Zfhx3 KO mice: 2.42 ± 

0.080 vs 3.22 ± 0.17 mm, P = 0.0017; Figure 7c). In addition to massively dilated hearts, 

Zfhx3 KO mice displayed premorbid phenotype indicating advanced heart failure including 

diffuse edema/anasarca, abdominal distention presumably from fluid retention, tachypnea, 

and muscle wasting (data not shown).

Discussion

To date, more than 100 genetic loci have been associated with the risk of AF3; however, the 

causative genes and the mechanisms by which they lead to AF remains unknown for most of 

these loci. The disconnect between the rapid pace of genetic discovery and our mechanistic 

understanding of AF-related genes is exemplified by the ZFHX3 locus. An association 

between AF genetic variants located intergenic to ZFHX3 was first described over a decade 

ago36, yet our understanding of the role of this gene in the heart remains limited. In the 

present study, we provide evidence strongly implicating ZFHX3 as the causative gene at the 

16q22 locus for AF and that the rs12931021 SNP at this locus modulates the expression 

of ZFHX3. Further, we show that complete loss of Zfhx3 in cardiomyocytes results in an 

increased incidence of AA/AF through atrial specific transcriptional differences. Ultimately, 

cardiac restricted Zfhx3 deletion in mice results in atrial enlargement, atrial thrombus 

formation, and dilated cardiomyopathy.
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A major finding of our study was a gene-dose response in susceptibility to AA/AF with 

Zfhx3 KO mice having higher incidence, frequency, and burden of AA/AF than Zfhx3 
Het and WT mice. We can attribute the increased vulnerability to AA/AF in ZFHX3 
Het and KO mice to basic mechanisms of AF substrate formation including the observed 

reductions in conduction velocity in Zfhx3 KO mice, as well as dysregulated calcium 

handling with frequently observed afterdepolarization-associated calcium transients in left 

atrial cardiomyocytes from Zfhx3 KO mice30.

The cardiac gene regulatory network driven by Zfhx3 discovered here offers additional clues 

to the molecular mechanisms that lead to the development of arrhythmia susceptibility in 

Zfhx3 Het and KO mice. In mutant animals, we observed consistent upregulation of genes 

associated with inflammation and cardiac injury, both of which are suggested to contribute 

to the development of AF37. Upregulated signaling pathways included VEGF, TGFB, 

and BMP, possible indications of interstitial cardiac fibrosis and endothelial dysfunction. 

Conversely, the downregulation of genes encoding membrane currents associated with 

the generation of the cardiac action potential, as well as genes involved in calcium 

handling, such as Cacna1c, in Zfhx3 KO mice are also substrates for arrythmias. Reduced 

left atrial expression of the calcium subunit modulating ICa,L has been associated with 

promoting atrial APD shortening in animal models of AF and in patients with chronic 

AF and thus, AF maintenance38. Additional downregulated genes in mutant mice included 

Myl2, Cacna1s, Hcn1, and Scn4b. Defects in the sodium channel subunit gene Scn4b 
are associated with long QT syndrome as well as familial AF39,40. Moreover, pathways 

such as diabetic cardiomyopathy, oxidative phosphorylation, and fatty acid metabolism 

were associated with downregulated genes in Zfhx3 deficient atria. This dramatic shift in 

metabolic gene expression is consistent with what has been previously observed in Pitx2 
knockout cardiomyocytes41, and with the protective role played by ZFHX3 in neurons42. 

Further, genes associated with cardiac muscle contraction and protein translation were 

also significantly downregulated38,43,44. Human snATAC-seq data, revealed atrial target 

genes regulated directly by ZFHX3 in cardiomyocytes, and these genes were involved 

in molecular pathways related to cardiac development, VEGF signaling, Wnt signaling, 

calcium binding, and heart contraction. These findings are consistent with the impaired 

calcium handling observed in Zfhx3 KO mice, and further implicate ZFHX3 as a regulator 

of cardiac conduction. Overall, these results indicate loss of cardiac Zfhx3 results in 

disrupted expression of genes and transcription networks essential for normal atrial function 

likely forming a substrate for AF, and ultimately increasing arrhythmia susceptibility.

Our study also revealed AF-associated genes were directly regulated by ZFHX3 such as 

Tbx5 and CAV1. In prior work, Nadadur and colleagues showed Tbx5 and Pitx2 co-regulate 

atrial rhythm in a gene regulatory network45. We found Zfhx3 directly regulates Tbx5, 

suggesting Zfhx3 may play a role in this regulatory network important for maintaining atrial 

rhythm homeostasis. Moreover, studies revealing that ZFHX3 functions in a transcription 

network in breast cancer to promote tumor growth through upregulation of transcription 

factors including TBX3 and MYC7, as well as those studies indicating that the gene-gene 

interactions of ZFHX3 with PITX2 may be involved in the generation of AF26, support the 

hypothesis that ZFHX3 functions as part of an AF gene regulatory network.
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Our findings show Sfrp5 was significantly upregulated in the atria of Zfhx3 KO mice. 

SFRP5 is a member of the secreted frizzled-related protein family that act primarily 

by inhibiting the Wnt signaling pathway46. Wnt signaling is critically important during 

development, and while it is quiescent in the healthy adult cardiovascular system, the 

pathway is reactivated in disease states46. Dysregulation of the Wnt signaling pathway 

has been seen in various cardiovascular disease states including hypertrophy, fibrosis, 

myocardial infarction, heart failure47–51, and inhibition of non-canonical Wnt signaling has 

been shown to prevent the onset of familial DCM52. Although studies have investigated 

the role of Wnt signaling in arrhythmia generation, the exact mechanisms involved are also 

largely unknown46. In addition to the role of this pathway in regulating known substrates 

of arrhythmogenesis such as fibrosis and inflammation53, Wnt signaling has also been 

shown to regulate expression of Cx43 to facilitate the formation of functional gap junctions, 

and disruption of this signaling can lead to arrhythmia generation and maintenance54. 

Moreover, recent work identified differentially expressed genes in paired human LA and RA 

appendages of healthy and AF patients and found gene expression in LA tissue had greater 

involvement in Wnt signaling than RA tissue in patients with AF55. Through inhibition 

of Wnt pathway signaling, Sfrps have been shown to have beneficial effects on infarct 

size and cardiac function after myocardial infarction56, antifibrotic effects57, and improved 

wound healing58. Specifically, Sfrp5 has been shown in mice to inhibit inflammation 

after ischemia/reperfusion injury, and treatment with recombinant Sfrp5 in rat ventricular 

myocytes lessened ischemic myocardial injuries59. In humans, abnormal serum levels of 

SFRP5 have been associated with coronary artery disease60 and increased incidence of 

major adverse cardiovascular events61. Together, these data support the hypothesis that 

altered Sfrp5 expression resulting from loss of Zfhx3 disrupts Wnt signaling and contributes 

to the development of arrhythmogenesis, DCM, and atrial thrombus, suggesting that Sfrp5 
may serve as future biomarker and/or therapeutic target for cardiovascular diseases.

Finally, we observed an age dependent progression in LV and atrial dilation, fibrosis, and 

thrombus formation, and a premorbid phenotype indicating advanced heart failure including 

diffuse edema/anasarca, abdominal distention presumably from fluid retention, tachypnea, 

and muscle wasting with loss of Zfhx3. Similar findings have been observed in elderly 

patients with AF. For example, atrial size is well-known to increase with age and AF 

status62–64. Increasing fibrosis is a hallmark of AF progression65, and stroke risk due to 

atrial thrombus formation increases with age64. We also observed a significant upregulation 

of Vcam-1 in the atria of Zfhx3 KO mice. Evidence suggests VCAM-1 is involved in atrial 

remodeling, clot formation, and AF34. Increased expression of VCAM-1 has been observed 

in patients with paroxysmal and persistent AF, with the highest expression levels observed 

in patients with left atrial appendage thrombosis. Additionally, during atrial pacing in pigs, 

Vcam1 has been shown to be upregulated, contributing to inflammation and generating a 

prothrombotic environment within atrial tissue34,35,66–68. Together, these findings correlate 

with the thrombus formation observed in mice lacking Zfhx3.

Despite the relatively low expression of Zfhx3 in the ventricles, the striking LV phenotype in 

older Zfhx3 KO mice may be related to total ablation of Zfhx3 expression in cardiomyocytes 

compared to the human phenotype where much ZFHX3 expression is retained. AF and 

heart failure/cardiomyopathy often co-exist and the direction of cause and effect remains 
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elusive69. Indeed, a polymorphism in the ZFHX3 gene increased the AF risk in patients with 

HF70, however, the possibility of undetected AF makes the temporal relationship between 

AF and HF somewhat uncertain. And while AF is often the first manifestation of HF, many 

patients hospitalized with HF go on to develop AF71. As such, a common genetic basis 

cannot be excluded. There is often overlap between ventricular dysfunction, increased left 

ventricular mass, and atrial dilation for AF risk, as we observed in mice with complete and 

partial loss of Zfhx3. While it is intriguing to speculate that loss of Zfhx3 may provide 

a unifying mechanism for these features of AF in patients, these observations will require 

further study in the future.

It is important to address limitations of our work. First, the maturity of the PSC-CMs 

used in our study. It has been established that most differentiation protocols produce 

cardiomyocytes resembling early fetal hearts. Compared to mature cardiomyocytes, PSC-

CMs are lacking the well-established myofibrils and T-tubules, are composed of a rather 

heterogeneous population, and display a distinct electrophysiological profile72. Despite these 

limitations, differentiation of PSC-CMs is an efficient, well-established process, generating a 

physiologically relevant in vitro system for studying cardiovascular conditions72,73. Second, 

extrapolating the results obtained in our mouse model to what is seen in large animal models 

of and in clinical AF. The higher basal heart rate, smaller body and heart size, and shorter 

APD of mice may not only limit reentrant circuits but additionally, make data interpretation 

and accuracy within the electrophysiological study more difficult. Compared to large animal 

models of AF, we do not often observe in mice the structural and electrical remodeling 

associated with sustained AF. Additionally, mice do not generally develop AF without 

programmed electrical stimulation, and compared to humans, have differences in ionic 

currents and channel distribution responsible for the time of repolarization, which may also 

make it more difficult to characterize abnormalities in cardiac conduction and arrhythmic 

phenotypes. Nevertheless, genetically engineered mice have improved our understanding 

of the genetic basis and signaling pathways contributing to cardiac arrhythmias74. Finally, 

the results of our study reflect constitutive deletion of Zfhx33. While reduction of ZFHX3 
expression in humans with the culprit SNP is present from earliest development, conditional 

deletion of Zfhx3 in the adult mouse remains an interesting area for future study and would 

help discern a developmental effect of Zfhx3.

In conclusion, our data demonstrates that an AF associated SNP, rs12931021, modulates 

expression of ZFHX3. Furthermore, loss of cardiac Zfhx3 is sufficient to provoke AA/AF 

in adult mice through alterations in conduction velocity, atrial action potential duration, 

calcium handling, and through dysregulation of genes involved in both AF-susceptibility 

and cardiac contractile function. Taken together, these data reveal a novel and important 

role for Zfhx3 in the control of cardiac genes and signaling pathways essential for atrial 

homeostasis.
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Non-standard Abbreviations and Acronyms

AF Atrial fibrillation

AA Atrial arrhythmias

ATBF1 AT motif binding factor 1

eQTL Expression quantitative trait loci

ChIP Chromatin immunoprecipitation

PSC-CMs Pluripotent stem cell-derived cardiomyocytes

LV Left ventricle

RV Right ventricle

LA Left atrium

RA Right atrium

LVIDs Left ventricular internal dimension in systole

LVIDs Left ventricular end dimension in diastole

IVSs Interventricular septal thickness in systole

IVSd Interventricular septal thickness in diastole

PWs Posterior wall thickness in systole

PWd Posterior wall thickness in diastole

EDV End diastolic volume

ESV End systolic volume

CV Conduction velocity

APD90 Action potential duration at 90% repolarization

snATAC Single nucleus ATAC-seq data
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Novelty and Significance

What is known?

• Genome wide association studies have identified a susceptibility locus for 

atrial fibrillation (AF) at ZFHX3, a gene that encodes a large transcription 

factor.

• Despite being the second-most significantly associated locus with AF, the 

function of ZFHX3 in the heart is unknown.

What New Information Does This Article Contribute?

• We provide evidence strongly implicating ZFHX3 as the causative gene at the 

16q22 locus for AF and that SNP rs12931021 SNP modulates the expression 

of ZFHX3.

• Loss of Zfhx3 in cardiomyocytes results in a gene-dose response in AF 

susceptibility with Zfhx3 KO mice having higher incidence, frequency, and 

burden of AF than Zfhx3 Het and WT mice.

• Cardiac abnormalities caused by loss of cardiac Zfhx3 are due to atrial-

specific differential effects on genes essential for normal atrial function.

The disconnect between the rapid pace of genetic discovery and the mechanistic 

understanding of AF-related genes identified by genome-wide association studies is 

exemplified by the ZFHX3 locus. An association between AF genetic variants located 

intergenic to ZFHX3 was first described over a decade ago, yet our understanding 

of the role of this gene in the heart remains limited. Here, we provide evidence 

strongly implicating ZFHX3 as the causative gene at the 16q22 locus for AF and that 

the rs12931021 SNP at this locus modulates the expression of ZFHX3. Further, we 

show that complete loss of Zfhx3 in cardiomyocytes results in an increased incidence 

of arrythmias through atrial specific transcriptional differences, atrial enlargement and 

thrombus formation, and dilated cardiomyopathy. In aggregate, these findings provide a 

causal link between a genetic locus associated with AF and ZFHX3.
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Figure 1. Identification of a functional variant at the ZFHX3 locus on chromosome 16q22.
A. The region encompassing all common AF-associated SNPs with r2 > 0.3 with respect to 

the sentinel SNP rs2106261. The six candidate SNPs intersecting DNaseI hypersensitivity 

(DHS) signal are shown. The DHS signal in human cardiac myocytes and the mammalian 

conservation (Phylop) around this region were obtained from ENCODE. The 18-state 

models from Roadmap Epigenomics marking various regulatory elements in human left 

ventricles (LV) and right atria (RA) show regions of transcription, weak enhancer, active 

enhancer, transcription start site and repressed polycomb as green, yellow, orange, red 
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and grey blocks, respectively. The red, green and black arrows indicate the position of 

rs2106261, rs12596810 and rs12931021, respectively. B. Luciferase data showing allele-

specific activities for the six candidate SNPs in PSC-CMs. n = 3. C. Allele-specific ChIP-

qPCR results in PSC-CMs heterozygous at rs12931021. The pulldown of H3K4me1 and 

H3K27ac were conducted to evaluate the enrichment of chromatin fragments containing 

either allele of rs12931021. n = 3. D. qPCR showing that deletion of rs12931021-containing 

regulatory element reduces the expression of ZFHX3 in PSC-CMs. n = 7. E. Relative 

expression of ZFHX3 in isogenic PSC-CMs carrying AA, AC or CC genotype at 

rs12931021. n = 24. P values are indicated (B-E). Data are mean ± s.e.m. Groups were 

compared using unpaired t tests (B-D). Groups were compared using ordinary one-way 

ANOVA with Tukey’s multiple comparisons test (E).

Jameson et al. Page 20

Circ Res. Author manuscript; available in PMC 2024 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Zfhx3 Het and KO mice have diminished survival.
A. Confocal images of Zfhx3 (green), troponin (red), and DAPI (blue) in adult WT mouse 

heart tissue. B. Percent survival of WT (n = 42), Zfhx3 Het (n = 36), and Zfhx3 KO (n = 42) 

mice. C. Representative left ventricular end- diastolic (top) and systolic (bottom) frames of 

short axis myocardium slices for WT (left) and Zfhx3 KO (right) mice at 3 months of age. 

Quantitative comparison (bottom) of left ventricular end- diastolic volume (LVEDV), left 

ventricular end systolic volume (LVESV), left ventricular stroke volume (LVSV), ejection 

fraction (EF), and cardiac output, and left atrial (LA) size between WT and Zfhx3 KO mice. 
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n = 6 per genotype. D. Masson’s trichrome staining in WT (top) and Zfhx3 KO (bottom) 

heart sections from 3-month-old mice. Bar graphs show quantification of fibrotic areas in 

histological sections (LV, left; LA, right; n = 6 samples per genotype). LV indicates left 

ventricle; RV, right ventricle; LA, left atrium; RA, right atrium. P values are indicated. 

Percent survival was compared using log-rank Mantel-Cox test, WT versus Zfhx3 Het and 

Zfhx3 KO (B). Data are mean ± s.e.m. Groups were compared using unpaired t tests (C and 

D).
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Figure 3. Gene-dose response in susceptibility to AA/AF at 3-months-old.
A. Representative surface (red) and intracardiac atrial (green) ECGs (mV) in WT (top) and 

Zfhx3 KO mice (bottom) after rapid atrial pacing (cycle length of 25 ms). B. Percentage 

of mice with inducible AA/AF (6/15 WT, 4/6 Zfhx3 Het, and 13/17 Zfhx3 KO mice). C. 
Comparison of arrhythmia burden by genotype (n = 15 WT, 6 Zfhx3 Het, and 17 Zfhx3 
KO mice). D. Frequency of AA/AF in each group at 3-months-old (n = 15 WT, 6 Zfhx3 
Het, and 17 Zfhx3 KO mice). E. Representative surface (red) and intracardiac atrial (green) 

ECGs (mV) in Zfhx3 KO mice showing atrial tachycardia termination and resumption. 
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Time between beats indicated in ms. AA indicates atrial arrhythmia; AF, atrial fibrillation; 

ECGs, electrocardiogram; AT, atrial tachycardia, NSR, normal sinus rhythm. Data are mean 

± s.e.m. P values indicated. Significance of arrhythmia induction and frequency of AA/AF 

were determined with Mann-Whitney test.
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Figure 4. Zfhx3 loss results in abnormal calcium handling at 3-months-old.
A. Representative traces of calcium transients recorded from WT (top) and Zfhx3 KO 

(bottom) mice left atrial cardiomyocytes with fluo-3AM and paced at 1 Hz. Mean amplitude 

(B, n = 28 WT and 14 Zfhx3 KO cells), time to peak (C, n = 27 WT and 15 Zfhx3 KO cells), 

and decay time constants (D, n = 27 WT and 15 Zfhx3 KO cells) of calcium transients. E. 
Representative traces of spontaneous calcium events after 1 min of pacing at 1 Hz. F. Mean 

spontaneous calcium events per second without pacing (n = 20 WT and 19 Zfhx3 KO cells). 

Data are mean ± s.e.m. P values are indicated. Groups were compared using unpaired t tests
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Figure 5. Zfhx3 loss leads to differentially expressed genes in left and right atria at 6 months of 
age.
A. Experimental overview for RNA-seq. Both the LA and RA were profiled from 3 different 

animals of each genotype (total animals profiled = 9 and, mRNA-seq libraries = 18). B. 
Correlation heatmap of RNA-seq sample distances. Individual libraries annotated by region, 

and genotype. C, D. Volcano plot of total RNA sequencing of LA (C) and RA (D) in WT vs 

Zfhx3 KO and Het mouse hearts. E. Scatterplot of all combined significantly differentially 

expressed genes (DEGs) compared across the left atria (LA) and right atria (RA). F, G. GO 
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and pathway for common downregulated (F) and upregulated (G) genes. LA indicates left 

atrium; RA, right atrium; GO; gene ontology.
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Figure 6. ZFHX3 directly regulates genes related to atrial conduction and AF.
A. The consensus ZFHX3 motif derived from published AT sequences of genes regulated 

by Zfhx3. B. snATAC-seq fragment depth per cell cluster across high confidence ZFHX3 
motif containing peaks (logs ratio >10). C. GREAT analysis for top atrial CM ZFHX3+ 
peaks. D. Venn diagram displaying the overlap of differentially expressed genes from Zfhx3 
KO mice (adjusted P-value < 0.05) combined from both left and right atria, human ZFHX3 
target genes identified from atrial CMs via snATAC and known AF GWAS loci. E. Gene 

ontology analysis for ZFHX3 target genes differentially expressed in Zfhx3-deficient hearts. 

F. Heatmap displaying genes expression of cardiac genes, identified in panel E. G. Genome 

browser track showing snATAC from the human heart separated by cardiac cell type. Atrial-
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enriched peak with a ZFHX3 motif is highlighted in light red. CM indicates cardiomyocyte; 

GREAT indicates genomic regions enrichment annotations.
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Figure 7. 9-month-old Zfhx3 KO mice have dilated cardiomyopathy and atrial thrombus.
A. Representative gross heart size in WT (left) and Zfhx3 KO (right) mice. B. 
Representative Masson’s trichrome staining of whole hearts, WT (top left) and Zfhx3 KO 

mice (top right), and heart sections from LV (top) and LA (bottom). Bar graph shows 

quantification of left ventricular and left atrial fibrotic areas in histological sections. n = 

6 samples per genotype. C. Representative left ventricular end- diastolic (top) and systolic 

(bottom) frames of short axis myocardium slices for WT (left) and Zfhx3 KO (right). 

Quantitative comparison (bottom) of left ventricular end- diastolic volume (LVEDV), left 
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ventricular end systolic volume (LVESV), left ventricular stroke volume (LVSV), ejection 

fraction (EF), and cardiac output, and left atrial (LA) size between WT and Zfhx3 KO mice. 

n = 6 per genotype. LV indicates left ventricle; RV, right ventricle; LA, left atrium; RA, 

right atrium. Data are mean ± s.e.m. P values are indicated. Groups were compared using 

unpaired t tests

Jameson et al. Page 31

Circ Res. Author manuscript; available in PMC 2024 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Methods
	Animal Protocols
	Statistical analyses

	Results
	rs12931021 is a functional genetic variant that modulates expression of ZFHX3
	Cardiac-restricted loss of Zfhx3 increases arrhythmia susceptibility
	Zfhx3 loss increases arrhythmia susceptibility through alterations in cardiac conduction velocity, action potential duration, and calcium handling
	Loss of Zfhx3 disrupts expression of genes and signaling pathways involved in cardiac pathophysiology
	Zfhx3 directly regulates genes related to cardiac conduction and AF
	Zfhx3 loss ultimately leads to the development of a dilated cardiomyopathy, atrial enlargement, and intra-atrial thrombus formation

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

