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Abstract

Background: Atrial fibrillation (AF), the most common arrhythmia, is associated with the 

downregulation of FKBP5 (encoding FK506-binding protein 5, FKBP5). However, the function 

of FKBP5 in the heart remains unknown. Here, we elucidate the consequences of cardiomyocyte 

(CM)-restricted loss of FKBP5 on cardiac function and AF development and study the underlying 

mechanisms.

Methods: Right-atrial samples from patients with AF were used to assess the protein 

levels of FKBP5. A CM-specific FKBP5 knockdown (cKD) mouse model was established 

by crossbreeding Fkbp5flox/flox mice with Myh6MerCreMer/+ mice. Cardiac function and AF 

inducibility were assessed by echocardiography and programmed intracardiac stimulation. 

Histology, optical mapping, cellular electrophysiology, and biochemistry were employed to 

elucidate the proarrhythmic mechanisms due to loss of CM FKBP5.

Results: FKBP5 protein levels were lower in atrial lysates of patients with paroxysmal 

AF (pAF) or long-lasting persistent (chronic) AF (cAF). cKD mice exhibited increased AF 

inducibility and duration compared with control mice. Enhanced AF susceptibility in cKD mice 

was associated with the development of action potential alternans and spontaneous Ca2+ waves, 
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and increased protein levels and activity of the Na+/Ca2+-exchanger 1 (NCX1), mimicking the 

cellular phenotype of cAF patients. FKBP5-deficiency enhanced transcription of Slc8a1 (encoding 

NCX1) via transcription factor hypoxia-inducible-factor 1α (HIF-1α). In vitro studies revealed 

that FKBP5 negatively modulated the protein levels of HIF-1α by competitively interacting with 

heat-shock-protein 90 (HSP90). Injections of the HSP90 inhibitor 17-AAG normalized protein 

levels of HIF-1α and NCX1, and reduced AF susceptibility in cKD mice. Furthermore, the atrial 

CM-selective knockdown of FKBP5 was sufficient to enhance AF arrhythmogenesis.

Conclusions: This is the first study to demonstrate a role for the FKBP5-deficiency in atrial 

arrhythmogenesis and to establish FKBP5 as a negative regulator of HIF-1α in cardiomyocytes. 

Our results identify a potential molecular mechanism for the pro-arrhythmic NCX1 upregulation 

in cAF patients.
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INTRODUCTION

Atrial fibrillation (AF) is the most common arrhythmia, and its prevalence is increasing.1, 2 

Although progression of paroxysmal AF (pAF) to long-lasting persistent (‘chronic’) AF 

(cAF) is a major clinical problem, the molecular mechanisms underlying AF progression 

remain poorly understood. Identifying the key molecules and associated mechanisms 

contributing to the development of persistent AF forms is a crucial step towards developing 

a therapeutic strategy to prevent AF progression and maintenance. A recent transcriptome 

analysis in atrial samples of pAF patients identified a downregulation of FKBP5 (encoding 

FK506-binding protein 5, FKBP5).3 FKBP5 (also known as FKBP51) is a 51-kDa protein 

with co-chaperone activities.4-6 The known functions of FKBP5 include the regulation 

of steroid hormone receptors, inhibition of apoptosis in cancer cells, promotion of Akt1 
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dephosphorylation and inhibition of the Akt1 pathways, to name a few.7-9 Previous studies 

have linked genetic variants in FKBP5 to psychological disorders.10-12 However, the role 

of FKBP5 in the heart has not been elucidated. In particular, it is not known whether 

dysregulation of FKBP5 in cardiomyocytes (CMs) is involved in atrial arrhythmogenesis, 

which was the object of the present study.

To elucidate the role of FKBP5-deficiency in AF development, we established a CM-

specific FKBP5 knockdown (cKD) mice. We found that FKBP5-deficiency increases AF-

inducibility. The arrhythmogenesis in cKD mice is associated with action potential (AP) 

alternans and enhanced Na+/Ca2+-exchanger type-1 (NCX1) expression. As an essential 

regulator of Ca2+ homeostasis within CMs, NCX1 protein levels were previously reported 

to be increased in sheep and patients with cAF.13-16 However, the molecular mechanism 

underlying the increased protein level of NCX1 in cAF patients remains elusive. Here, we 

discovered that FKBP5-deficiency upregulates the transcription of Slc8a1 (encoding NCX1) 

in CMs by promoting transcription-factor (TF) hypoxia-inducible factor 1-alpha (HIF-1α) 

signaling. We then validated that HIF-1α can directly bind to the promoter of Slc8a1, and 

that FKBP5 inhibits the accumulation of HIF-1α and prevents its nuclear translocation. 

Taken together, our results identify that FKBP5-deficiency in CMs plays a role in atrial 

arrhythmogenesis, making it a potential important target for treatment of AF.

METHODS

Data Availability

The detailed experimental materials, methods, and data supporting the findings of this study 

are available within the article and its Supplemental Material. Raw data are available from 

the corresponding author upon reasonable request. The Major Resources Table is provided in 

the Supplemental Material.

Human atrial samples

Right atrial appendages were collected from patients undergoing open-heart surgery for 

coronary bypass grafting and/or valve replacement. Control patients with normal sinus 

rhythm (NSR) and patients with pAF or cAF provided informed consent prior to surgery. 

All experimental protocols were approved by the Human Ethics Committee of the Medical 

Faculty of the University Duisburg-Essen (approval number AZ:12-5268-BO) and were 

performed in accordance with the Declaration of Helsinki. Patient demographics and 

characteristics are listed in Supplementary Table S1 - S5.

Animal studies

All studies involving mice were performed according to protocols approved by the 

Institutional Animal Care and Use Committee at Baylor College of Medicine and conformed 

to the Guide for the Care and Use of Laboratory Animals published by National Institutes of 

Health. The Fkbp5floxl/flox mice were generated by crossbreeding the Fkbp5tm1a(KOMP)Wtsi 

mice (purchased from Knockout Mouse Project) with FLP transgenic mice (The Jackson 

Laboratory). Afterwards, the Fkbp5flox/flox mice were crossbred with inducible CM-specific 

Cre mice (Myh6MCM/+)17 to generate Myh6MCM/+;Fkbp5flox/flox mice, of which the 
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offspring maintained the Mendelian ratio. At the age of 6 weeks, Myh6MCM/+; Fkbp5flox/flox 

(cKD) and Myh6+/+; Fkbp5flox/flox (as control, Ctl) in both sexes were injected with 

tamoxifen (50mg/kg, i.p.) for 5 days to induce the CM-specific knockdown of Fkbp5. All 

strains were maintained on a C57Bl6/J genetic background.

Programmed intracardiac stimulation

Programmed intracardiac stimulation was performed to assess AF-inducibility.18 To 

determine whether AF-inducibility was reproducible, mice were subjected to the same 

atrial burst-pacing protocol for 3 times, and only mice in which AF (>=1 second) could 

be induced by burst-pacing in at least 2 out of 3 attempts were considered as AF-positive. 

The incidence of inducible AF was calculated as the percentage of the AF-positive mice 

divided by the total number of mice studied. For quantification of AF duration, we capped 

the duration at 5 minutes for any episodes longer than 5 minutes. The experimenter was 

blinded to genotype or viral gene transfer status of mice.

Ca2+ imaging

Atrial CMs were isolated and incubated in KB buffer. Ca2+ imaging was performed in cells 

loaded with the Ca2+-indicator Cal-520®-AM (4 μmol/L) as previously described.19 Once 

steady-state Ca2+ transients (CaTs) were observed, pacing was stopped and sarcoplasmic 

reticulum (SR) Ca2+ load was estimated as the CaT amplitude induced by perfusion with 

Tyrode’s solution containing 10 mmol/L caffeine. The CaT decay was calculated with 

pClamp. NCX activity was estimated as the decay of caffeine-induced CaT [K(Caff-CaT)]. 

Sarcoplasmic/endoplasmic reticulum Ca2+/ATPase (SERCA) activity was estimated as the 

difference between the decay of pacing-induced CaT and the decay of caffeine-induced CaT 

[K(pacing-CaT) – K(Caff-CaT)].20

Patch-clamp recordings

The whole-cell patch-clamp method was employed to record total membrane current in atrial 

CMs. Patch-pipette resistances were 1–3 MΩ before sealing. Seal-resistances were 1-10 GΩ. 

Series resistance and cell capacitance were compensated. The pipette solution contained 

(in mM) 125 CsOH, 8 TEACl, 12 TEAOH, 1 MgCl2, 10 HEPES, and 0.02 EGTA. 4 mM 

Na2-ATP was added fresh, and pH was adjusted to 7.2. The external solution contained (in 

mM) 94 NaCl, 51 NaOH, 1 MgCl2, 1 CaCl2, 10 HEPES, 2 probenecid and 5 CsCl. The pH 

was adjusted to 7.4. 4-aminopyridine (5 mmol/L) and BaCl2 (0.1 mmol/L) were added to 

the bath solution to block K+-currents. Experiments were performed at room temperature. 

Data were acquired with an Axopatch 200B amplifier (Axon Instruments, Inc.) with the 

Axopatch’s filter set at 10 kHz. The function of the forward-mode NCX was assessed as the 

caffeine (10 mmol/L)-induced transient inward current (Iti), which was sampled at 200 kHz 

with a holding potential at −80 mV. Large conductance endogenous channel activities were 

subtracted during data Analysis.21

Adeno-associated virus (AAV) production and delivery

Adeno-associated virus 9 (AAV9) was used to express an atrial CM-selective Cre (AAV9-

ANF-Cre) as described22. 6 weeks old Fkbp5flox/flox mice of both sexes were injected with 
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one dose of AAV9-ANF-Cre or AAV9-ANF-Flag virus (5x1011 GC/mouse) via retro-orbital 

route. For the intervention study, 6 weeks old Fkbp5−/− mice of both sexes were injected 

with one dose of AAV9-ANF-FKBP5 or AAV9-ANF-Flag virus (1x1012 GC/mouse) via 

retro-orbital route.

Statistics

Data were presented as the mean±SEM. The representative images and western blots were 

chosen based on the resemblance to the average values. Equal number of samples per 

group was included in the pilot studies. If the difference showed a trending significance, 

additional samples were added to reach statistical significance. Statistical analyses were 

performed in GraphPad Prism 9. Normality was evaluated with D’Agostino & Pearson 

test. ROUT analyses were applied to identify outliers, which were excluded from group 

comparison analyses. Mann-Whitney tests were used for data where normality cannot be 

assumed. Student’s t-tests were used to compare data between two groups maintaining 

normal distributions. Fisher’s exact test was used to compare categorical data. ANOVA 

followed by Tukey’s comparison tests were used for multiple comparisons. For dataset with 

multiple measures taken from the same animal, hierarchical statistical approach with the 

multilevel mixed model was performed with R, as described previously.23 A p-value less 

than 0.05 was considered statistically significant.

RESULTS

Downregulation of FKBP5 in atria of patients with cAF

We recently discovered that FKBP5 mRNA levels were downregulated in patients with 

pAF.3 To determine whether the altered FKBP5 protein level is associated with AF 

development and correlates with AF progression, Western blots were performed with the 

atrial samples of patients with NSR, pAF, or cAF (Supplementary Table S1 & Table S2). 

In pAF, FKBP5 protein levels were non-significantly reduced by 15% (p=0.0709 vs NSR) 

(Figure 1A). FKBP5 protein levels were significantly reduced by 27% in cAF patients 

(p=8.41x10−3 vs NSR) (Figure 1B), suggesting that the reduction of FKBP5 in atria could 

play a role in cAF patients.

FKBP5-deficiency enhances AF susceptibility

The whole-body FKBP5 knockout (Fkbp5−/−) mice were susceptible to pacing-induced AF 

(Supplementary Figure S1). Although other studies have demonstrated a role of FKBP5 in 

immune cells,24, 25 no statistically significant difference was observed for the protein levels 

of the macrophage marker CD68 in atria of Fkbp5−/− mice (Supplementary Figure S1) and 

atria of AF patients18, making it unlikely that the atrial phenotype is due to a selective 

FKBP5-deficiency in macrophages. On the other hand, the protein levels of FKBP5 were 

significantly reduced by almost 30% in human atrial CM samples of cAF patients (p=0.0474 

vs NSR) (Figure 1C, Supplementary Table S3), suggesting that the loss of CM FKBP5 

could contribute to atrial arrhythmogenesis. Thus, to elucidate the CM-specific deficiency 

of FKBP5 in AF development, we developed the FKBP5-cKD model (Figure 1D). Three 

weeks post tamoxifen injections, qPCR and Western blots confirmed that the levels of 

Fkbp5 mRNA and FKBP5 protein were significantly reduced in both atria and ventricles 
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(Figure 1E, F) of cKD mice compared to Ctl mice. To determine whether FKBP5-deficiency 

affects atrial arrhythmogenesis, programmed intracardiac stimulation was performed in the 

age-matched Ctl and cKD mice 1-month after tamoxifen injection. While the RR-, QRS-, 

QTc-intervals, sinus node recovery time, and atrioventricular effective recovery period 

were comparable between Ctl and cKD mice (Supplementary Table S6), the incidence of 

inducible AF was much higher in cKD compared to Ctl mice (58.3% vs 6.3%, p=9.08x10−4) 

(Figure 2A-B). The duration of pacing-induced AF episodes was generally longer in cKD 

than in Ctl mice (Figure 2C), with a few episodes longer than 5 minutes. Of note, cKD 

mice did not exhibit an increased susceptibility to pacing-induced ventricular tachycardia 

(Supplementary Table S7). To examine whether ventricular dysfunction could contribute to 

the increased AF susceptibility in cKD mice, echocardiography was performed one day prior 

to the induction. The results showed that left ventricular (LV) ejection fraction (LVEF%) 

was mildly reduced (70.9±1.6% vs 61.4±2.6%, p=9.18x10−3) and the end-systolic diameter 

(ESD) of LV was trending to increase in cKD mice compared with Ctl (Figure 2D-F), 

while the end-diastolic diameter (EDD) and wall thickness of LV were comparable between 

Ctl and cKD mice (Figure 2G & Supplementary Table S8). There was no statistically 

significant difference in left atrial (LA) dimensions between Ctl and cKD mice (Figure 2H-

I). Additionally, both Picrosirius red staining (Figure 2J-K) and Masson’s trichrome staining 

(Supplementary Figure S2) showed that atrial and ventricular fibrosis were comparable 

between Ctl and cKD mice (Figure 2J-K). No statistically significant difference was found 

for the protein levels of the macrophage marker CD68 and the fibrotic markers collagen-I 

and MMP9 in the atria of cKD mice, although the levels of α-smooth muscle actin were 

higher in cKD mice (Supplementary Figure S3). These results establish that CM-specific 

FKBP5-deficiency promotes the development of a pro-arrhythmic substrate for AF unrelated 

to structural and fibrotic remodeling.

FKBP5-deficiency promotes action potential alternans

To elucidate the nature of the pro-arrhythmic substrate, we then performed optical mapping 

on perfused hearts as previously described.18, 26 We found that atrial-effective-refractory 

period (AERP) and AP duration (APD at 20%, 50%, 70%, and 90% repolarization) at 10 

Hz pacing were comparable between Ctl and cKD mice (Figure 3A-C). The level of APD 

dispersion was not significantly different between Ctl and cKD mice (Supplementary Figure 

S4). Atrial conduction velocity (CV) in atria was trending to increase at 10 Hz pacing 

in cKD mice but was not significantly different at 15 Hz pacing between cKD and Ctl 

(Figure 3D). Protein levels of connexin-40, connexin-43, and Na+-channel Nav1.5-subunit 

were comparable between Ctl and cKD mice (Supplementary Figure S5). However, the 

coefficient of variation (CoV) of CV was significantly higher in cKD mice than in Ctl 

(Figure 3E), suggesting an increase in conduction heterogeneity in cKD atria. Interestingly, 

at 15 Hz pacing, AP alternans occurred more often in the atria of cKD mice than in Ctl mice 

(46.2% vs 7.1%, p=0.0328) (Figure 3F-G), and they appeared to concordant (Supplementary 

Figure S6). It is established that a higher susceptibility to alternans is associated with 

enhanced AF vulnerability.27 Indeed, the incidence of the pacing-induced atrial tachycardia 

was increased in cKD mice compared with Ctl mice (61.5% vs 21.4%, p=0.0412) (Figure 

3H-I, Supplementary Video S1).
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FKBP5-deficiency increases the protein levels of NCX1

The development of AP alternans could be due to Ca2+-handling abnormalities,28, 29 

which are also known to promote cellular delayed afterdepolarizations (DADs)-mediated 

triggered activity in patients with pAF and cAF, as well as patients developing postoperative 

AF.14, 20, 30 To determine whether abnormal Ca2+ handling may contribute to atrial 

arrhythmogenesis in cKD mice, we performed Ca2+-imaging studies in atrial CMs. After 

1 Hz pacing, susceptibility to spontaneous Ca2+ waves (SCaWs) was higher in atrial CMs 

from cKD than CMs from Ctl mice (Figure 4A-B). The frequency of SCaWs was also 

greater in atrial CMs of cKD than those of Ctl mice (Figure 4C). Because the development 

of SCaWs is often attributed to the enhanced SR Ca2+ release via ryanodine receptor 

type-2 (RyR2) channels, we recorded Ca2+ sparks as an indicator of RyR2 function.31 

Surprisingly, the frequency of Ca2+ sparks (CaSF) was comparable in atrial CMs of Ctl 

and cKD mice (Supplementary Figure S7). To determine the function of SERCA and 

NCX, we next assessed the decay of the pacing-induced and caffeine-induced CaTs as 

previously described.20 While no statistically significant difference was found in SERCA 

activity (Figure 4D), NCX function was higher in atrial CMs of cKD mice (Figure 4E). The 

amplitude of the caffeine-induced CaT, an indicator of SR Ca2+ load, was not significantly 

different (Figure 4F). Similarly, there were not statistically significant differences in the 

protein levels of major Ca2+-handling proteins such as RyR2, α-subunit of L-type Ca2+-

channel (Cav1.2), SERCA2a and plasma membrane Ca2+ ATPase (PMCA) between groups. 

However, the total NCX1 protein was increased by 40% in atria and 30% in ventricles of 

cKD (p=0.0492, p=0.0734 vs Ctl mice) (Supplementary Figure S8).

NCX1 is an essential regulator of Ca2+ homeostasis within CMs.32-34 In its forward-mode, 

NCX extrudes one Ca2+ ion in exchange for three Na+ ions, producing a depolarizing 

transient-inward current (INCX). Overactive forward-mode NCX increases the propensity 

for proarrhythmic DADs.14, 20, 31 Increased NCX activity is also associated with the 

development of arrhythmogenic alternans,28, 29 as well as AP prolongation and conduction 

disturbances,35 thereby promoting a substrate for AF development. NCX1 protein levels 

are increased in sheep and patients with cAF.13, 14, 16 However, the molecular mechanism 

underlying the increased protein levels of NCX1 in cAF patients remains elusive. To assess 

the amount of NCX1 protein at the plasma membrane, we separated the sarcolemma and 

cytosol of atrial tissues of Ctl and cKD mice and assessed NCX1 protein levels by Western 

blots. Compared to Ctl mice, the atrial NCX1 protein level was increased by 28% in 

the cytosolic fraction and by 55% in the membrane faction of cKD mice (Figure 4G-H). 

Similarly, in human atrial tissues from NSR and cAF patients, NCX1 in the membrane 

fraction was increased by more than 4-folds, while the NCX1 in the cytosolic fraction was 

trending to increase in cAF patients (Figure 4I, Supplementary Table S4). Thus, NCX1 

protein accumulated at the sarcolemma of both cAF patients and cKD mice. To further 

evaluate the transport function of NCX1, we performed whole-cell patch clamping to record 

Iti during the application of 10 mM caffeine in atrial CMs (Figure 4J). We found that the 

amplitude of Iti was higher in atrial CMs of cKD mice compared with Ctl mice (Figure 4K), 

consistent with previous findings in cAF patients.14 These results suggest that the overactive 

NCX1 could contribute to AP alternans and the enhanced AF susceptibility in cKD mice.
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FKBP5-deficiency enhances the HIF-1α-mediated transcription of Slc8a1

Our data suggest that the higher amplitude of NCX-mediated Iti in cKD mice likely results 

from an increase in NCX1 protein levels. To further dissect the molecular mechanisms of 

enhanced NCX1 function due to FKBP5-deficiency, we assessed the transcript levels of 

SLC8A1 and Slc8a1 (encoding NCX1) in atrial tissues of cAF patients and cKD mice. 

We found that NCX1 mRNA levels were upregulated in both cAF patients and cKD mice 

compared to their respective controls (Figure 5A-B, Supplementary Table S5). To investigate 

how FKBP5-deficiency enhances Slc8a1 transcription, we analyzed the promoter of cardiac 

Slc8a1 in silico. Previous studies reported that Slc8a1 has different transcriptional variants 

in CMs and neurons, determined by the differences in promoter regions. HIF-1α is a TF 

known to modulate Slc8a1 transcription in neurons, and its activity is enhanced in AF 

patients;36-38 however, the binding site of HIF-1α within the cardiac Slc8a1-promoter region 

was unknown.39 In silico analysis revealed 6 regions (P1-6) containing one or multiple 

canonical HIF-1α-response elements (HREs) within the 2-kb of the cardiac Slc8a1-promoter 

region (Figure 5C). To examine the interaction between HIF-1α and these 6 HRE regions, 

ChIP-PCR was performed with atrial tissue of Ctl and cKD mice. To prevent the rapid 

degradation of HIF-1α ex vivo, we incubated the cardiac tissue in oxygenated KB buffer 

(normoxia) or KB buffer pre-conditioned in a hypoxia chamber (2% O2 overnight) for 

2-hours before crosslink. The results revealed that the interactions between HIF-1α and P5- 

and P6-regions were enhanced in atria of cKD compared to Ctl mice under normoxia, which 

was further exacerbated by hypoxia challenge (Figure 5D). To verify the direct interaction 

between HIF-1α and P5- or P6-regions, we performed EMSA with P5- and P6-probes, 

respectively. This study revealed a dose-dependent shift of P6-probe upon interacting with 

HIF-1α protein (Figure 5E), which was eliminated with the mutant probe. These findings 

confirmed that HIF-1α directly regulates the transcription of cardiac Slc8a1.

FKBP5 negatively regulates HIF-1α protein level

To determine whether FKBP5 regulates HIF-1α activity, we first evaluated HIF-1α 
protein levels in atrial lysates of cKD mice. Western blots showed that HIF-1α levels 

were increased in cKD mice (vs Ctl mice, p=6.99x10−3, Figure 6A), suggesting that 

FKBP5 could negatively impact HIF-1α activity. To demonstrate this relationship, nuclear 

translocation of HIF-1α was assessed by immunostaining in HEK293 cells overexpressing 

GFP-tagged FKBP5. Compared to cells expressing control vector (pcDNA.Gfp), the nuclear 

accumulation of HIF-1α was reduced in cells overexpressing FKBP5 (pcDNA.Fkbp5.Gfp) 

(Figure 6B). Consistently, overexpression of FKBP5 in H9C2 cells (rat CM cell line) 

reduced the hypoxia-induced increase in nuclear HIF-1α protein (Figure 6C-D), as well 

as the expression of Slc8a1 (Figure 6E) and other downstream targets of HIF-1α such 

as Stc2 (encoding Stanniocalcin-2, STC-2) and Bnip3 (encoding BCL2 interacting protein 

3, BNIP3) (Supplementary Figure S9). CoCl2-treated cells were used as positive control. 

The protein levels of HIF-1α are regulated by heat-shock proteins (HSPs) such as 

HSP90. When HSP90 interacts with HIF-1α, it can stabilize HIF-1α and prevent it 

from proteosome-mediated degradation.40, 41 HSP90 is also a known binding partner of 

FKBP542, 43 and genetic ablation of FKBP5 reduces the interaction between HSP90 and 

FKBP5 (Supplementary Figure S10A). Co-immunoprecipitation revealed that the interaction 

between HSP90 and HIF-1α was increased in atrial samples of cKD mice (Supplementary 
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Figure S10B), but impaired when FKBP5 was overexpressed in H9C2 cells (Figure 6F). 

These data suggest that HIF-1α competes with FKBP5 for stabilization by HSP90. To 

further validate this hypothesis, we then treated the H9C2 cells with either the selective 

HSP90 inhibitor 17-AAG (1 μmol/L) or the proteasome inhibitor MG-132 (5 μmol/L) for 

3-hours, respectively. Compared to vehicle-treated cells, 17-AAG reduced HIF-1α levels 

in the control vector transfected H9C2 cells but failed to further decrease the HIF-1α 
protein levels in FKBP5-overexpressing H9C2 cells (Figure 6G-H). Most important, the 

proteasome inhibitor MG-132 strongly increased the HIF-1α protein levels in the FKBP5-

overexpressing H9C2 cells, confirming that the negative FKBP5 regulation of the HSP90/

HIF-1α complex occurs upstream of the proteasome-degradation system (Figure 6G-H).

Since FKBP5-deficiency increases HSP90-mediated HIF-1α stabilization, which in turn 

upregulates NCX, we determined whether inhibition of HSP90 with 17-AAG prevents 

atrial arrhythmogenesis in cKD mice. Two weeks after tamoxifen injections in cKD mice, 

we treated the cKD mice with either vehicle or 17-AAG (50mg/kg, i.p., once every two 

days) for two weeks (Figure 7A). Echocardiography studies showed that 17-AAG did not 

affect the LA size, LVEF%, LV diameters, and ECG parameters in cKD mice (Figure 

7B-F, Supplementary Table S9 & Table S10). However, the upregulation of HIF-1α and 

NCX1 proteins was attenuated by 17-AAG in atria of cKD mice (vs vehicle) (Figure 

7G-H). Most importantly, 17-AAG prevented the induction of AF (75% vs 0%, p=0.0476, 

Figure 7I-K) in cKD compared to the vehicle-treated cKD mice. These results support the 

hypothesis that the CM-specific loss of FKBP5 enhances the HSP90-mediated stabilization 

of HIF-1α, increases its interaction with cardiac Slc8a1, and promotes NCX1-mediated 

atrial arrhythmogenesis.

Atrial CM-selective FKBP5-deficiency enhances AF susceptibility

We recently developed an AAV9 viral vector that could achieve atrial CM-selective gene 

targeting.22 To determine whether atrial CM-selective knockdown of FKBP5 is sufficient 

to promote AF, we injected the Fkbp5flox/flox mice with the AAV9 expressing the atrial 

CM-selective Cre-recombinase (AAV9-ANF-Cre, aKD) or AAV9-ANF-Flag (as Ctl, Figure 

8A).22 4 weeks after injection, the Fkbp5 mRNA level was decreased by 50%, while Slc8a1 
mRNA level was increased 3-fold in atria, but not in ventricles of aKD mice (Figure 

8B-C), recapitulating the atrial phenotype of cKD mice. Similarly, FKBP5 protein level 

was decreased by 50%, while NCX1 protein was increased by 40% in atria, but not in 

ventricles of aKD mice (Figure 8D-F), quantitatively matching the results in cKD mice 

(Figure 4H). The protein level of HIF-1α was increased by 40% in atria of aKD mice (vs 

Ctl atria, Figure 8G). The incidence of pacing-induced AF was significantly higher in aKD 

mice than in Ctl mice (60.0% vs 18.8%, p=0.0290, Figure 8H). Conversely, restoring the 

protein levels of FKBP5 in atrial CMs of Fkbp5−/− mice with the AAV9-ANF-FKBP5 virus 

(1x1012, GC/mouse) showed a trend of reduced AF-inducibility compared to the Fkbp5−/− 

mice receiving the AAV9-ANF-Flag control virus (33% vs 81.8%, p=0.072, Supplementary 

Figure S11A-C & Table S11). The levels of HIF-1α and NCX1 were significantly reduced 

by 44% (p=0.0158) and by 48% (p=2.16x10−3), respectively, in the atria of Fkbp5−/− mice 

by the injection of AAV9-ANF-FKBP5 virus compared with the control virus injected 

Fkbp5−/− mice (Supplementary Figure S11D-G). These results not only establish that atrial 
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deficiency of FKBP5 is sufficient to enhance AF arrhythmogenesis, but also validate the 

‘FKBP5 - HIF-1α - NCX1 - AF’ regulatory axis in the atrium.

DISCUSSION

FKBP5 is a newly discovered gene in AF patients by RNA-seq.3 Although FKBP5 has 

been studied to certain extent in neurons,43, 44 its function in the heart is largely unknown. 

By establishing the FKBP5-cKD and FKBP5-aKD mouse models, we demonstrate a role 

of atrial CM-selective downregulation of FKBP5 in AF pathogenesis. Prior to this study, 

it was shown that FKBP5 is a co-chaperone of HSP90, which interacts with HIF-1α to 

prevent its proteasomal degradation in different cell systems.41-43 Here we demonstrate that 

the loss of FKBP5 strengthens the HSP90-mediated stabilization of HIF-1α and prevents its 

degradation in CMs. The increased level of HIF-1α in CMs subsequently upregulates the 

transcription of Slc8a1 and elevates NCX1 protein levels, thereby causing arrhythmogenic 

SCaWs and AP alternans that enhance the susceptibility to AF. Inhibition of HSP90 by 

the small molecule 17-AAG restored the protein homeostasis of HIF-1α and attenuated the 

FKBP5-deficiency induced upregulation of NCX1 and the related atrial arrhythmogenicity 

(see Graphical Abstract). Thus, our study demonstrates a role of FKBP5-deficiency in 

atrial arrhythmogenesis, establishes FKBP5 as a negative regulator of HIF-1α in CMs, 

and identifies a molecular mechanism for the pro-arrhythmic NCX1 upregulation in cAF 

patients.

Because FKBP5 is a co-chaperone protein, it is very likely that FKBP5 can affect many 

aspects of cell biology. In this study, we elucidated how FKBP5 modulates the transcription 

of a key CM transporter (i.e., NCX1) via its negative regulation of HIF-1α. It remains 

possible that FKBP5 could modulate the function of ion channels in CMs via other 

mechanisms, such as protein trafficking or protein degradation pathways. For example, 

when we measured the NCX1 in cytosol and membrane separately, we found the NCX1 

protein increased more strongly in sarcolemma, especially in the samples of cAF patients. 

This altered distribution of NCX1 protein in different cellular compartment implies that 

the NCX1 trafficking could be enhanced during AF and due to loss of FKBP5. In 

agreement, previous work has reported that FKBP5 could affect the membrane trafficking 

of glucose transporter type-4.45 Thus, whether NCX1 trafficking is influenced by FKBP5 

requires direct demonstration. A recent study revealed that FKBP5 is a modulator of 

inflammatory signaling in human fibroblasts25. We have found an increased level of fibrosis 

in cardiac tissue of the whole-body Fkbp5−/− mice (Supplementary Figure S12), which 

could be due to the FKBP5-deficiency in cardiac fibroblasts and the associated inflammatory 

responses therein. The increased interstitial fibrosis can impair conduction and facilitate the 

development of macro- or micro-reentrant circuits, in favor of the maintenance of AF.46 It 

is also possible that activated fibroblasts directly modify cardiomyocyte function, thereby 

increasing cellular triggered activity. The mechanisms through which FKBP5 signaling 

in fibroblasts promotes fibrotic remodeling and atrial arrhythmogenesis require detailed 

characterization in future studies.

Abnormalities in Ca2+-handling proteins can alter the electrophysiological properties of 

CMs and contribute to atrial arrhythmogenesis.30 NCX-mediated DADs are one well-
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established mechanism of ectopic (triggered) activity.47, 48 Enhanced NCX activity can also 

alter APD, and inhibition of NCX activity can attenuate the occurrence of arrhythmogenic 

alternans.28, 29, 49, 50 The increased NCX1 protein levels are a well-known molecular 

signature in cAF patients;13-16 however, the underlying molecular underpinnings have not 

been established prior to the current study. Here, we reveal that the increased NCX1 protein 

levels can be partially attributed to enhanced transcription. Although the transcriptional 

modulations of NCX1 have been studied extensively in patients and animal models of heart 

failure,51, 52 little is known about which TFs are involved in NCX1 transcription in AF. 

Through in silico analysis, ChIP-PCR, and EMSA experiments, our study confirms that 

HIF-1α directly upregulates the transcription of cardiac Slc8a1, which is further amplified 

by FKBP5-deficiency. Previous work demonstrated that an increase in ventricular NCX1 can 

improve the pressure overload-induced ventricular dysfunction in mice.53 In our FKBP5-

cKD model, NCX1 protein was increased in both atria and ventricles. Although NCX1 

protein levels were higher in ventricles, cKD mice did not exhibit an increased susceptibility 

to pacing-induced ventricular arrhythmias. This could be attributed to the different ‘source-

sink’ relationship and the distinct CM ultrastructure and Ca2+ handling principles in the atria 

compared to the ventricles. In order to develop arrhythmias, ventricles require more cellular 

triggered activities and electrical remodeling to overcome the ‘sink’.

HIF-1α is an O2-sensing TF. Under normoxia, O2 promotes the prolyl hydroxylase domain 

protein-mediated hydroxylation of HIF-1α, a process crucial for the proteasome-mediated 

degradation of HIF-1α.54 When the O2 supply is reduced (e.g., under hypoxia), HIF-1α 
can escape the proteasome-degradation pathway, translocate into nucleus, bind to HREs, 

and subsequently induce transcription of target genes.55 The interaction with the chaperone 

HSP90 is required for the stability of HIF-1α protein, especially in the nascent process.56 

Increased level of HIF-1α protein has been associated with AF.36, 37, 57 However, its precise 

role in atrial arrhythmogenesis has not been explored. AF is associated with tissue hypoxia. 

The irregular high-frequency excitation and contraction during AF increases atrial energy 

demand and O2 expenditure.38 The imbalance between energy demand and O2 supply during 

AF could cause cellular hypoxia in CMs.38 In this study, we show for the first time that 

the loss of CM FKBP5 increases HIF-1α protein levels. In contrary, overexpression of 

FKBP5 in H9C2 cells (rat CM cell line) hinders the hypoxia-induced nuclear translocation 

of HIF-1α, which is associated with a reduced interaction between HSP90 and HIF-1α. 

The reduction of HIF-1α protein levels due to FKBP5 overexpression can be attenuated 

by proteasome inhibition in H9C2 cells. These results not only prove that FKBP5 is a 

negative regulator of HIF-1α signaling, but also establish the existence of a ‘FKBP5 - 

HSP90 - HIF-1α’ protein homeostasis axis in CMs. Promotion of HIF-1α degradation with 

a HSP90 inhibitor such as 17-AAG (also known as tanespimycin) has been proposed as 

an anticancer therapeutic strategy.40 Because tanespimycin is well tolerated in patients and 

derailed proteostasis is involved in long-lasting persistent AF,58, 59 we suggest that HSP90 

inhibition could constitute a new anti-AF option that improves atrial proteostasis in AF 

patients.

HIF-1α can regulate a variety of targets and affects multiple cellular processes such as 

metabolism, cell survival, angiogenesis, etc.60 Here, we have confirmed that two known 

targets of HIF-1α - Stc2 and Binp3 were downregulated in H9C2 cells with FKBP5 
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overexpression, where the hypoxia-induced activation of HIF-1α was impaired. STC-2 

can influence the insulin-like growth factor pathway via its interaction with pregnancy-

associated plasma protein-A.61 Recent studies suggest that STC-2 might also be a good 

biomarker for AF associated with mitral regurgitation and myocardial infarction.61, 62 

Meanwhile, BNIP3 was reportedly increased in heart failure with reduced EF (HFrEF) 

patients.63 Knockdown of BNIP3 in a murine model of HFrEF can improve glycolysis 

and mitochondrial metabolism and restore the SR-mitochondrial Ca2+ homeostasis.63-65 

Thus, future work should study whether enhanced HIF-1α signaling contributes to atrial 

remodeling via modulation of STC-2, BNIP3, or other HIF-1α targets.

Our study has limitations. First, in the patient biopsy samples, we were unable to detect 

difference in the HIF-1α protein level, which could be due to the rapid degradation of 

HIF-1α when the tissue was excised from patients. However, an upregulation of HIF-1α 
protein in AF patients has been documented in previous reports.37, 38 FKBP4 (also known 

as FKBP52) is the paralog of FKBP5 and has usually opposite functions to FKBP5.66 

Whether FKBP4 could counteract some consequences of FKBP5-deficiency for atrial 

arrhythmogenesis requires further investigation. HIF-1α is usually considered to mediate 

acute cellular metabolic adaptation to the rapid changes in O2 concentrations; whereas 

HIF-2α is considered to mediate adaptations to the long-term lower O2 concentrations.67 

Although they share the same binding motif (RCGTG), their targeted genes are only 

partially overlapped.68 Whether HIF-2α participates in the regulation of Slc8a1 remains 

to be elucidated in future works. For many experiments we used multiple cell lines (H9C2, 

HEK293, etc.); further experiments are required to definitively prove and validate the role 

of the ‘FKBP5 - HSP90 - HIF-1α’ in native CMs. Although we did not observe changes 

in APD and AERP in cKD mice, we cannot rule out that ionic remodeling may affect 

resting membrane potential. It was reported recently that the altered levels of the circulating 

microRNA-199a-5p (miR-199a) in HFrEF patients with AF affects the expression of NCX1, 

L-type Ca2+ channel, and connexin-40 in HL-1 cells 69. Interestingly, we have previously 

shown that FKBP5 was a putative target of miR-199a and miR-199a was upregulated 

in atrial samples of pAF patients, in which FKBP5 mRNA levels were downregulated.3 

Future studies are needed to assess whether the circulating miR-199a enhances atrial 

arrhythmogenesis via modulation of FKBP5. Finally, the current study used young adult 

mice only. Given the association between aging and the increased AF risk, future work 

should evaluate the role of FKBP5-deficiency for AF promotion in advanced age.

In summary, this work establishes a role for FKBP5-deficiency in atrial arrhythmogenesis. 

Our data unveil the mechanistic link between FKBP5 downregulation and upregulation of 

NCX1 in the context of AF. We also discovered that FKBP5 is a negative regulator of 

HIF-1α, which is highly sensitive to high atrial rate during atrial tachycardia and AF. Our 

study will foster future investigations about the precise role of FKBP5 in cardiac physiology 

and pathophysiology and is expected to promote the development of novel therapeutic 

strategy targeting FKBP5 in heart.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

AAV adeno-associated virus

AERP atrial effective refractory period

aKD atrial CM-selective knockdown

AP action potential

APD action potential duration

BNIP3 BCL2 interacting protein 3

cAF long-lasting persistent (‘chronic’) atrial fibrillation

CaSF frequency of Ca2+ sparks

CaT Ca2+ transient

Cav1.2 α-subunit of L-type Ca2+-channel

cKD cardiomyocyte-specific knockdown

CM cardiomyocyte

CoV coefficient of variation

Ctl control

CV conduction velocity

DAD delayed afterdepolarization

EDD end-diastolic diameter

ESD end-systolic diameter

FKBP5 FK506 binding protein 5

FKBP4 FK506 binding protein 4

GC genome copy
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HFrEF heart failure with reduced ejection fraction

HIF-1α hypoxia-inducible factor 1-alpha

HRE HIF-1α-response element

HSP heat-shock protein

LA left atrial

LV left ventricular

LVEF left ventricular ejection fraction

NCX1 Na+/Ca2+ exchanger type-1

NSR normal sinus rhythm

pAF paroxysmal AF

PMCA plasma membrane Ca2+ ATPase

RyR2 ryanodine receptor type-2

SCaW spontaneous Ca2+ wave

SERCA sarcoplasmic/endoplasmic reticulum Ca2+/ATPase

SR sarcoplasmic reticulum

STC-2 Stanniocalcin-2

TF transcription factor
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Novelty and Significance

What is known?

1. Downregulation of FKBP5 (encoding FK506-binding protein 5, FKBP5) 

mRNA is found in patients with paroxysmal AF.

2. Upregulation of Na+/Ca2+-exchanger type-1 (NCX1) is a well-established 

molecular signature in patients with long-lasting persistent (chronic) AF.

3. It is known that hypoxia-inducible factor 1-alpha (HIF-1α) level is 

upregulated in AF patients.

What new information does this article contribute?

1. The cardiomyocyte-specific loss of FKBP5 enhances the vulnerability to AF 

by promoting arrhythmogenic alternans, which is associated with enhanced 

expression and activity of NCX1.

2. FKBP5 is a negative regulator of HIF-1α by competing with HIF-1α-

stabilizing HSP90. FKBP5-deficiency upregulates the transcription of Slc8a1 
by enhancing the activity of HIF-1α.

3. HSP90 inhibitor 17-AAG can prevent atrial arrhythmogenesis by normalizing 

HIF-1α activity in the context of FKBP5-deficiency.

In this study, we delineate the function of the newly discovered FKBP5 protein in 

heart and in atrial cardiomyocytes. We found that FKBP5-deficiency increases the 

susceptibility to AF induction by causing action potential alternans and an enhancement 

of NCX1 expression and function. Although increases in NCX1 function were previously 

reported in AF paradigms, the underlying molecular mechanism was unclear. Here, we 

demonstrate that FKBP5-deficiency upregulates the transcription of Slc8a1 (encoding 

NCX1) in cardiomyocytes by enhancing transcription-factor HIF-1α signaling. We show 

that HIF-1α directly interacts with the promoter of Slc8a1 and that FKBP5 inhibits 

the accumulation of HIF-1α and prevents its nuclear translocation. Our results reveal 

that FKBP5-deficiency in cardiomyocytes, as observed in AF patients, promotes atrial 

arrhythmogenesis, pointing to FKBP5 as potential novel target for the treatment of AF.
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Figure 1. Reduced FKBP5 protein levels in patients with AF and FKBP5-cKD mice.
(A-B) Representative Western blots and quantification of FKBP5 protein in atrial tissue 

of paroxysmal AF (pAF, A) and chronic AF (cAF, B) compared with NSR patients. (C) 

Representative Western blots and quantification of FKBP5 protein in atrial cardiomyocytes 

(CMs) of cAF patients compared with NSR patients. (D) The schematic diagram showed 

the development of the FKBP5-cKD and Ctl mice. (E) mRNA levels of Fkbp5 in atria and 

ventricles of Ctl and cKD mice. (F) Western blots and quantification of FKBP5 protein 

levels in atria and ventricles of Ctl and cKD mice. p-values were determined using unpaired 

Student’s t-test in A, B, and C, and Mann-Whitney test in E and F.
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Figure 2. CM-specific FKBP5-deficiency enhances AF susceptibility.
(A) Representative simultaneous recordings of surface ECG and intracardiac electrograms 

in Ctl and cKD mice, suggestive of sinus rhythm in Ctl and AF in cKD mice after 

pacing. (B) The incidence and (C) the duration of pacing-induced AF in Ctl and cKD 

mice. (D) Representative M-mode echocardiography recording in Ctl and cKD mice. (E-G) 

The quantification of LVEF%, ESD, and EDD in Ctl and cKD mice. (H) Representative 

long-axis echocardiography recording to assess left atria (LA) in Ctl and cKD mice. (I) The 

quantification of LA area. (J) Representative Picrosirius Red staining in whole hearts (i), 

atria (ii) and ventricles (iii) of Ctl and cKD mice. (K) The quantification of fibrosis areas in 
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atria and ventricles of Ctl and cKD mice. p-values were determined with Fisher’s exact test 

in B, Mann-Whitney test in C and E, and unpaired Student’s t-test in F.
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Figure 3. CM-specific FKBP5-deficiency promotes arrhythmogenic alternans.
(A) Representative activation maps in Ctl and cKD mice. (B) Quantification of APD and (C) 

AERP at 10 Hz pacing. (D) CV at 10 Hz and 15 Hz pacing. (E) Coefficient of variation 

(CoV) of CV at 10 Hz and 15 Hz pacing. (F) Representative examples of AP alternans in 

cKD mice evoked by 15 Hz pacing, but not by 10 Hz pacing. (G) Incidence of AP alternans. 

(H) Representative traces of normal rhythm in Ctl and atrial tachycardia in cKD mice after 

pacing. (I) Incidence of pacing-induced atrial arrhythmia ex vivo. p-values were determined 

with unpaired Student’s t-test in D (with Welch’s correction) and E, and Fisher’s exact test 

in G and I.
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Figure 4. CM-specific FKBP5-deficiency leads to the increased activity of NCX1.
(A) Representative traces of the 1 Hz-pacing induced Ca2+ transients (CaTs), followed by 

baseline recording and the caffeine (10 mmol/L) induced CaTs in atrial CMs of Ctl and 

cKD mice. Red arrows pointed to the spontaneous Ca2+ waves (SCaWs) in the atrial CM of 

cKD mice. (B) Incidence and (C) frequency of SCaWs in atrial CMs of Ctl and cKD mice. 

(D) Quantification of relative SERCA activity. (E) Quantification of relative NCX function. 

(F) SR Ca2+ load. (G) Western blots and (H) quantification of NCX1 in cytosol- and 

membrane-fractions of atrial tissue of Ctl and cKD mice. GAPDH and caveolin 3 (Cav3) 

were used as control for the cytosol- and membrane-fractions, respectively. (I) Western blots 
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and quantification of NCX1 in cytosol (Cyto)- and membrane (Mem)-fractions of atrial 

tissue of NSR and cAF patients. GAPDH and Gβ were used as control for the cytosol- and 

membrane-fractions, respectively. (J) Representative recording of Iti elicited by the rapid 

application caffeine in atrial CMs. (K) Quantification of the current density of Iti. p-values 

were determined with Fisher’s exact test in B, Mann-Whitney test in C, H, and I, and 

multilevel mixed model in E and K.
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Figure 5. CM-specific FKBP5-deficiency enhances the HIF-1α-mediated transcription of Slc8a1.
(A-B) Increased SLC8A1 mRNA level in atrial tissue of cAF patients (A) and cKD mice 

(B). (C) Schematic diagram showed the 6 HREs in the promoter region (P1-P6) of cardiac 

Slc8a1. (D) ChIP-qPCR showed that the interaction between HIF-1α and the P5- and 

P6-regions of Slc8a1-promoter were increased in cKD tissue, which was further exacerbated 

under hypoxia. (E) EMSA results confirmed the direct binding between HIF-1α protein and 

the P6-probe. p-values were determined with Mann-Whitney test in A and B, and two-way 

ANOVA with Tukey’s comparison in D.
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Figure 6. FKBP5 negatively regulates HIF-1α.
(A) Increased HIF-1α protein level in the atria of cKD mice revealed by Western blots. (B) 

Immunostaining of HIF-1α in the HEK 293 cells transfected with pcDNA.Gfp (control) or 

pcDNA.Fkbp5.Gfp. (C) Representative Western blots with the cytosol- or nuclear-fractions 

of H9C2 cells transfected with pcDNA (control) or pcDNA.Fkbp5 (FKBP5-OE) vectors. 

(D) Relative level of the nuclear HIF-1α protein normalized to Histone H3 in H9C2 cells. 

(E) Relative mRNA levels of Slc8a1 in H9C2 cells treated with pcDNA vector (control) 

or pcDNA.Fkbp5 (FKBP5-OE). (F) Co-immunoprecipitation of HSP90 (IP) and HIF-1α 
(Western blots) in H9C2 cells treated with pcDNA (control) or pcDNA.Fkbp5 (FKBP5-
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OE) vectors. (G) Representative Western blots and (H) quantification of HIF-1α protein 

levels in the pcDNA or pcDNA.Fkbp5 vector transfected H9C2 cells, in the presence of 

vehicle (Veh), 17-AAG (HSP90 inhibitor), or MG (MG-132, proteasome inhibitor). p-values 

were determined with Mann-Whitney test in A and D, Shapiro-Wilk test and the unpaired 

Student’s t-test in E, and two-way ANOVA with Tukey’s comparison in H.
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Figure 7. HIF-1α inhibition prevents AF inducibility in FKBP5 cKD mice.
(A) Timeline of HIF-1α inhibition studies in cKD mice. (B-C) Representative long-axis 

echocardiography images (B) and quantification (C) of left atrial (LA) area in cKD mice 

treated with vehicle (control) or 17-AAG. (D-F) Representative M-mode echocardiography 

images (D) and quantification of LVEF% (E) and diameters (F) of left ventricles in cKD 

mice treated with vehicle (control) or 17-AAG. (G-H) Representative Western blots (G) 

and quantification (H) of protein levels of NCX1, HIF-1α and HSP90 in atria of cKD 

mice treated with vehicle (control) or 17-AAG. (I-K) Representative recordings of surface 

and intracardiac electrograms (I) and the incidence (J) and duration (K) of pacing-induced 
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AF in cKD mice treated with vehicle (control) or 17-AAG. p-values were determined with 

Mann-Whitney test in H and K, and Fisher’s exact test in J.
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Figure 8. Atrial CM-selective knockdown of FKBP5 enhances AF susceptibility.
(A) Schematic diagram showed the designs to knockdown FKBP5 in an atrial CM-selective 

manner using AAV9-ANF-Cre virus injected Fkbp5flox/flox mice (aKD). AAV9-ANF-Flag 

virus injected Fkbp5flox/flox mice used as control (Ctl) (B) Relative mRNA levels of Fkbp5 
and Slc8a1 in atria and ventricles of Ctl and mice. (C) Representative Western blots and (D) 

quantification of FKBP5 and NCX1 proteins in atria and ventricles of Ctl and aKD mice. (E) 

Representative Western blots and quantification of HIF-1α protein level in the atria of Ctl 

and aKD mice. (F) Representative recording and the incidence of pacing-induced AF in Ctl 
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and aKD mice. p-values were determined with unpaired Student’s t-test in B, Mann-Whitney 

test in C, E, F, and G, and Fisher’s exact test in H.
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