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BACKGROUND: Human loss-of-function variants of ANK2 (ankyrin-B) 
are linked to arrhythmias and sudden cardiac death. However, their in 
vivo effects and specific arrhythmogenic pathways have not been fully 
elucidated.

METHODS: We identified new ANK2 variants in 25 unrelated Han 
Chinese probands with ventricular tachycardia by whole-exome 
sequencing. The potential pathogenic variants were validated by Sanger 
sequencing. We performed functional and mechanistic experiments in 
ankyrin-B knockin (KI) mouse models and in single myocytes isolated from 
KI hearts.

RESULTS: We detected a rare, heterozygous ANK2 variant (p.Q1283H) 
in a proband with recurrent ventricular tachycardia. This variant was 
localized to the ZU5C region of ANK2, where no variants have been 
previously reported. KI mice harboring the p.Q1283H variant exhibited an 
increased predisposition to ventricular arrhythmias after catecholaminergic 
stress in the absence of cardiac structural abnormalities. Functional 
studies illustrated an increased frequency of delayed afterdepolarizations 
and Ca2+ waves and sparks accompanied by decreased sarcoplasmic 
reticulum Ca2+ content in KI cardiomyocytes on isoproterenol stimulation. 
The immunoblotting results showed increased levels of phosphorylated 
ryanodine receptor Ser2814 in the KI hearts, which was further amplified 
on isoproterenol stimulation. Coimmunoprecipitation experiments 
demonstrated dissociation of protein phosphatase 2A from ryanodine 
receptor in the KI hearts, which was accompanied by a decreased binding 
of ankyrin-B to protein phosphatase 2A regulatory subunit B56α. Finally, 
the administration of metoprolol or flecainide decreased the incidence of 
stress-induced ventricular arrhythmias in the KI mice.

CONCLUSIONS: ANK2 p.Q1283H is a disease-associated variant 
that confers susceptibility to stress-induced arrhythmias, which may 
be prevented by the administration of metoprolol or flecainide. This 
variant is associated with the loss of protein phosphatase 2A activity, 
increased phosphorylation of ryanodine receptor, exaggerated delayed 
afterdepolarization-mediated trigger activity, and arrhythmogenesis.
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Ankyrin-B (AnkB, encoded by ANK2) refers to the 
ankyrin member responsible for the targeting of 
integral membrane proteins to specialized cellular 

compartments or organelles.1–4 Canonical AnkB consists 
of a highly conserved N-terminal membrane-binding do-
main with 24 ANK repeats, a spectrin-binding domain 
(SBD) with a ZU5N-ZU5C-UPA tandem, and a regulatory 
domain (RD) composed of a death domain and a variable 
C-terminal domain. In the SBD, ZU5N interacts with spec-
trin, thereby linking membrane-binding domain-associat-
ed binding partners to the spectrin/actin-based cytoskele-
ton, whereas the function of ZU5C and UPA are still poorly 
defined.5 Human loss-of-function ANK2 variants as well as 
variants that decrease AnkB expression have been linked 
to a wide spectrum of arrhythmias termed ankyrin-B syn-
drome,1,2 such as sinus node dysfunction, atrial fibrillation, 
long QT syndrome, ventricular tachycardia (VT), idiopathic 
ventricular fibrillation, catecholaminergic polymorphic VT 
(CPVT), and sudden cardiac death.4 In vitro studies have 
shown that cellular afterdepolarizations and extrasysto-
les because of abnormal Ca2+ cycling are the underlying 
causes of arrhythmogenesis.1,3 However, no comprehen-
sive studies have explored the in vivo effects and precise 
arrhythmogenic mechanisms of ANK2 variants. 

AnkB-deficient mice (AnkB+/−) display an arrhythmia 
phenotype similar to that in human ANK2 variant car-
riers, which is partly mediated by ryanodine receptor 
(RyR2)-associated sarcoplasmic reticulum (SR) Ca2+ re-
lease.3,6 However, the specific molecular events lead-
ing to RyR2 hyperactivity have not been extensively 

studied. Protein phosphatase type 2A (PP2A), which 
has catalytic, scaffolding, and regulatory subunits, can 
regulate the dephosphorylation of RyR2.7 Of the 13 
PP2A regulatory subunits, B56α appears to control the 
phosphorylation state of RyR2.8,9 It is important to note 
that AnkB is essential for targeting B56α,10 which teth-
ers PP2A to the RyR2 complex.9 Herein, we hypothesize 
that ANK2 variants may promote the development of 
arrhythmias through the RyR2-mediated remodeling of 
Ca2+ signaling by interfering with normal PP2A activity. 

We performed genetic screening and identified a 
rare, heterozygous ANK2 variant (p.Q1283H) localized 
to ZU5C in a proband with VT. We generated knockin (KI) 
mice carrying the p.Q1283H variant, which exhibited an 
increased predisposition to arrhythmias during epineph-
rine challenge. The phenotype could be prevented by 
the administration of metoprolol or flecainide. Cellular 
electrophysiology and Ca2+-imaging experiments in the 
KI cardiomyocytes demonstrated an increased frequency 
of delayed afterdepolarizations (DADs) and arrhythmo-
genic SR Ca2+ release under isoproterenol (ISO) stimu-
lation. Immunoblots revealed that phosphorylation of 
RyR2 Ser2814 was significantly increased in the KI hearts 
and was further enhanced by ISO stimulation. Mechanis-
tically, the combination of enhanced adrenergic activity 
and the loss of local PP2A activity from RyR2, which was 
likely associated with reduced AnkB/B56α binding, is a 
potential cause of RyR2 hyperphosphorylation. 

METHODS
The data and analytical methods have been made available to 
other researchers for the purposes of reproducing the results 
or replicating the procedure. Please refer to the expanded 
Materials and Methods in the online-only Data Supplement 
for details. 

Human Studies
Human studies were performed in accordance with the 
Code of Ethics of the World Medical Association (Declaration 
of Helsinki) and approved by the Ethics Committee of the 
Second Affiliated Hospital to Nanchang University. Informed 
consent was obtained from all subjects. 

Animal Studies 
Animal studies were performed in accordance with the Guide 
for the Care and Use of Laboratory Animals published by 
the US National Institutes of Health (Publication No. 85-23, 
revised 1996) and approved by the Animal Ethics Committee 
of Nanchang University. 

Statistical Analysis
Continuous data are presented as the mean±SEM. For data 
with a Gaussian distribution, unpaired Student t tests (equal 
variance) or unpaired Student t test with Welch’s correc-
tion (unequal variance) were used for comparisons between 

Clinical Perspective

What Is New?
• We identified the first ANK2 variant (p.Q1283H) 

localized to the ZU5C region in a patient with ven-
tricular tachycardia. 

• Knockin mice with the p.Q1283H variant showed 
an increased susceptibility to arrhythmias associ-
ated with abnormal Ca2+ dynamics. 

• The loss of protein phosphatase 2A activ-
ity from ryanodine receptor is likely associated 
with reduced ankyrin-B/B56α binding, which is 
the potential mechanism of ryanodine receptor 
hyperphosphorylation.

• Metoprolol and flecainide are potential therapies 
for ANK2 p.Q1283H-associated arrhythmias. 

What Are the Clinical Implications? 
• Our study indicates that the dysfunction of the 

ZU5C region might be responsible for arrhythmias.
• Our findings on ANK2 variants interfering with 

the protein phosphatase 2A-related Ca2+ signaling 
pathway would help in the development of a pos-
sible antiarrhythmic medication.
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2 independent groups; 1-way ANOVA with post hoc Tukey 
tests was used for multiple comparisons. For data with a non-
Gaussian distribution, we performed a nonparametric statisti-
cal analysis using the Mann–Whitney U test for comparisons 
between 2 groups or the Kruskal–Wallis test for multiple 
comparisons. Categorical data are expressed as percentages 
and compared between groups using the Fisher exact test. All 
analyses were performed using the GraphPad Prism software. 
Statistical significance was defined as P<0.05. 

RESULTS
Identification of a Rare Human ANK2 
Variant Associated With VT
We performed whole-exome sequencing in 25 unre-
lated Han Chinese probands with VT and identified an 
ANK2 variant in 1 female proband 53 years of age. This 
case had a history of recurrent palpitations and syncope 

Figure 1. Detection of the ANK2 p.Q1283H variant in a proband with VT.  
A, ECG of the proband showing VT with a normal QTc interval of 430 ms. B, Electropherogram showing the  WT ANK2 sequence (upper) and the ANK2 p.Q1283H vari-
ant (lower, red arrow). This variant represents a heterozygous A-to-C nucleotide substitution (c.A3849C) in exon 33, resulting in a glutamine-to-histidine substitution at 
position 1283 (p.Q1283H). The c.A3849C and p.Q1283H variants described in this study are equivalent to the c.A3948C and p.Q1316H variants based on NM_020977.4 
and NP_066187.2, respectively. C, Protein sequence alignment revealing that the p.Q1283 residue of ANK2 is absolutely conserved across multiple species and isoforms. In 
this alignment, residues that are absolutely conserved and highly conserved are highlighted in red and yellow, respectively. D, Structural model showing that the p.Q1283 
residue was localized to the ZU5C domain outside of the spectrin-binding surface (D1). The ribbon structure of the crystal structure of AnkB ZZUD showing the location of 
the Q1283 residue (D2). The p.Q1283 residue is shown in red. E, Mapping of the AnkB domain with ANK2 variants identified in previous studies (black arrows) and this 
study (red arrow). Canonical AnkB consists of distinct structural domains: an MBD with 24 ankyrin repeats, an SBD containing 2 ZU5 domains (ZU5N and ZU5C), a UPA do-
main, and an RD composed of a DD and a CTD. AnkB indicates ankyrin-B; CTD, C-terminal domain; DD, death domain; MBD, membrane-binding domain; QTc, corrected 
QT; RD, regulatory domain; SBD, spectrin-binding domain; VT, ventricular tachycardia; WT, wild type; and ZZUD, ZU5N-ZU5C-UPA-DD domains.
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because of VT (Figure 1A). Her resting ECG showed a 
normal sinus rhythm, atrioventricular conduction, and 
QT duration. VT episodes were abated on treatment 
with a β-blocker (metoprolol). One month after termi-
nation of the drug, she reexperienced multiple synco-
pal episodes because of repeated VT. She subsequently 
underwent radiofrequency catheter ablation targeting 
the VT. The patient had no history of other diseases, 
familial cardiac events, or sudden cardiac death. Echo-
cardiography examination did not detect any structural 
heart diseases. 

Analysis of exome-sequencing data led to identifi-
cation of 3 heterozygous variants, namely, p.T493I in 
CAMK2D, p.V2189I in AKAP9, and p.Q1283H in ANK2 
(Table I and Figure I in the online-only Data Supple-
ment). The CAMK2D p.T493I and AKAP9 p.V2189I 
variants showed a low pathogenicity potential based 
on in silico prediction algorithms (Table II in the on-
line-only Data Supplement). The ANK2 p.Q1283H 
(rs755373114) variant showed a high pathogenicity 
index and was further validated by Sanger sequenc-
ing (Figure 1B). This variant showed a rare minor allele 

Figure 2. Generation and evaluation of KI mouse models carrying the ANK2 p.Q1283H variant under basal conditions.  
A, Schematic diagram illustrating the targeting vector and step-wise generation of KI mouse models. B, DNA sequencing confirming the successful generation 
of KI mice carrying the p.Q1283H variant (lower, black arrow). C, Quantitative real-time PCR analysis of AnkB mRNA in sections of the ventricles of WT and KI 
littermates (n=6 hearts/genotype, P=0.85). D and E, Representative immunoblots (D) and quantitative assessment (E) of the protein expression level of AnkB in 
sections of the ventricles of WT and KI littermates (n=7 hearts/genotype, P=0.54). F, Representative immunostaining showing that cardiomyocytes from WT and KI 
mice display a normal subcellular distribution of AnkB. G, Representative images of hematoxylin-eosin staining (left; magnification ×400) and Masson’s trichrome 
staining (right; magnification ×400) of left ventricles from WT and KI mice. H, Representative electron micrographs of left ventricles from WT and KI mice (red 
arrowheads indicate the t-tubule lumen marked by the sarcoplasmic reticulum and t-tubule membranes of the triads). I, Representative immunostaining showing 
that cardiomyocytes from WT and KI mice display a normal t-tubule organization (stained with Di-8-ANEPPs). The data shown in F through I are representative of 
≥3 hearts/genotype. AnkB indicates ankyrin-B; GAPDH, glyceraldehyde-phosphate dehydrogenase; KI, knockin; PCR, polymerase chain reaction; and WT, wild type.
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frequency of 0.0008091 (East Asian) in the Exome Ag-
gregation Consortium database. It was absent in 3200 
ethnically matched controls and in the 1000 Genomes 
and ESP6500 databases. The Q1283 residue of ANK2 is 
absolutely conserved across species and isoforms (Fig-
ure 1C). The crystal structure of AnkB-SBD revealed that 
the p.Q1283H variant was localized to the surface of 
the ZU5C domain (Figure 1D), where no variants have 
previously been linked with heart diseases (Figure 1E). 
Family members of the proband with the p.Q1283H 
variant declined genetic studies.

To test the impact of the p.Q1283H variant on the 
AnkB polypeptide, we performed a biochemical analysis 
of purified AnkB-SBD harboring the p.Q1283H variant in 
parallel with the wild type (WT) and identified similar ex-
pression between them (Figure IIA in the online-only Data 
Supplement). Analytic gel filtration assays using the WT 
and p.Q1283H mutant proteins with spectrin revealed an 
identical profile (Figure IIB in the online-only Data Supple-
ment). Isothermal titration calorimetry experiments fur-
ther confirmed that the dissociation constants between 
the WT and mutant AnkB proteins with spectrin were 
similar (Figure IIC in the online-only Data Supplement). 
Thus, we identified a rare ANK2 variant localized to the 
ZU5C region in a patient with VT, which did not affect the 
expression or spectrin-binding properties of AnkB.

KI Mice With the p.Q1283H Variant 
Exhibit Cardiac Arrhythmias in Response 
to Catecholamines
To characterize in vivo effects of the p.Q1283H variant 
on cardiac function, we engineered a KI mouse model 
harboring this variant through homologous recombina-
tion (Figure 2A and 2B and Table III in the online-only 
Data Supplement). In agreement with our biochemical 
data, the transcriptional and posttranslational expres-
sion levels, as well as the localization of AnkB, were in-
distinguishable between the WT and KI mice (Figure 2C 
through 2F). Compared with age- and sex-matched WT 
littermates, the KI mice displayed no alterations in cardi-
ac structure as assessed by echocardiography (Table IV in 
the online-only Data Supplement) and histopathologic 
analysis (Figure 2G), or in tissue ultrastructural organi-
zation, as assessed by electron microscopy (Figure 2H). 
We also observed no differences in myocyte ultrastruc-
ture, including the t-tubule/SR complex (Figure 2H and 
2I), the intercalated disc protein (N-cadherin), and the 
microfilament and microtubule networks (Figure IIIA in 
the online-only Data Supplement).

Telemetry monitoring of the cardiac rhythm in con-
scious animals revealed no differences in the electrocar-
diographic parameters between the 2 genotypes un-
der sedentary conditions (Figure 3A and 3B and Table 
V in the online-only Data Supplement). Because both 
humans with ANK2 variants and AnkB+/− mice develop 

exercise- and catecholamine-induced ventricular ar-
rhythmias and sudden cardiac death,1,3,11 the KI mice 
were subjected to a catecholamine stress protocol (an 
intraperitoneal injection of 2 mg/kg epinephrine). Over 
a 60-minute continuous recording, KI mice were more 
susceptible to developing a sinus pause and multiple 
ventricular arrhythmic patterns, including premature 
ventricular contractions, bigeminy/trigeminy, and non-
sustained or sustained VT episodes (Figure 3C through 
3G). Specifically, 7 of the 10 KI mice had an increased 
incidence of ventricular arrhythmias, whereas only 1 
of the 10 WT mice showed an arrhythmia phenotype 
(70% in KI versus 10% in WT; P<0.05) (Figure 3H). No 
WT mice presented a VT phenotype, but 50% of the KI 
mice did present a VT phenotype (50% in KI versus 0% 
in WT; P<0.05). None of the VT rhythms deteriorated to 
ventricular fibrillation or death during the epinephrine 
challenge. In addition, compared with controls, the KI 
mice showed a remarkable increase in the arrhythmia 
score (P<0.01) (Figure 3I).12 

KI Cardiomyocytes Display Delayed 
Afterdepolarizations and Spontaneous 
Ca2+ Release Under β-Adrenergic 
Stimulation
To determine the effect of the p.Q1283H variant on 
myocyte electrophysiological properties, we recorded 
the action potentials (AP) of the WT and KI cardiomyo-
cytes in the absence or presence of 1 μM ISO. After 10 
seconds of pacing to reach steady-state Ca2+ transient 
amplitude, the field stimulation was stopped and after-
depolarizations were recorded. In the absence of ISO, 
spontaneous afterdepolarizations were nearly absent in 
both groups. In the presence of ISO plus 2-Hz pacing, 
14% (3/21) of the WT cardiomyocytes showed spontane-
ous DADs, whereas this incidence was increased to 63% 
(19/30) in the KI cardiomyocytes (P<0.01) (Figure  4A 
and 4B). Moreover, no WT cardiomyocytes showed trig-
ger activity, but 40% (12/30) of the KI cardiomyocytes 
did show trigger activity (P<0.01) (Figure 4C). Under this 
condition, we observed no differences in the AP dura-
tion, AP amplitude, resting membrane potential, or rate 
of rise of the AP upstroke between the 2 groups (Table 
VI in the online-only Data Supplement).

Diastolic spontaneous Ca2+ release from the SR is a 
potential electrophysiological basis for the formation 
of DAD-mediated trigger activity.13 To evaluate the sta-
tus of SR Ca2+ release, we examined the occurrence of 
spontaneous Ca2+ transients (SCaTs; ie, Ca2+ waves) in 
fluo-4-loaded cardiomyocytes. During pausing after a 
period of pacing, SCaTs were rarely observed in the 2 
groups in the absence of ISO. However, in the pres-
ence of ISO plus 2-Hz pacing, 61% (22/36) of the KI 
cardiomyocytes developed SCaTs compared with 23% 
(5/22) of the WT cardiomyocytes (P<0.01) (Figure 4D 



Zhu et al ANK2 Variant in Cardiac Arrhythmias

Circulation. 2018;138:2682–2697. DOI: 10.1161/CIRCULATIONAHA.118.034541 December 4, 2018 2687

ORIGINAL RESEARCH 
ARTICLE

and 4E). Moreover, only 5% (1/22) of the WT cells de-
veloped triggered events; however, this incidence was 
increased to 39% (14/36) in the KI cells (P<0.01) (Fig-
ure 4F). To test whether spontaneous SR Ca2+ release 
potentially underlies the chaotic electric behavior, the 
KI cardiomyocytes were pretreated with ryanodine, an 
agent with a high affinity for RyR2. As shown in Fig-
ure 4A through 4F, 100 nmol/L ryanodine significantly 
inhibited the Ca2+ waves and, subsequently, the DADs 

and trigger activity in the KI cardiomyocytes under ISO 
stimulation. 

KI Cardiomyocytes Display an Enhanced 
Ca2+ Spark Frequency and a Reduced SR 
Ca2+ Content 
Because spontaneous SR Ca2+ release primarily mani-
fests as abnormal RyR2 openings,14 we visualized Ca2+ 

Figure 3. KI mice develop cardiac arrhythmias in response to stress stimulation.  
A and B, Representative lead-II ECG traces of conscious WT and KI mice at baseline, respectively. C, Representative lead-II ECG traces of conscious WT mice after 
an intraperitoneal injection of 2 mg/kg epinephrine. D through G, Representative lead-II ECG traces of conscious KI mice after an intraperitoneal injection of 2 mg/
kg epinephrine. KI mice display a sinus pause (D, the escape rhythm is denoted by red arrows; the ventricular fusion beat is denoted by black arrow) and ventricular 
arrhythmias, including PVCs (E, *), trigeminy (F, #), and VT (G, both nonsustained and sustained episodes). H, Cumulative incidence of ventricular arrhythmias of WT 
and KI mice under stress conditions (*P<0.05; n=10 for WT and KI mice, respectively). I, Cumulative data of the arrhythmia scores of WT and KI mice under stress 
conditions (**P<0.01; n=10 for WT and KI mice). KI indicates knockin; PVCs, premature ventricular contractions; VT, ventricular tachycardia; and WT, wild type. 



Zhu et al ANK2 Variant in Cardiac Arrhythmias

December 4, 2018 Circulation. 2018;138:2682–2697. DOI: 10.1161/CIRCULATIONAHA.118.0345412688

OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

sparks in quiescent fluo-4-loaded cardiomyocytes. As 
presented in Figure 5A and 5B, the frequency of Ca2+ 
sparks was significantly increased in the KI cardiomyo-
cytes without ISO stimulation (2.05±0.12 in KI versus 
1.27±0.10 sparks/100 µm−1 s−1 in WT; P<0.01). In the 
presence of ISO, the Ca2+ spark frequency was further 
enhanced (3.09±0.23 in KI versus 2.17±0.17 sparks/100 
µm−1 s−1 in WT; P<0.01). In addition, other Ca2+ spark 
characteristics were unchanged in the KI cardiomyo-
cytes (Table VII in the online-only Data Supplement). 

To determine whether aberrant Ca2+ sparks affect 
the cardiac systolic process, we compared the Ca2+ 
handling characteristics between the WT and KI car-
diomyocytes. As shown in Figure 5C and 5E, the am-
plitudes of field-stimulated Ca2+ transients, and the av-
erage decay-time constants were similar between the 
2 groups with or without ISO stimulation. Caffeine-
induced Ca2+ transients were assessed by the rapid 
application of 10 mM caffeine after the cessation of 
pacing. Judging from the amplitude of the caffeine-in-

Figure 4. KI cardiomyocytes display stress-induced delayed afterdepolarizations and spontaneous Ca2+ release.  
A, Representative traces of action potentials in KI cardiomyocytes±1 μM ISO or 100 nmol/L ryanodine. Small DADs (black arrow) and triggered activity (red arrows) 
were recorded after a stimulation pause after a 2-Hz field stimulation. B and C, Cumulative incidence of DADs (B) and triggered activity (C) in WT and KI cardio-
myocytes (n=16–30 cells per group from 5 hearts/genotype; **P<0.01 versus WT+ISO or versus KI+ISO+ryanodine). D, Representative traces of the occurrence of 
SCaTs (black arrows) and triggered beats (red arrow) after a stimulation pause after 2-Hz field stimulation in KI cardiomyocytes±1 μM ISO or 100 nmol/L ryanodine. 
E and F, Cumulative incidence of SCaTs (E) and triggered beats (F) in WT and KI cardiomyocytes (n=20–36 cells per group from 5 hearts/genotype; **P<0.01 
versus WT+ISO or versus KI+ISO+ryanodine). DADs indicates delayed afterdepolarizations; ISO, isoproterenol; KI, knockin; SCaTs, spontaneous Ca2+ transients; SR, 
sarcoplasmic reticulum; and WT, wild type.



Zhu et al ANK2 Variant in Cardiac Arrhythmias

Circulation. 2018;138:2682–2697. DOI: 10.1161/CIRCULATIONAHA.118.034541 December 4, 2018 2689

ORIGINAL RESEARCH 
ARTICLE

duced Ca2+ transients, compared with their WT coun-
terparts, the KI cardiomyocytes showed a significantly 
decreased SR Ca2+ content in both the absence and 
presence of ISO (Figure 5F and 5G). However, the Ca2+ 
decay-time constant during the caffeine-induced Ca2+ 
transients, which reflects the activity of Na+/Ca2+ ex-
changer type 1,15 showed no difference between the 2 
groups (Figure 5H).

Enhanced Phosphorylation of RyR2 
Contributes to Spontaneous Ca2+ Release 
in KI Cardiomyocytes 
Despite the changes in electric activity observed in 
the KI cardiomyocytes, we observed no differences in 
the protein level of Kv7.1, Nav1.5, or connexin-43 be-
tween the experimental groups (Figure IV in the on-
line-only Data Supplement). To further investigate the 
molecular mechanisms of abnormal intracellular Ca2+ 

cycling, we performed immunoblotting and imaging 
analyses to determine possible changes in t-tubule/
SR membrane-associated Ca2+-cycling regulatory pro-
teins. However, we did not observe any alterations in 
the expression or subcellular distribution of sarcolem-
mal proteins, including Na+/Ca2+ exchanger type 1, 
Na+/K+ ATPase α1/α2, and the L-type calcium channel 
(Cav1.2), or in SR membrane proteins, including RyR2, 
inositol 1,4,5-trisphosphate receptor, SR Ca2+ adenos-
ine triphosphatase 2, phospholamban (PLN), and calse-
questrin 2 (Figures IIIB and V in the online-only Data 
Supplement). 

The posttranslational modification of Ca2+-cycling 
proteins is tightly regulated by adrenergic signaling 
pathways, which is a potent mechanism for modu-
lating functional SR Ca2+ release.16 Therefore, we 
tested the phosphorylation status of RyR2, Cav1.2, 
and PLN at both the cAMP-dependent protein ki-
nase A and calcium/calmodulin-dependent kinase II 

Figure 5. KI cardiomyocytes display an increased Ca2+ spark frequency and reduced SR Ca2+ content.  
A, Representative line-scan images of Ca2+ sparks in WT and KI cardiomyocytes±1 μM ISO. B, Cumulative data of the Ca2+ spark frequency in WT and KI cardio-
myocytes (n=21–22 cells per group from 5 hearts/genotype; **P<0.01). C, Representative traces of field-stimulated Ca2+ transients in WT and KI cardiomyocytes±1 
μM ISO. D and E, Cumulative data of the amplitude of field-stimulated Ca2+ transients (D, P=NS) and decay-time constants (E, P=NS) in WT and KI cardiomyo-
cytes±1 μM ISO (n=27–37 cells per group from 5 hearts/genotype). F, Representative traces of caffeine-induced Ca2+ transients in WT and KI cardiomyocytes±1 
μM ISO. G and H, Cumulative data of the amplitude of caffeine-induced Ca2+ transients (ie, SR Ca2+ content; G, **P<0.01) and decay-time constants (H, P=NS) in 
WT and KI cardiomyocytes ± ISO (n=17–22 cells per group from 5 hearts/genotype). ISO indicates isoproterenol; KI, knockin; NS, not significant; SR, sarcoplasmic 
reticulum; and WT, wild type.
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(CaMKII) sites. Consequently, the phosphorylation 
status of Cav1.2 and PLN showed no changes in the 
KI hearts (Figure V in the online-only Data Supple-
ment). However, the data presented in Figure  6A 
through 6C demonstrated that the phosphorylation 
of RyR2 at the CaMKII site (Ser2814) was significantly 
increased in the KI myocardium under basal condi-
tions and further enhanced in the presence of ISO, 
whereas its phosphorylation at the protein kinase A 
site (Ser2808) was comparable between the experi-
mental groups. 

To further test whether an increased level of RyR2 
Ser2814 was responsible for the functional changes, a 
potent CaMKII inhibitor, KN93 (1 μM),17 was applied 
to the KI hearts in the absence or presence of ISO. 

As expected, KN93 significantly blunted the ISO-in-
duced increase in RyR2 Ser2814 and had no effect on 
Ser2808 (Figure 6A through 6C). The functional con-
sequences of this effect on RyR2 were that KN93 sig-
nificantly reversed the DADs and Ca2+ waves that were 
induced by ISO as well as the Ca2+ spark frequency and 
the SR Ca2+ content under basal and stress conditions 
(Figure 6D through 6I). As with KN-93, 1 μM AIP II,18 a 
highly selective peptide inhibitor, also alleviated these 
functional consequences (Figure VI in the online-only 
Data Supplement). It is important to note that after 
an intraperitoneal injection of 30 μmol/kg KN93, only 
1 of the 10 KI mice suffered from ventricular arrhyth-
mias during epinephrine challenge (P<0.05 versus no 
drug) (Figure 6J).

Figure 6. CaMKII-dependent phosphorylation of RyR2 and functional effects of CaMKII inhibition in KI hearts.  
A through C, Representative immunoblots (A) and quantitative assessment of the protein and phosphorylation levels of RyR2 at Ser2814 (B; *P<0.05 versus WT 
at baseline, #P<0.05 versus KI+ISO; n=6 hearts/genotype) and Ser2808 (C; *P<0.05 versus WT at baseline; n=5 hearts/genotype) from left ventricle sections in lit-
termates of WT and KI perfused hearts±1 μM ISO or 1 μM KN93. D and E, Representative traces of the action potentials (D) and cumulative incidence of DADs (E; 
**P<0.01) after a stimulation pause after a 2-Hz field stimulation in KI cardiomyocytes±1 μM ISO or 1 μM KN93. F and G, Representative traces of SCaTs (F) and the 
cumulative incidence of SCaTs (G; **P<0.01) after a stimulation pause after a 2-Hz field stimulation in KI cardiomyocytes±1 μM ISO or 1 μM KN93. H, Cumulative 
data of Ca2+ spark frequency in KI cardiomyocytes±ISO (*P<0.05; **P<0.01). I, Cumulative data of caffeine-induced Ca2+ transient amplitude (ie, SR Ca2+ content) 
in KI cardiomyocytes±ISO (*P<0.05). J, Cumulative incidence of ventricular arrhythmias in KN93-pretreated KI mice after an intraperitoneal injection of 2 mg/
kg epinephrine (*P<0.05; n=10 KI mice for each group). CaMKII indicates calcium/calmodulin-dependent kinase II; DADs, delayed afterdepolarizations; GAPDH, 
glyceraldehyde-phosphate dehydrogenase; ISO, isoproterenol; KI, knockin; RyR2, ryanodine receptor type 2; SCaTs, spontaneous Ca2+ transients; and WT, wild type.
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Enhanced Phosphorylation of RyR2 
Is Likely Determined by the Loss 
of Local Phosphatase Activity in KI 
Cardiomyocytes
The RyR2 complex is bound to kinases and phos-
phatases that modulate RyR2 in a phosphorylation-
dephosphorylation dynamic balance.16,19 Either an 

increase in kinase activity or a decrease in phospha-
tase activity may be responsible for the hyperphos-
phorylation of RyR2. The immunoblotting analysis 
did not show any changes in the expression of the 
protein kinase A catalytic subunit or in CaMKII and 
its phosphorylation and oxidation (Figure VIIA and 
VIIB in the online-only Data Supplement). In addition, 
we did not observe any changes in the phosphoryla-

Figure 7. The p.Q1283H variant affects the integration of RyR2 with PP2Ac likely because of decreased AnkB binding of B56α.  
A, Representative immunoblots of the expression levels of relevant phosphatases (PP1c and PP2Ac) from left ventricle sections in littermates of WT and KI mice. 
B, Protein phosphatase assays using a fluorescence-based kit for measuring the total PP1 and PP2A activities in heart homogenates from WT and KI mice. C and 
D, Representative immunoblots (C) and quantitative assessment (D) of PP1c and PP2Ac coimmunoprecipitated with RyR2 showing a reduced amount of PP2Ac 
associated with RyR2 (**P<0.01), but the interaction of PP1c with RyR2 was not affected in KI hearts. E, Representative immunofluorescence assays of WT (upper) 
and KI (lower) cardiomyocytes coimmunolabeled with PP2Ac (left, green) and RyR2 (middle, red) specific antibodies. F, Representative coimmunoprecipitation 
assays showing a macromolecular complex composed of AnkB, B56α, PP2Ac, and RyR2. Total protein homogenates from mouse left ventricles were immunob-
lotted with either an anti-RyR2 antibody or with antibodies that recognize AnkB, B56α, and PP2Ac, all of which were detected in immunoprecipitates, whereas 
control preimmune serum (IgG) did not immunoprecipitate the proteins. G and H, Representative coimmunoprecipitation assays (G) and quantitative assessment 
(H) using the anti-B56α antibody as bait showing decreased binding of RyR2 (**P<0.01) or AnkB (**P<0.01) with B56α, but the abundance of PP2Aα or PP2Ac 
binding with B56α was unchanged in KI hearts. I, Coimmunoprecipitation from HEK293 cells expressing GFP-tagged mutant AnkB and mCherry-tagged B56α 
showing a reduced binding of AnkB to B56α. J, Representative GST pull-down assays showing that GST-labeled WT AnkB pulled down recombinant B56α, but 
GST-labeled mutant AnkB showed a decreased binding to B56α. K, BIAcore-binding properties of WT (K1: KD=1.64±0.05 μM) or mutant (K2: KD=22.17±6.42 μM) 
AnkB-purified proteins to B56α. AnkB indicates ankyrin-B; HEK, human embryonic kidney; GAPDH, glyceraldehyde-phosphate dehydrogenase; IB, immunoblots; IP, 
immunoprecipitation; ISO, isoproterenol; KI, knockin; KI, knockin; PP1c, PP1 catalytic subunit; PP2Aα, PP2A scaffolding subunit; PP2Ac, PP2A catalytic subunit; RU, 
response unit; RyR2, ryanodine receptor type 2; and WT, wild type.
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tion status of other protein kinase A (Cav1.2-Ser1928 
and PLN-Ser16) or CaMKII (Cav1.2-Ser1512 and PLN-
Thr17) targets. Furthermore, coimmunoprecipitation 
experiments revealed no changes in the abundance of 
CaMKII that was physically associated with RyR2 in the 
KI hearts (Figure VIIC in the online-only Data Supple-
ment). These findings reduce the possibility that the 
enhanced phosphorylation of RyR2 is caused by in-
creased kinase activity. 

Protein phosphatase type 1 (PP1) and PP2A are re-
sponsible for >90% of dephosphorylation events.7 
However, our immunoblotting analysis found no differ-
ences in the expression of the catalytic subunits of PP1 
(PP1c) and PP2A (PP2Ac) between the WT and KI hearts 
(Figure 7A). Phosphatase activity assays showed no dif-
ferences in the total activity of PP1 and PP2A in samples 
from both heart homogenates (Figure  7B). However, 
coimmunoprecipitation assays showed a significantly 

Figure 8. Effect of drug therapy on the stress-induced arrhythmia burden in KI mice.  
A, ECG recordings of KI mice pretreated with metoprolol or flecainide after an intraperitoneal injection of 2 mg/kg epinephrine (PVCs were denoted by red asterisks). B, 
Cumulative incidence of ventricular arrhythmias in KI mice after administration of metoprolol (*P<0.05 versus no drug) or flecainide (*P<0.05 versus no drug). C and D, 
Cumulative data of RR (C, **P<0.01 versus no drug) and PR (D, **P<0.01 versus no drug) intervals in metoprolol-pretreated KI mice. E through G, Cumulative data of the 
field-stimulated Ca2+ transient amplitude (E, n=20–37 cells per group; P=NS for KI+ISO+flecainide versus KI+ISO; **P<0.01 for KI+ISO + tetracaine versus KI+ISO), 
field-stimulated Ca2+ transient decay-time constants (F, n=20–37 cells per group; P=NS) and caffeine-induced Ca2+ transient amplitude (G, n=20–23 cells per group; P=NS 
for KI+ISO+flecainide versus KI+ISO; **P<0.01 for KI+ISO + tetracaine versus KI+ISO) of KI cardiomyocytes. H through J, Representative images (H) and cumulative data 
showing that tetracaine but not flecainide decreased the incidence of ISO-induced SCaTs (I, n=20–28 cells per group; P=NS for KI+ISO+flecainide versus KI+ISO; **P<0.01 
for KI+ISO+tetracaine versus KI+ISO) and that both tetracaine and flecainide decreased the incidence of ISO-induced triggered beats (J, n=23–48 cells per group; 
**P<0.01) in KI cardiomyocytes. ISO indicates isoproterenol; KI, knockin; NS, not significant; PVCs, premature ventricular contractions; SCaTs, spontaneous Ca2+ transients.
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reduced amount of PP2Ac associated with RyR2, but 
the interaction of PP1c with RyR2 was not affected in 
the KI hearts (Figure 7C and 7D). Consistently, confocal 
images showed decreased colocalization of PP2Ac and 
RyR2 in the KI cardiomyocytes (Figure 7E). We provide 
evidence that, at least in part, RyR2 hyperphosphoryla-
tion is because of a decrease in the targeting of PP2Ac 
to RyR2.

Local PP2A activity appears to be controlled by 
reversible posttranslational modifications of PP2Ac, 
including tyrosine phosphorylation (Tyr-307) and leu-
cine methylation (Leu-309),20 or is linked to the PP2A 
regulatory subunits,21 including B56α,10 B56δ,22,23 and 
PR13024 that tether the PP2A holoenzyme to RyR2. 
However, we found no differences in their expres-
sion levels between KI versus WT hearts (Figure VIII in 
the online-only Data Supplement). Because B56α has 
been demonstrated to interact with AnkB,10 we hy-
pothesized that a decrease in PP2A activity localized to 
RyR2 would reflect the central role of AnkB in target-
ing B56α. For this purpose, our coimmunoprecipitation 
experiments on mouse heart homogenates showed 
that the RyR2 macromolecular complex encompassed 
B56α, PP2Ac, the PP2A scaffolding subunit (PP2Aα), 
and AnkB (Figure  7F). Notably, immunoprecipitation 
studies demonstrated a significantly decreased bind-
ing of AnkB or RyR2 with B56α, but the abundance of 
PP2Aα or PP2Ac binding with B56α was unchanged in 
the KI hearts (Figure 7G and 7H). Furthermore, coim-
munoprecipitation experiments on the lysates of hu-
man embryonic kidney 293 cells expressing GFP-tagged 
mutant AnkB and mCherry-tagged B56α demonstrat-
ed a reduced binding of AnkB to B56α (Figure 7I). GST-
labeled WT AnkB could pull down the recombinant 
B56α protein, but GST-labeled mutant AnkB decreased 
its binding to B56α (Figure  7J). Further surface plas-
mon resonance experiments revealed that the purified 
recombinant AnkB could bind to B56α, whereas the 
mutant AnkB proteins led to a reduced binding affinity 
with B56α (Figure 7K). 

Effect of Drug Therapy on the Stress-
Induced Arrhythmia Burden in KI Mice
To evaluate the antiarrhythmic potential of β-blocker 
therapy during epinephrine challenge, the KI mice 
were pretreated with 100 mg/kg/d metoprolol for 3 
weeks. In contrast to untreated KI mice, only 1 of 9 
metoprolol-pretreated animals suffered from stress-
induced ventricular arrhythmias (P<0.05) (Figure 8A 
and 8B). The expected changes of prolonged RR and 
PR intervals typically resulting from metoprolol ther-
apy were observed (Figure  8C and 8D and Table V 
in the online-only Data Supplement). However, the 
effect of metoprolol on these parameters was similar 
between the WT and KI mice (Figure IX in the online-

only Data Supplement). M-mode echocardiogram 
tracings indicated no alterations in the contractile or 
structural parameters of the KI mice pretreated with 
metoprolol (Table IV in the online-only Data Supple-
ment). In the KI cardiomyocytes, ISO stimulation in-
creased the amplitude and decay of field-stimulated 
Ca2+ transients, but metoprolol counteracted these 
β-adrenergic effects (Figure X in the online-only Data 
Supplement).

Flecainide (a class IC antiarrhythmic drug) has been 
increasingly accepted to be an effective agent for sup-
pressing CPVT in mouse models25 and clinical patients.26 
The underlying mechanism of action of flecainide is 
linked, although not exclusively, to the suppression of 
SR Ca2+ release through RyR2.27 We assessed the thera-
peutic role of flecainide (15 mg/kg) in KI mice during 
the epinephrine challenge. As a result, only 1 of 10 KI 
mice pretreated with flecainide displayed ventricular ar-
rhythmias (P<0.05 versus no drug) (Figure 8A and 8B). 
In the KI cardiomyocytes with ISO stimulation, 50 μM 
tetracaine (incubation for 3 minutes) increased the Ca2+ 
transient amplitude and SR Ca2+ content, but 6 μM fle-
cainide (incubation for 30 minutes) had no effects on 
these parameters (Figure 8E through 8G). Accordingly, 
flecainide had no effect on the incidence of SCaTs elic-
ited by ISO, whereas tetracaine reduced this incidence 
from 50% to 5% (Figure 8H and 8I). In contrast, both 
tetracaine and flecainide decreased the incidence of 
triggered events (Figure 8J).

DISCUSSION
In the present study, we identified a rare p.Q1283H 
variant in the ZU5C region of ANK2, which is associ-
ated with VT. The p.Q1283H is a disease-linked vari-
ant as shown by multiple techniques, including a KI 
mouse model, cardiac electrophysiology, and cellular 
and molecular investigations. The KI mice bearing this 
variant displayed stress-induced arrhythmias, exhibit-
ing some resemblance to the human p.Q1283H car-
rier’s phenotype. Spontaneous SR Ca2+ release caused 
by RyR2 hyperphosphorylation is a contributing factor 
of the increased frequency of DADs and trigger ac-
tivity. Mechanistically, the dissociation of PP2A from 
RyR2, characterized by a highly phosphorylated state 
of RyR2, is likely attributable to the reduced binding of 
AnkB to B56α. Finally, the administration of metopro-
lol or flecainide appears to be effective for managing 
p.Q1283H-induced arrhythmias. 

Nearly all previously reported, likely deleterious 
ANK2 variants are located in the SBD or RD domains.4 
In contrast, the p.Q1283H is the first variant identi-
fied in the ZU5C region. The minor allele frequency, in 
silico analyses, and in vitro functional assays are com-
monly used to characterize the function and mecha-
nistic rationale of ANK2 variants. More important, the 
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introduction of a mutant AnkB construct into cardio-
myocytes from AnkB+/− mice is unable to restore its 
abnormal functional activity, indirectly supporting a 
disease-associated variant.1–3 Nevertheless, compared 
with AnkB+/− mice with a large genetic intervention, KI 
mice bearing a specific ANK2 variant can be more valu-
able tools for directly characterizing its disease risk.28 
Although KI mice homozygous for ANK2 p.L1622I 
produce cardiac electric phenotypes,11 they cannot 
completely reproduce the human phenotype because 
heterozygous p.L1622I is more common in clinical set-
tings. In contrast, we used heterozygous KI mice to 
mimic the heterozygous state of the human p.Q1283H 
carrier, and the mice displayed similarities to the ar-
rhythmia phenotype of the patient.

Although similar phenotypes may result from differ-
ent variants, the molecular mechanism underlying each 
variant can be distinct. ANK2 variants may interfere 
with normal AnkB function by modulating intramolec-
ular interactions.29 For example, RD interacts with the 
amino-terminus of the membrane-binding domain to 
modulate its protein association with Ca2+ channels and 
transporters, and these associations can be impaired by 
ANK2 variants in the RD.4 In contrast, ANK2 variants 
participate in modulating its interactions with its tar-
geting proteins.30 For example, the p.R1788W variant 
in the C-terminal domain  directly abolishes AnkB bind-
ing to human DnaJ homologue 1.31 The p.R990Q vari-
ant in ZU5N leads to a severe arrhythmia phenotype by 
interfering with its binding to βII-spectrin.32 However, 
our p.Q1283H variant located in the ZU5C region did 
not affect its interaction with βII spectrin. In line with 
our findings, a number of synthetic ANK2 variants in 
the ZU5C region do not affect the βII-spectrin binding 
but still impair the function of AnkB.33 It is important 
to note that nearly all reported ANK2 variants result in 
a reduced abundance of AnkB, leading to altered in-
tracellular Ca2+ dynamics linked with the abnormal ex-
pression and localization of Na+/Ca2+ exchanger type 1, 
Na+/K+ ATPase α1/α2, and inositol 1,4,5-trisphosphate 
receptor.4 The p.Q1283H variant did not alter the ex-
pression or subcellular distribution of AnkB. Therefore, 
beyond disturbed AnkB/βII spectrin binding or func-
tional AnkB haploinsufficiency, previously unrecognized 
pathophysiological mechanisms that contribute to the 
processes of arrhythmias may exist.

In our study, patch-clamped KI myocytes showed an 
increased incidence of DAD-related trigger activity dur-
ing ISO challenge. DADs are initiated by inward-mode 
Na+/Ca2+ exchanger activation in response to sponta-
neous increases in the cytoplasmic Ca2+ concentration, 
which generates a transient depolarizing current.34 If 
DADs reach the threshold for sarcolemmal Na+ chan-
nels, an AP may be triggered and propagated through 
the myocardium, ultimately precipitating arrhythmias. It 
is thought that diastolic SR Ca2+ release via hyperactive 

RyR2 is the primary molecular basis for Ca2+-dependent 
DADs.13 Indeed, KI cardiomyocytes demonstrated an ar-
rhythmogenic increase in spontaneous Ca2+ waves and 
SR Ca2+ leak, particularly after ISO challenge. Ryanodine 
rescued these components of abnormal Ca2+ signal-
ing, demonstrating that abnormally high RyR2 activity 
potentially underlies dysfunctional Ca2+ regulation. In 
parallel with the upregulation of an RyR2-mediated SR 
Ca2+ leak, the SR Ca2+ content was decreased in KI car-
diomyocytes. An upregulated RyR2-mediated SR Ca2+ 
leak is an underlying cause of a reduced SR Ca2+ con-
tent,35,36 resulting in proarrhythmic remodeling of Ca2+ 
homeostasis and arrhythmias.37 

It is well known that the phosphorylation of RyR2 
at Ser2814 plays a more important role in arrhythmo-
genic SR Ca2+ release than that of RyR2 at Ser2808.16 In 
our KI model, the phosphorylation of RyR2 at Ser2814 
was significantly increased under both basal and stress 
conditions. The inhibition of CaMKII by KN93 normal-
ized this hyperphosphorylation and successfully an-
tagonized the β-adrenergic effects and the triggering 
of ventricular arrhythmias.17 Thus, the dysregulation of 
intracellular Ca2+ cycling because of RyR2 hyperphos-
phorylation potentially contributes to DAD-related 
trigger activity. Furthermore, the adaptive changes in 
intracellular Ca2+ homeostasis were in agreement with 
the dynamic changes in the phosphorylation of RyR2 at 
Ser2814. Under basal conditions, arrhythmias and ar-
rhythmogenic SR Ca2+ release events did not occur de-
spite the increased phosphorylation of RyR2 at Ser2814, 
suggesting that RyR2 Ser2814 alone is not sufficient to 
generate arrhythmias. After adding ISO to KI myocytes, 
β-adrenoceptor activation led to further abnormally 
enhanced phosphorylation of RyR2 at Ser2814 and 
functional disturbance. In fact, the p.Q1283H variant 
promoted the phosphorylation of RyR2 at Ser2814 at 
baseline and led to a highly arrhythmogenic state under 
conditions of increased sympathetic drive. 

Experimental data suggest that alterations in local 
phosphatase activity toward specific substrates may be 
more harmful than alterations in the total phosphatase 
activity in cardiomyocytes.19,37,38 Likewise, in our KI hearts, 
downregulated local PP2A holoenzyme populations may 
be an explanation for the RyR2 hyperphosphorylation. 
The additional targets of PP2A-Cav1.2 and PLN exhib-
ited unchanged phosphorylation states, suggesting that 
PP2A-based RyR2 dephosphorylation is mutation specific 
in this KI model. Similar arrhythmic substrates in differ-
ent murine models may result from distinct molecular 
mechanisms. In the AnkB+/− mouse model, RyR2 hyper-
phosphorylation associated with spontaneous SR Ca2+ 
release contributes to sympathetically mediated arrhyth-
mias.6,39,40 This RyR2 hyperphosphorylation in AnkB+/− 
hearts is CaMKII dependent because of increased 
junctional Ca2+,39 whereas defects in the PP2A-based sig-
naling pathway facilitate the phosphorylation of RyR2 in 
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our KI model. It appears that there is no need for CaMKII 
to be overactive because limited activity without CaMKII 
activation is sufficient to phosphorylate RyR2 in the ab-
sence of phosphatases.9,41,42 

Several groups have investigated the specific sites of 
RyR2 dephosphorylation that are controlled by phos-
phatases, but their findings have been controversial. 
Little et al8 demonstrated that the upregulation of 
PP2A activity decreased RyR2 phosphorylation at both 
Ser2814 and Ser2808. However, our findings demon-
strated that changes in the local PP2A activity only de-
phosphorylated RyR2 at Ser2814. Consistently, Huke 
and Bers43 demonstrated that PP1 preferentially con-
trols RyR2 phosphorylation at Ser2808, whereas RyR2 
Ser2814 is under the specific control of PP2A. Muscle-
specific microRNAs mediating the suppression of PP2A 
activity in the RyR2 microdomain appear to regulate the 
phosphorylation of Ser2814.9,23 It is important to note 
that the recognition of specific sites by the PP2A fam-
ily may involve the additive effects of multiple distinct 
interactions, which could be a topic of cardiovascular 
research in follow-up studies. 

AnkB is essential for targeting B56α,10 which in turn 
tethers PP2A to the RyR2 complex.9 B56α overexpres-
sion in vivo does not alter the expression of AnkB,44 
whereas primary cardiomyocytes from AnkB-deficient 
mice display an increased abundance and disorganized 
distribution of B56α.8,10 In addition, AnkB localizes with 
inositol 1,4,5-trisphosphate receptor in a compartment 
distinct from RyR2,45 suggesting that AnkB does not 
form a stable complex with RyR2 and thus does not 
directly modify RyR2 activity. We speculate that AnkB-
mediated RyR2 hyperactivity is likely linked to the mod-
ulation of B56α. It remains a subject of debate whether 
the regulation of B56α mediates the activity of PP2A or 
RyR2.16 Although the short-term expression of B56α in 
vitro does not alter PP2Ac expression,46 the cardiac-spe-
cific overexpression of B56α in transgenic mice leads 
to a compensatory increase in PP2Ac expression and 
activity.44 In contrast, the inhibition of B56α expression 
causes profound changes in PP2A activity, subsequently 
causing RyR2 dysfunction.8,9 In our study, cardiac ex-
pression of mutant AnkB impaired the binding ability of 
the PP2A/B56α complex to RyR2 at specialized myocyte 
subdomains. We summarize that the AnkB-based ab-
normal spatial distribution of B56α leads to the disso-
ciation of local PP2A from RyR2, subsequently resulting 
in RyR2 hyperphosphorylation. 

The management of AnkB-based arrhythmias main-
ly depends on the defined clinical features of the pa-
tients. In our KI mice, metoprolol reduced the incidence 
of stress-induced ventricular arrhythmias. However, 
some patients with ANK2 variants, such as R1788W,2 
S646F,47 and W1535R,48 are refractory to β-blocker 
therapy; therefore, more effective therapeutic options 
are required. In our KI mice, flecainide mitigated the 

risk of stress-induced ventricular arrhythmias. In isolat-
ed KI myocytes, flecainide had no effect on ISO-induced 
SCaTs, but it significantly inhibited triggered events, 
suggesting that the inhibitory effect of flecainide may 
not be because of its direct blocking of open-state 
RyR2.49 As previously reported, this inhibitory action 
is likely because of the inhibition of subsarcolemmal 
Na+ channels25 or the modification of the Na+/Ca2+ 
exchanger activity.50 Finally, understanding the underly-
ing molecular mechanisms of arrhythmias is helpful for 
developing possible precision therapies. AnkB may indi-
rectly regulate the function of RyR2 by modulating the 
activity of PP2A, suggesting a novel therapeutic target 
for arrhythmias. 

Several limitations should be considered in this 
study. First, because our experiments are confined to 
young adult animals, future studies should focus on 
older animals to determine whether they exhibit more 
severe phenotypes. Second, although mouse models 
provide insight into the mechanisms of human dis-
ease, inherent differences between human and mouse 
physiology must ultimately be considered when in-
terpreting our findings. Thus, although our findings 
support the mechanisms underlying this human con-
dition, we recognize that there may be pathophysi-
ological differences. Finally, we mainly focused on the 
susceptibility of KI mice to arrhythmias under acute 
stress. However, whether an increased sympathetic 
input to the heart tunes Ca2+ homeostasis in chronic 
disease is still unknown.

In conclusion, we first identified a disease-associated 
p.Q1283H variant in ANK2-ZU5C that is responsible for 
arrhythmias, which may be treated with metoprolol or 
flecainide. We found that the dysregulation of intracel-
lular Ca2+ cycling because of RyR2 hyperphosphorylation 
potentially contributes to DAD-related trigger activity. 
Additionally, the combination of enhanced adrenergic 
activity and the loss of PP2A activity from RyR2, which 
is likely associated with reduced AnkB/B56α binding, 
provides the underlying molecular mechanisms of the 
diastolic SR Ca2+ release. Our findings provide new in-
sights into the functional role of AnkB, as well as the 
potential pathogenesis of and the therapeutic options 
for AnkB-based arrhythmias.
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