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ORIGINAL RESEARCH

Knockout of SORBS2 Protein Disrupts 
the Structural Integrity of Intercalated Disc 
and Manifests Features of Arrhythmogenic 
Cardiomyopathy
Yonghe Ding, PhD*; Jingchun Yang, PhD*; Peng Chen, MD†; Tong Lu, MD, PhD†; Kunli Jiao, MD; David J. Tester, PhD; 
John R. Giudicessi, MD, PhD; Kai Jiang, PhD; Michael J. Ackerman , MD, PhD; Yigang Li, MD;  
Dao Wu Wang , MD, PhD; Hon-Chi Lee, MD, PhD; Dao Wen Wang, MD; Xiaolei Xu , PhD

BACKGROUND: Sorbs2b (sorbin and SH3 domain-containing 2b) was recently identified as a cardiomyopathy gene from a ze-
brafish mutagenesis screen. However, cardiac functions of its mammalian ortholog remain elusive.

METHODS AND RESULTS: We conducted a detailed expression and subcellular localization analysis of Sorbs2 ortholog in mice 
and a phenotypic characterization in Sorbs2 knockout mice. Sorbs2 is highly expressed in the mouse heart and encodes 
an adhesion junction/desmosome protein that is mainly localized to the intercalated disc. A mutation with near complete de-
pletion of the Sorbs2 protein in mice results in phenotypes characteristic of human arrhythmogenic cardiomyopathy (ACM), 
including right ventricular dilation, right ventricular dysfunction, spontaneous ventricular tachycardia, and premature death. 
Sorbs2 is required to maintain the structural integrity of intercalated disc. Its absence resulted in profound cardiac electrical 
remodeling with impaired impulse conduction and action potential derangements. Targeted sequencing of human patients 
with ACM identified 2 rare splicing variants classified as likely pathogenic were in 2 unrelated individuals with ACM from a 
cohort of 59 patients with ACM.

CONCLUSIONS: The Sorbs2 knockout mouse manifests several key features reminiscent of human ACM. Although the candi-
dacy of SORBS2 as a new ACM-susceptibility gene is supported by preliminary human genetics study, future validation in 
larger cohorts with ACM is needed.
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Arrhythmogenic right ventricular (RV) cardio-
myopathy, also referred to as arrhythmogenic 
right ventricular dysplasia, is a rare inherited 

cardiac muscle disorder that can lead to heart failure 
and sudden cardiac death (SCD).1 The prevalence of 

arrhythmogenic RV cardiomyopathy in the general 
population is between 1:1000 and 1:5000, accounting 
for up to 20% of SCDs in people <35 years of age.2,3 
ARVC is characterized by structural abnormalities in 
the RV and ventricular arrhythmia at early stages. Left 
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ventricular (LV) involvement becomes common with 
disease progression, and biventricular involvement 
prompted a recent recommendation of using a broader 
term, arrhythmogenic cardiomyopathy (ACM), for this 
disease.4 Current management of ACM is mostly palli-
ative and focuses on delaying disease progression and 
preventing SCD. No curative treatment is available for 
this life-threatening disease.1

Since the first disease-causing variant was identified 
in the gene coding plakoglobin (JUP),5 to date, at least 
17 genes have been linked to ACM, mostly through 

human genetic studies, accounting for ≈50% to 60% 
ACM probands.6,7 Among these 17 ACM-associated 
genes, 5 of them (DSP, DSG2, DSC2, PKP2, and JUP) 
encode desmosomal proteins located in the interca-
lated disc (ICD).5,8–11 Mutations in these desmosomal 
protein-encoding genes account for most variants 
identified from the ACM probands.1 A small percentage 
of ACM probands have sequence variants in nondes-
mosomal protein-encoding genes, such as CTNNA3 
and CDH2.12,13 Mouse models for all these 5 desmo-
some/ICD protein-coding genes have been generated 
through either targeted genetic deletion or transgenic 
overexpression of genes with disease-causing muta-
tions.14–19 The key features of human ACM phenotypes, 
such as structural abnormalities in the ventricles, 
spontaneous ventricular tachycardia (VT), and SCD, 
can be recapitulated in most of these mouse models. 
However, certain aspects of human ACM, such as fi-
brofatty infiltration, were only noted in the mouse model 
involving DSP20,21 but not in those involving DSG2, 
DSC2, and JUP.19,22 Because of the convenience of 
embryonic morpholino knockdown and amenability 
to high-throughput genetic and compound screening, 
zebrafish ACM models for DSC2 and JUP have also 
been developed.23,24

Through an insertional mutagenesis screen in ze-
brafish, we recently identified the gene-breaking trans-
poson (GBT ) 002 as a mutant that exerted deleterious 
modifying effects on doxorubicin-induced cardiomyop-
athy (DIC).25 GBT002 was later determined as a loss-of-
function mutant that disrupts sorbs2b (sorbin and SH3 
domain-containing 2b), one of the SORBS2 orthologs 
in zebrafish.25 SORBS2, also known as ArgBP2 (Arg 
kinase binding protein 2), encodes a member of the 
sorbin homology adaptor family protein that contains a 
Sorbin domain at the N terminus and 3 SH3 domains 
at the C terminus.26 The encoded protein is highly 
abundant in cardiac muscle cells and manifests a re-
stricted subcellular expression pattern, including asso-
ciation with stress fibers27 and sarcomeric Z discs in 
cardiomyocytes.28,29 In addition, several other recent 
studies have also suggested the cardiac involvement 
of Sorbs2. First, the knockdown of Sorbs2 in neonatal 
rat cardiomyocytes in culture resulted in cellular hyper-
trophy.30 Second, SORBS2 was a candidate gene in 
regions of copy number variations linked to congen-
ital heart disease in humans.31 Third, the expression 
of SORBS2 protein was significantly increased in the 
sera of patients with acute myocardial infarction but 
depleted in the infarcted myocardia.32 However, in vivo 
cardiac phenotypes have not been reported in the 
Sorbs2 knockout mouse model.33

Herein, we report detailed cardiac studies of Sorbs2 
in mice. We revealed Sorbs2 encodes an ICD protein 
that is required to maintain the ICD structural integrity. 
We showed Sorbs2 knockout mice manifest ACM-like 

CLINICAL PERSPECTIVE

What Is New?
•	 Sorbs2 (sorbin and SH3 domain-containing 

2) encodes an adhesion junction/desmosome 
protein that is mainly localized to the interca-
lated disc.

•	 Sorbs2 knockout mouse manifests phenotypes 
of right ventricular dilation, right ventricular dys-
function, spontaneous ventricular tachycardia, 
and premature deaths, which are key features 
of mouse arrhythmogenic cardiomyopathy 
models.

•	 Two rare likely-pathogenic splicing variants of 
SORBS2 gene were identified in patients with 
arrhythmogenic cardiomyopathy.

What Are the Clinical Implications?
•	 SORBS2 could be a new candidate arrhythmo-

genic cardiomyopathy–susceptibility gene; 
however, more human genetic evidence is 
needed to confirm this statement.

•	 Sorbs2 knockout mouse manifests several key 
features reminiscent of human arrhythmogenic 
cardiomyopathy.

Nonstandard Abbreviations and Acronyms

ACM	 arrhythmogenic cardiomyopathy
DIC	 doxorubicin-induced cardiomyopathy
GBT	 gene-breaking transposon
ICD	 intercalated disc
LV	 left ventricle
MRI	 magnetic resonance imaging
RV	 right ventricle
SCD	 sudden cardiac death
Sorbs2	 sorbin and SH3 domain-containing 2
VERP	 ventricular effective refractory period
VT	 ventricular tachycardia
WT	 wild type
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phenotypes, including RV cardiomyopathy, VT, and 
premature death. Scanning a cohort of 59 Chinese 
Han patients with ACM led to the identification of 2 
likely pathogenic rare variants. Collectively, our results 
showed that the Sorbs2 knockout mouse manifests 
several key features reminiscent of human ACM and 
SORBS2 likely represents a previously unrecognized 
ACM-susceptibility gene.

METHODS
All supporting data and materials within the article will 
be made available from the corresponding authors on 
reasonable request.

Experimental Animals
All procedures were performed in accordance 
with Mayo Clinic guidelines for animal use and 
care and conformed to the Guide for the Care and 
Use of Laboratory Animals published by the US 
National Institutes of Health. Sorbs2e8/e8 mice, also 
named B6N(Cg)-Sorbs2 tm1.1(KOMP)Mbp/J, were pur-
chased from the Jackson Laboratory (catalog No. 
022780) with genotype characterization using poly-
merase chain reaction (PCR) primers: 5′-ATTAGG 
ACGGTAAGCCACGC-3′ and 5′-AGGCTTCACCTTG 
CTTTGATAG-3′ for detecting the wild-type (WT) allele  
(predicted size of 292 bp) and 5′-TTTGGCTTCAACC 
ACAACAC-3′ and 5′-CGGTCGCTACCATTACCAGT-3′ 
for detecting the mutant allele (predicted size of 
500  bp). The zebrafish (Danio rerio) WIK line was 
maintained under a 14-hour light/10-hour dark 
cycle at 28.5°C. WT zebrafish were bred to give 
embryos for morpholino injection and subsequent 
fractional shortening and heart rate analysis. The 
animal study protocols were approved by the Mayo 
Clinic Institutional Animal Care and Use Committee 
(A00002911 for mice and A3531 for zebrafish).

Human Studies
Human studies were approved from the Institutional 
Review Board of the First Affiliated Hospital of 
Nanjing Medical University and Tongji Hospital, Tongji 
Medical College, Huazhong University of Science and 
Technology (Institutional Review Board identification: 
TJ-C20181101). All participating patients signed in-
formed consent forms.

Tissue Collection
For tissue harvest, the mice were euthanized by the 
administration of 250 mg/kg pentobarbital according 
to the guidelines of the Mayo Clinic Institutional Animal 
Care and Use Committee. Heart tissues from differ-
ent cardiac chambers were frozen in liquid nitrogen, 

stored at −80°C, and subsequently used for total RNA 
transcript and Western blot experiments. Some tis-
sues were fixed in formalin and embedded in paraffin 
for histomorphometry. At least 3 heart samples were 
collected for each individual experiment.

Western Blot Analysis
Heart tissues were homogenized in radioimmuno-
precipitation assay buffer with 0.5-mm steel beads 
at speed 8 for 4  minutes, followed by speed 10 for 
1 minute using a Bullet Blender (Next Advance). Lysate 
samples were denatured at 95°C for 10 minutes and 
loaded onto an SDS-PAGE and Western blotting. Anti-
Sorbs2 (Sigma, catalog No. SAB4200183), anti–con-
nexin 43 (Cx43) (Cell Signaling, catalog No. 3512), 
anti–α-catenin (Thermofisher Scientific, catalog No. 
71-1200), anti–β-catenin (Thermofisher Scientific, cata-
log No. 13-8400), anti–desmoglein 1/2 (Progen, cata-
log No. 61002), anti-plakoglobin (Progen, catalog No. 
65105), anti–N-cadherin (Sigma, catalog No. C1821), 
and anti-GAPDH (Santa Cruz Biotechnology, catalog 
No. sc-25778) antibodies were used.

Quantitative Reverse Transcription–PCR
Total RNA was extracted using an RNeasy extraction 
kit (Qiagen), according to the manufacturer’s instruc-
tions. The extracted RNA was quantified, and 1  μg 
RNA was reverse transcribed to synthesize cDNA using 
a Super Script III First Strand Reverse Transcriptase Kit 
and random hexamer primers (Invitrogen). After initial 
denaturation with the LightCycler 480 Probes Master 
Mix (Roche), 50 ng of the cDNA underwent 50 rounds 
of amplification (LightCycler 480, Roche) with the fol-
lowing primers: 5′-GTGCGGTGTCCAACACAGAT-3′ 
and 5′-TCCAATCCTGTCAATCCTACCC-3′ for mouse 
Nppa gene; 5′-GAGGTCACTCCTATCCTCTGG-3′ and  
5′-GCCATTTCCTCCGACTTTTCTC-3′ for mouse Nppb  
gene; 5′-ACTGTCAACACTAAGAGGGTCA-3′ and 5′-T 
TGGATGATTTGATCTTCCAGGG-3′ for mouse β-Mhc  
gene; 5′-GCCCAGTACCTCCGAAAGTC-3′ and 5′-GC 
CTTAACATACTCCTCCTTGTC-3′ for mouse α-Mhc 
gene; 5′-CTGAATGGTATCGCACCGGAA-3′ and 5′-G 
GTCCACAAGCACTCCACAG-3′ for mouse Cx40/Gja5  
gene, 5′-ACAGCGGTTGAGTCAGCTTG-3′, 5′-GAGAG 
ATGGGGAAGGACTTGT-3′ for mouse Cx43/Gja1 gene,  
5′-CAGAGCCAACCAAAACCTAAGC-3′, 5′-CTGCACA 
CATAAAATGGGTGGA-3′ for mouse Cx45/Gjc1 gene;  
and 5′-CTATCAGAGGCCATTCTCCC-3′ and 5′-GAAC 
ATTGTCTTGTACCAGTCC-3′ for mouse Sorbs2 gene. 
The data were analyzed, and relative expression was 
determined using the comparative cycle threshold (Ct) 
method (2−ΔΔCt), and expression was normalized using 
Gapdh (5′-AGGTCGGTGTGAACGGATTTG-3′ and 5′-T 
GTAGACCATGTAGTTGAGGTCA-3′) as the house-
keeping internal control.
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Immunohistochemistry
The heart samples harvested from mice were em-
bedded in tissue freezing medium and stored at 
−80°C, followed by sectioning at 10 μm using a cry-
ostat (Leica CM3050 S). The slides were subjected 
to immunostaining using a previously described 
protocol.34 The following antibodies were used: anti-
Sorbs2 (Sigma, catalog No. SAB4200183) at 1:200, 
anti-Cx43 (Cell Signaling, catalog No. 3512) at 1:200, 
anti–N-cadherin (Sigma, catalog No. C1821) and 
anti–β-catenin (Thermo Fisher Scientific, catalog No. 
13-8400) at 1:200, and anti-plakoglobin (Progen, cat-
alog No. 65105) at 1:200. A Zeiss LSM 780 confocal 
microscope was used to acquire the image. The tile 
scan function was used to acquire images covering 
a complete mouse heart. For each group, 5 to 10 
slides were imaged and analyzed. The distribution 
of fluorescence density was analyzed by pseudo-
line scan using Zen software (Zeiss). The weighted 
colocalization of Sorbs2 with other ICD proteins was 
determined using a colocalization function in Zen 
software.

Magnetic Resonance Imaging
Mice were anesthetized by inhalational isoflurane 
(1.5%−2.5% in oxygen/air) via a nose cone during 
the imaging procedure. Respiration was continuously 
monitored during the scan, and the heart rate was 
maintained at 20 to 60 breaths per minute by adjust-
ing the concentration of isoflurane. The animal might 
be maintained under anesthesia for >2  hours. The 
body temperature of the animals was maintained by 
a stream of air conditioned by a thermocouple-based 
system at 32°C. Magnetic resonance imaging (MRI) 
was performed on a Bruker Avance 300-MHz spec-
trometer (7-T) vertical bore nuclear magnetic resonance 
spectrometer equipped with “mini-imaging” accesso-
ries. The images were acquired with a field of view of 
3.4 cm2, slice thickness of 1 mm, and an in-plane reso-
lution of 135 μm. The images were acquired from both 
long-axial and short-axial views and analyzed offline 
using custom-designed code in MATLAB.35,36 RV and 
LV endocardial and epicardia contours were drawn on 
each of the 10 short-axial or long-axial slices. The wall 
thickness of the LV was calculated directly from the 
contour data. The volume of the LV was calculated on 
the basis of a single-plane ellipsoid model using the 
following equation37:

A is the area of the LV in the long-axis view, and L 
is the length of the LV along the long-axial view. RV 
volumes were calculated using a formula derived from 
the ellipsoidal shell model (difference-of-ellipsoids 

model): V=2/3Pd. The plain of area P was defined by 
2 perpendicular axes of the ellipsoid, and distance d 
was the third axis perpendicular to area P.37

Electrocardiogram
Anesthesia with isoflurane (0.5%–1.0% v/v) was ad-
ministered via a nose cone. Mice were placed on an 
ECG-heater board with 4 paws on individual elec-
trode. The ECG-heater board maintained the body 
temperature at 37°C and monitored the heart rates. 
The ECG signal was amplified through an amplifier 
(Axon CNS digital 1440 A) and recorded using Chart 
5 software. For each mouse, 2 minutes of ECG signal 
was recorded.

Electrophysiology
Ex vivo cardiac electrophysiology study was per-
formed in Langendorff-perfused mouse hearts, as 
we have described previously.38 Briefly, the excised 
heart was rapidly mounted on the cannulus of a 
modified Langendorff apparatus and perfused at 
3.0 mL/min using a peristaltic pump (P720, Instech 
Laboratories) with Tyrode solution (in mmol/L): NaCl 
119, KCl 4.8, KH2PO4 1.2, MgSO4 1.2, CaCl2 1.0, 
NaHCO3 24.9, glucose 10.0, pyruvate 5.0, heparin 
1200 U/L, pH 7.4, equilibrated with 95% O2/5% CO2 
at 37°C. A bipolar electrode was placed on the RV 
epicardium for cardiac pacing. Programmed elec-
trical stimulation was performed using a cardiac 
stimulator (Bloom-Fisher Medical Technologies) with 
2-ms current pulses at a 2-time diastolic threshold 
(100–200 μA). The cycle lengths of stimuli were 10 
to 20  ms shorter than those of intrinsic heartbeat 
coupling intervals.

Action potential recordings of isolated mouse 
RV were performed using standard microelectrode 
techniques, as previously described.39 The RV was 
rapidly excised, placed with the endocardial surface 
up in a temperature-regulated 5-mL chamber, and 
continuously superfused with oxygenated Tyrode 
solution at 4  mL/min at 37°C. The tissue was im-
paled with a micropipette with a tip resistance of 10 
to 25 MΩ when filled with 3 mol/L KCl, and the out-
put signals were sampled at 100  kHz without filter 
by a high-input impedance preamplifier (Duo 773, 
World Precision Instruments, Sarasota, FL). The 
cardiac preparations were paced using a stimulator 
(Bloom Associates, Ltd, Reading, PA) with a stimu-
lus output at twice threshold. The action potentials 
were recorded at a paced cycle length of 200  ms, 
and the resting potentials, action potential durations 
at 50% and 90%, were measured offline. Ventricular 
effective refractory period (VERP) was measured by 
a train of stimuli (10≈14 S1) at a fixed cycle length of 
200 ms, coupled with an extrastimulus (S2) that was 

Volume of left ventricle=
8×A×A

3�×L
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10 ms shorter than the train and repeated at 10-ms 
decrements until refractoriness was reached. Burst 
pacing was performed by trains of 20 pulses with 
coupling intervals 10 to 20 ms longer than VERP. VTs 
were induced by programmed electrical stimulation 
and burst pacing. Sustained VT was defined as wide 
QRS complex tachycardia with a rate >600  beats/
min lasting >30 seconds.40

Transmission Electron Microscopy
Tissues from mouse hearts were bathed in relaxation 
buffer (75 mmol/L KCl, 10 mmol/L imidazole, pH 7.2, 
2  mmol/L MgCl2, 2  mmol/L EGTA, 1  mmol/L NaN3, 
and 4 mmol/L creatine phosphate) for 1 hour, fixed in 
Trump fixative (Electron Microscopy Sciences) over-
night at 4°C, and then processed at the Mayo Clinic 
Electron Microscopy Core Facility. Images were ob-
tained using a Philips CM10 transmission electron mi-
croscope (Philips, Amsterdam, the Netherlands).

Hematoxylin-Eosin and Masson Trichrome 
Staining
Heart tissues were harvested from mice at 4 months 
of age after being euthanized by administration of 
250 mg/kg pentobarbital. Dissected tissues were im-
mediately fixed in 4% PBS-buffered formaldehyde and 
sent to the Mayo Clinic Histology Core Laboratory 
for subsequent sample processing and hematoxylin-
eosin and Masson trichrome staining. Images were 
captured using the EVOS FL Auto Imaging System 
(Thermo Fisher Scientific). Fibrosis quantification was 
performed using Image J software (National Institutes 
of Health, Bethesda, MD), as described previously.41 
The blue color range was selected to represent fibro-
sis areas. Blue-stained areas and nonstained myocyte 
areas from each section were determined using color-
based thresholding. The percentage of fibrosis area 
was calculated as the blue-stained areas divided by 
total surface area from each section.

RNA-Binding Protein Immunoprecipitation
The RNA-binding protein immunoprecipitation 
assay was performed using an EZ-Magna RNA im-
munoprecipitation kit (Sigma, 17-704), according 
to the manufacturer’s instructions. Briefly, 10  mg 
of RV tissue from C57 mice was homogenized 
using a Bullet Blender (Next Advance). One micro-
gram of anti-Sorbs2 antibody (Sigma, catalog No. 
SAB420183) was used for the immunoprecipita-
tion. Primers for quantitative reverse transcription–
PCR to detect the abundance of Cx43 mRNA are 
5′-ACAGCGGTTGAGTCAGCTTG-3′ for Cx43/Gja1-F 
and 5′-GAGAGATGGGGAAGGACTTGT-3′ for Cx43/
Gja1-R.

Participant Recruitment
From November 2010 to November 2017, 59 unre-
lated Han Chinese patients with ACM were recruited 
with approval from the Institutional Review Board of 
the local hospital (Institutional Review Board identifi-
cation: TJ-C20181101). Specifically, 46 patients were 
recruited in Nanjing from the First Affiliated Hospital 
of Nanjing Medical University and 13 patients were 
recruited in Wuhan from the Tongji Hospital, Tongji 
Medical College, Huazhong University of Science 
and Technology. For controls, 402 sex- and ethnically 
matched subjects without cardiomyopathy were re-
cruited from a healthy population undergoing health 
examinations during the same period. All recruited 
individuals have undergone ECG and echocardi-
ography or computed tomography or MRI tests to 
evaluate the structure and function of their hearts. 
Patients with ACM were diagnosed on the basis of 
the 2019 Heart Rhythm Society (HRS) expert con-
sensus statement.42

Panel Construction and Targeted 
Sequencing
An ACM panel was designed that can be used for 
Ampliseq semiconductor next-generation sequenc-
ing (Ion Torrent, Thermo Fisher). The panel included 
159.11-kb full coding regions with >5 bp flanking reg-
ulatory sequences of 13 known genes for hereditary 
ACM (Figure S7B). The coding sequences of CTNNA3 
and SORBS2 genes were later sequenced separately 
using Sanger sequencing. Primer sequences are 
listed in the Table S5. Genomic DNA was extracted 
from peripheral leukocytes using a standard protocol. 
Barcode-ligated libraries were constructed and mixed 
with the same molecular quantities. The pooled librar-
ies were sequenced using an Ion Torrent sequencing 
platform.

Whole Exome Sequencing
In total, 200 ng of genomic DNA was fragmented into 
250- to 350-bp fragments using sonication followed 
by end repair. The DNA fragments were purified and 
ligated with adapters using a SureSelectXT Library Prep 
Kit (Agilent, Santa Clara, CA). Next, the adapter-ligated 
DNA libraries were amplified and captured using a 
SureSelect capture library kit (Agilent). The captured 
sequences were further amplified for 350-bp read-
length paired-end sequencing using an Illumina X-ten 
system (Illumina, San Diego, CA).

Mutation Identification and Bioinformatics 
Analysis
The targeted sequencing raw data were initially 
processed with the Ion Torrent platform-specific 
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software Torrent Suite v5.0. All reads were aligned to 
the GRCh37/hg19 human reference genome to ana-
lyze coverage status and to call variants. Extracted 
variants were annotated using Ion Reporter software 
5.0 (Thermo Fisher). The whole exon sequencing data 
were processed according to the Genome Analysis 
Toolkit Best Practices recommendations. All potential 
pathogenic variants were identified with definite clini-
cal significance, according to the recent American 
College of Medical Genetics and Genomics guide-
lines for the interpretation of sequence variants.43 To 
identify potential pathogenic variants, we searched 
the Human Gene Mutation Database and the ClinVar 
database. All identified potential pathogenic variants 
that have been reported in the Human Gene Mutation 
Database or ClinVar database were reassessed by 
cosegregation data, identification of the variant in 
independent individuals, and functional analyses of 
the variant. The expected phenotypes of these po-
tential pathogenic variants should be consistent with 
the clinical complications of the carrier. The frequen-
cies of all variants were searched from the Genome 
Aggregation Database. Missense variants were pre-
dicted using Polyphen-2, SIFT, and Mutation Taster. A 
variant was determined as deleterious only when the 
variant was predicted to be damaging and conserved 
by all computational software. After validation via 
Sanger sequencing by using an Applied Biosystems 
3500xl capillary sequencer (Applied Biosystems, 
Foster City, CA) to eliminate false-positive variants, 
each validated potential pathogenic variant was se-
quenced in 402 healthy controls using the same 
method. We then conducted Sanger sequencing of 
the SORBS2 gene in patients with ACM. Finally, the 
variants were categorized into 5 classes, including 
pathogenic, likely pathogenic, uncertain significance, 
likely benign, and benign.

Minigene Analysis
Because the human c.679+1G>T mutation is local-
ized between intron 8 and intron 9 of the SORBS2 
gene, a 2.4-kb DNA fragment was cloned from the 
human SORBS2 gene (NM_021069) covering part 
of intron 9, whole exon 10, intron 10, exon 11, and 
part of intron 11. The amplified DNA fragment was 
cloned into an Nde I site of the pTBNde-min vector 
(Addgene) to express a wide-type SORBS2 fragment. 
To obtain the vector expressing a mutated SORBS2 
fragment, mutagenesis was conducted using the 
site-directed mutagenesis system (Invitrogen) with 
primer pairs 5′-TCCTTATACATACAATGCAGTTAGGAT 
GGGTTTCCTTGCTC-3′ and 5′-GAGCAAGGAAACCC 
ATCCTAACTGCATTGTATGTATAAGGA-3′. The vectors 
were transfected into AD-293 cells. Forty-eight hours 
later, RNA was extracted from the transfected cells to 

check alternative splicing via reverse transcription–PCR, 
with 5′-CAACTTCAAGCTCCTAAGCCACTGC-3′ as the  
forward primer and 5′-TAGGATCCGGTCACCAGGA 
AGTTGGTTAAATCA-3′ as the reverse primer.

Zebrafish Morpholino Injection and 
Cardiac Function Quantification
Zebrafish embryos were injected with sorbs2a-e6  
morpholino (5′-TTTATTTGAAAGAACTCACCGTTGT-3′; 
0.25 μmol/L) and/or sorbs2b-e10 morpholino (5′-ATGT 
GAAACAATAGGAAACCTTGTT-3′; 0.25  μmol/L) at 
1-cell stage. Heart fractional shortening and heart rate 
were measured at 3 days post-fertilization, accord-
ing to our previously reported methods.44 Reverse 
transcription–PCR was conducted to assess the 
knockdown efficiency of morpholinos. The exon 
skipping event in zebrafish injected with the sorbs2a 
morpholino was detected with the forward primer 
5′-CCCAAGGACTGGTACAAGAC-3′ and the reverse 
primer 5′-GAGGATTTTCCAGGCTCATACTC-3′. The in-
tron retention event in zebrafish injected with the sorbs2b 
morpholino was detected with the forward primer 
5′-GATTGGTACAAGACCATGTTCAAAC-3′ and the re-
verse primer 5′-GTCTGCACCCTTCTGCCAACAC-3′.

Statistical Analysis
Kaplan-Meier survival curve, echocardiography, and 
MRI analyses are from cumulative data using mice 
obtained from several breeding efforts. Unpaired 
2-tailed Student t tests were used for comparisons 
of 2 groups. One-way ANOVA was used to assess 
differences among multiple groups, as appropriate. 
A Tukey test was applied for the post hoc analysis to 
determine which pairwise differences are contribut-
ing to the significant ANOVA result. For the Kaplan-
Meier survival curves, the log-rank test was used to 
determine the difference in animal rate of survival 
between groups. All quantitative data are presented 
as the mean±SD. P<0.05 was considered to be sig-
nificant. All statistical analyses were performed with 
GraphPad Prism 7 and/or R Statistical Software 
Version 3.6.1.

RESULTS
Sorbs2 Is an ICD Protein in 
Cardiomyocytes
In mice, the Sorbs2 gene encodes a protein that is 
highly conserved with human SORBS2, especially in 
its N-terminal sorbin homolog domain and C-terminal 
SH3 domain, where they share >95% homology 
(Figure S1). The expression of Sorbs2 protein is 
highly enriched in the mouse heart (Figure 1A). The 
mouse cardiac Sorbs2 is ≈120 kDa in size, whereas 



J Am Heart Assoc. 2020;9:e017055. DOI: 10.1161/JAHA.119.017055� 7

Ding et al� SORBS2 Is a Candidate ACM Gene

its brain isoform is ≈150 kDa (Figure S2A),33 suggest-
ing there exists tissue-specific alternative splicing 
events, posttranslational modification, or both. At the 
subcellular level, Sorbs2 is localized strongly in the 
ICDs of cardiomyocytes, with weaker localization in 

the perinuclear areas and the Z discs (Figure 1B). To 
resolve the Sorbs2 expression within ICD, we con-
ducted double immunostaining using an Sorbs2 an-
tibody and antibodies against β-catenin, plakoglobin, 
or Cx43, markers of the adherens junction, adherens 

Figure 1.  Sorbs2 (sorbin and SH3 domain-containing 2) is a cardiac-enriched intercalated disc 
and desmosome protein in mice.
A, Western blot analysis of Sorbs2 protein expression in different mouse tissues. B, Images of 
immunostaining using an anti-Sorbs2 antibody and counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI) in sectioned wild-type mouse hearts. Arrowheads indicate the intercalated disc. The arrows 
indicate Z-disc localization. Red arrows indicate the perinucleus. Bar=20  μm. C, Immunostaining 
and pseudoline analysis of sectioned mouse hearts are shown, indicating that Sorbs2 protein mostly 
colocalizes with β-catenin and plakoglobin (Pkg), but less with connexin 43 (Cx43). Bar=2  μm. MW 
indicates molecular weight.
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junction/desmosome, or gap junction structures, re-
spectively. We found that Sorbs2 mostly colocalizes 
with β-catenin, partially with plakoglobin, and slightly 
colocalizes with Cx43 (Figure 1C). The weighted colo-
calization efficiency of Sorbs2 is ≈60% with β-catenin, 
20% with plakoglobin, and 6% with Cx43, suggesting 
that Sorbs2 is mainly localized in the adherens junc-
tion and partially in the desmosome.

Deleterious Modifying Effects of GBT002/
Sorbs2 on DIC Are Cardiomyocyte 
Primary and Conserved in Mice
To elucidate the cardiac functions of Sorbs2, we stud-
ied the DIC modifying effects in the zebrafish GBT002 
mutant. Because the 2 Loxp sites in the GBT vector en-
able cardiomyocyte-specific genetic manipulation,45 
we crossed Tg(cmlc2:cre-ER), a myocardium-specific 
expressed and hydroxytamoxifen inducible Cre trans-
genic fish line,46 into the GBT002/sorbs2b mutant for 
a cardiomyocyte-specific rescue experiment. We 
found that the mutagenic insertion was effectively re-
moved, and the sorbs2b transcript was fully restored 
in the myocardium of the GBT002−/−;Tg(cmlc2:cre-ER) 
double-mutant/transgenic fish on hydroxytamoxifen 
treatment (Figure S3). Although the GBT002−/− ho-
mozygous mutant manifests no visually noticeable 
phenotypes, after doxorubicin stress, the GBT002−/− 
mutant exhibited a significantly deleterious DIC 
modifying effect, as indicated by the increased fish 
mortality (Figure S3D). This deleterious DIC-modifying 
effect of GBT002/sorbs2b was largely rescued in the 
GBT002−/−;Tg(cmlc2:cre-ER) double-mutant/trans-
genic fish, suggesting a critical contribution of myo-
cardial expression of sorbs2b to its DIC-modifying 
effects.

To show the DIC-modifying effects in mammals, 
we obtained Sorbs2e8 knockout mice (B6N[Cg]-
Sorbs2/J), in which a targeted deletion of 1903-bp 
nucleotides removes part of intron 7, the whole exon 
8, and part of intron 8 from the Sorbs2 genomic locus 
(Figure 2A). Exon 8 encodes part of the N-terminal 
Sorbin homolog domain (Figure S1), the removal of 
which results in aberrant splicing of exon 7 to an ec-
topic exon encoding LacZ (Figure 2A and 2B and 
Figure S2D and S2E), leading to a dramatic reduction 
in the level of the whole Sorbs2 transcript (Figure 2C). 
At the protein level, the Sorbs2 protein is ≈50% re-
duced in the Sorbs2e8/+ heterozygous and dramati-
cally reduced in Sorbs2e8/e8 homozygous mice in all 
4 cardiac chambers, as indicated by Western blot-
ting using an antibody that recognizes a C-terminal 
antigenic epitope of the Sorbs2 protein (Figure 2D 
and Figure S1). In the Sorbs2e8/e8 mice, Sorbs2 pro-
tein in the muscle and its larger isoform in the brain 
are also mostly ablated (Figure S2A). Consistent with 

the zebrafish data, we noted deleterious modify-
ing effects of Sorbs2e8/+ heterozygous mice on DIC 
(Figure 3A). A mild but significant reduction in RV 
function was noted because of an enlarged end-sys-
tolic diameter on doxorubicin stress. Other cardiac 
pump indexes remained unchanged (Table S1). We 
did not conduct detailed studies of the DIC-modifying 
effects of Sorbs2e8/e8 homozygous mice because of 
the interference of severe cardiac phenotypes, as de-
scribed below.

Depletion of Sorbs2 Leads to RV Dilation, 
Cardiac Dysfunction, Premature Death, 
and Ventricular Arrhythmia in Mice
Sorbs2e8/e8 homozygous mice are fertile but started 
to die prematurely at 3.5  months old (Figure 3B). 
Cardiac MRI showed mild RV dilation in the Sorbs2e8/

e8 mice as early as 2 months with continued progres-
sion at 4 months (Figure 3C). The RV bulges out along 
the short axis, and the overall shape of the ventricle 
changes from crescent to triangle-like in the lateral 
view (Figure 3D). Cardiac function in both RV and 
LV decreased significantly (Table 1). Interestingly, 
in contrast to the straight ventricular septum of WT 
mice, the ventricular septum in Sorbs2e8/e8 mice be-
comes progressively bent. Both heart weight and LV 
posterior wall thickness at end diastole increased 
significantly, indicating the presence of LV hyper-
trophy (Table 1). In association with RV dilation and 
LV hypertrophy at 4 months, significant myocardium 
fibrosis was detected in the RV and septum but 
not in the LV (Figure 3E). Occasionally, adipose tis-
sue deposition was noted in the LV but not in other 
chambers. The transcription levels of molecular 
markers for heart failure, such as Nppa, Nppb, and 
β-Mhc, were markedly elevated in both LV and RV  
(Figure S4).

In addition to the profound cardiac structural remod-
eling, abnormal electrical remodeling was also striking in 
the Sorbs2e8/e8 mice. Significant increases in QRS and 
S-wave durations with the development of right bundle 
branch block were commonly detected in Sorbs2e8/

e8 mice at 4 months of age (Figure 4A). Interestingly, 
notched P waves, indicating left atrium enlargement, 
were also frequently observed. Random 2-minute ECG 
recordings in anesthetized animals showed sponta-
neous arrhythmias, including premature ventricular 
contractions, nonsustained VTs, and polymorphic VTs, 
in Sorbs2e8/e8 mice (7/31) but not in WT controls (0/37) 
(Figure 4B) (χ 2, P<0.05). Electrophysiological studies in 
Langendorff-perfused hearts showed that the VERP 
is markedly prolonged in Sorbs2e8/e8 mice compared 
with WT (Figure 4C). Sustained VTs with durations 
>30 seconds were induced by programmed electrical 
stimulation or burst pacing in 9 of 10 Sorbs2e8/e8 hearts 
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(90%), but only in 3 of 12 WT hearts (25%) (χ 2, P<0.05). 
These results suggest that the Sorbs2e8/e8 mice have 
a greater propensity to develop spontaneous and 
induced ventricular tachyarrhythmias. Intracellular 

recordings of action potentials from the endocardial 
side of RV showed marked electrophysiological abnor-
malities in Sorbs2e8/e8 mice (Figure 4D). The resting po-
tentials are significantly depolarized in Sorbs2e8/e8 mice 

Figure 2.  Targeted deletion of exon 8 in the Sorbs2 (sorbin and SH3 domain-containing 2) gene led to near null depletion of 
the whole Sorbs2 transcript and protein in mice.
A, Schematic illustration of targeted deletion of Sorbs2 exon 8 in the Sorbs2e8/e8 mice and locations of primers used for 
genotyping polymerase chain reaction (PCR) and transcription analysis. B, Representative DNA gel images of PCR genotyping for 
identifying wild-type (WT) (292 bp), Sorbs2e8/+ heterozygous (hets), and Sorbs2e8/e8 homozygous (homo) mutant alleles (500 bp). 
C, Representative DNA gel images and quantitative reverse transcription–PCR analysis of the Sorbs2 transcripts in WT and 
Sorbs2e8/e8 mutants. N=3, unpaired 2-tailed Student t test. D, Western blotting and quantification of Sorbs2 protein expression in 
each cardiac chamber of WT and Sorbs2e8/e8 mutants. N=4. One-way ANOVA. LA indicates left atrium; LV, left ventricle; RA, right 
atrium; and RV, right ventricle.
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compared with WT mice. Action potential amplitudes 
and upstroke velocities (dV/dt) are significantly reduced 
in Sorbs2e8/e8 mice (Figure 4E). There is remarkable 

prolongation of action potential durations at 50% and 
90% repolarization, as well as lengthening the VERP in 
the Sorbs2e8/e8 mice.



J Am Heart Assoc. 2020;9:e017055. DOI: 10.1161/JAHA.119.017055� 11

Ding et al� SORBS2 Is a Candidate ACM Gene

Sorbs2e8/e8 Manifests Disrupted ICD 
Structure
Prompted by the subcellular expression of Sorbs2 
in ICD, we examined whether Sorbs2 deple-
tion affects the expression of other ICD proteins. 
Immunostaining of sectioned hearts confirmed the 
depletion of Sorbs2 expression in both ICD and 
Z discs in Sorbs2e8/e8 hearts at 4  months of age 
(Figure S5). Loss of Sorbs2 does not seem to af-
fect the protein expression levels of desmosomal 
proteins, such as desmoglein 1/2 and plakoglobin 
(Figure 5A and Figure S5); however, the expression 

level of α-catenin is significantly increased, whereas 
the gap function protein Cx34 is markedly reduced. 
Although the expression level of N-cadherin re-
mains largely unchanged, its dotted expression pat-
tern, mostly observed in WT hearts, was changed 
to a continuous line in Sorbs2e8/e8 mutant hearts 
(Figure 5B) and from an alternating pattern of pla-
koglobin to a largely overlapping pattern (Figure 
S6). The downregulation of Cx43 impairs electri-
cal impulse conduction and creates substrates for 
cardiac arrhythmias.47,48 A recent study reported 
Sorbs2 as a potent RNA-binding protein to stabilize 
tumor-suppressor gene expression in ovarian can-
cer.49 Because the protein level of Cx43 was mark-
edly reduced in the Sorbs2e8/e8 mice hearts, we 
thus evaluated whether Sorbs2 protein could bind 
mRNA of Cx43/Gja. Indeed, using a targeted RNA 
immunoprecipitation assay, we detected drastic 
mRNA enrichment for Gja1 gene in the anti-Sorbs2 
antibody compared with the IgG control immu-
noprecipitated tissue lysates from a mouse heart 
(Figure 5C). In addition, the Gja1 transcript level 
was also significantly decreased in the Sorbs2e8/

e8 mice hearts (Figure 5D), indicating that Sorbs2 
protein might stabilize the Gja1 mRNA at normal 
condition. Together, these results implicated that 
Sorbs2 protein might regulate expression of other 
ICD proteins, such as Cx43, through functioning as 
an RNA binding protein.

At the ultrastructural level, ICD in a WT mouse 
heart is a unique structure at the longitudinal junc-
tion between 2 neighboring cardiomyocytes con-
sisting of 2 regions: the interplicate region that is 
typically in parallel with Z discs along the myofibrils 
and the plicate region that connects the interpli-
cate regions and is typically perpendicular to the 
interplicate and Z discs (Figure 5E). This highly or-
ganized ICD structure connects the myofibrils from 
2 neighboring cardiomyocytes across the mem-
brane, ensuring coordinated contraction.50 In the 
Sorbs2e8/e8 mice hearts at 4 months old, however, 
there is no clear separation between the interpli-
cate region and the plicate region (Figure 5E). The 
ICDs are no longer in parallel with the Z discs but 

Figure 3.  Sorbs2 (sorbin and SH3 domain-containing 2) deficiency leads to right ventricle (RV) dilation, cardiac dysfunction, 
and premature death.
A, Echocardiography indexes in the RV of sorbs2e8/− and wild-type (WT) control mice at 4 weeks postdoxorubicin injection (12 mg/kg 
body weight). N=14 to 15. Unpaired 2-tailed Student t test. B, Kaplan-Meier survival curves of Sorbs2e8/e8 and WT control mice. N=12 to 
17. Log-rank test. C, Long-axis views of magnetic resonance imaging images of 2- and 4-month-old mice. RV dilation (arrowheads) is 
prominent in the Sorbs2e8/e8 mouse hearts at 4 months old. Note that a septum bending defect (arrows) was also detected. D, Images 
of dissected whole hearts (top) and cross-sectional view of hematoxylin and eosin–stained hearts (bottom). Dramatically enlarged 
RV and protuberant were noted in the Sorbs2e8/e8 mice. Note that both right atrium (RA) and left atrium (LA) enlargement was also 
frequently observed. E, Representative images of Masson trichrome staining and quantification analysis demonstrated significant 
myocardial fibrosis in the RV and septum but not in the LV of Sorbs2e8/e8 mice. Bar=50 μm. N=4, unpaired 2-tailed Student t test. FS 
indicates fractional shortening; and LV, left ventricle.

Table 1.  Quantification of Cardiac Function Indexes in 
Sorbs2e8/e8 and WT Control Mice via MRI at 4 Months Old

Variable WT Siblings Sorbs2e8/e8

Mice number, n 5 9

Body weight, g 24.7±1.1 21.4±1.3*

Heart weight/body 
weight, mg/g

6.4±0.6 9.2±0.8*

RVEDV, μL 34.1±10.5 37.2±11.3

RVESV, μL 13.4±4.2 21.9±7.3*

RVEF, % 58.7±12.7 41.2±9.9*

RVFACl, % 46.8±6.1 32.4±5.6*

RVFACs, % 57.1±15.7 29.9±14.9*

LVEDV, μL 46.2±9.1 31.4±7.7*

LVESV, μL 15.8±6.4 16.1±7.2

LVEF, % 66.2±9.1 50.3±16.1*

IVSs, mm 1.4±0.1 1.1±0.1*

IVSd, mm 1.0±0.1 0.8±0.1

LVPWs, mm 2.2±0.1 2.1±0.1

LVPWd, mm 1.1±0.1 1.6±0.1*

IVSd indicates interventricular septum thickness at end diastole; IVSs, 
interventricular septum thickness at end systole; LVEDV, left ventricle end-
diastolic volume; LVEF, left ventricle ejection fraction; LVESV, left ventricle 
end-systolic volume; LVPWd, left ventricular internal dimension at end 
diastole; LVPWs, left ventricular posterior wall thickness at end diastole; 
MRI, magnetic resonance imaging; RVEDV, right ventricle end-diastolic 
volume; RVEF, right ventricle ejection fraction; RVESV, right ventricle end-
systolic volume; RVFACI, right ventricle fractional area change along long 
axis; RVFACs, right ventricle fractional area change along short axis; Sorbs2, 
sorbin and SH3 domain-containing 2; and WT, wild type.

*P<0.05, unpaired Student t test.



J Am Heart Assoc. 2020;9:e017055. DOI: 10.1161/JAHA.119.017055� 12

Ding et al� SORBS2 Is a Candidate ACM Gene

are slanted and intersect with Z discs. The ICDs 
also appear less flat, and the amplitude of folding is 
significantly increased. As a consequence, the loss 

of sarcomere structures in the connecting region 
between myofibrils and ICDs is frequently detected 
(Figure 5E).
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Identification and Functional Validation of 
Pathogenic Variants in the SORBS2 Gene 
Found in Human Patients With ACM

Given the cardiac-enriched expression of Sorbs2 
protein, its subcellular expression pattern in ICDs, 
and ACM-like phenotype in Sorbs2e8/e8 mice, we 
postulated that SORBS2 may represent a previ-
ously unrecognized ACM-susceptibility gene. To 
test this hypothesis, we performed Sanger se-
quencing in 59 unrelated Han Chinese patients 
with ACM and whole exon sequencing in 402 
healthy controls to identify potential pathogenic 
variants in the coding region of the SORBS2 gene. 
Patients with ACM were significantly younger and 
featured larger RV interior diameter and right atrial 
interior diameter than ostensibly healthy con-
trols (Table S2). Two rare variants (c.679+1G>T, 
c.869+1C>G) classified as likely pathogenic ac-
cording to the 2015 American College of Medical 
Genetics and Genomics guidelines were identified 
in the SORBS2 gene in 2 unrelated patients with 
ACM who met the 2019 HRS expert consensus 
statement (Figure 6A, Table 2, Figure S7A, and 
Table S3).42,43 Both likely pathogenic SORBS2 
variants are splicing variants predicted to affect 
splicing donors and/or acceptors, potentially 
leading to the functional disruption of the SORBS2 
protein. Neither of these variants was reported in 
the Human Gene Mutation Database nor in ClinVar 
database.

As a control, we performed both targeted se-
quencing, including 13 genes listed in Figure S7B, 
and Sanger sequencing for the CTNNA3 gene to 
scan known ACM genes for all the 59 patients. We 
identified variants for these 14 known ACM genes 
in 37 patients (data not shown). Among the 2 ACM 
patients carrying likely pathogenic SORBS2 splic-
ing variants, the patient carrying the c.679+1G>T 
variant did not have any other pathogenic variants 
for known ACM causative genes (Table S4). This 
patient was a 42-year-old man who presented 
with palpitations during exercise. VT and right 

precordial lead (V1–V3) T-wave inversions were de-
tected by ECG, and enlarged RV with dyskinesia 
and RV fibrofatty infiltration were observed on MRI 
(Figure 6B and 6C). The other patient carrying the 
c.869+1C>G variant harbors a nonsense variant 
in the PKP2 gene (c.2421C>A, p. Tyr807Ter), a 
known ACM causative gene (Table S4). This lat-
ter patient was a 27-year-old man who presented 
with palpitations, manifesting significant RV dila-
tion with dyskinesia and VT. In light of the marked 
incomplete penetrance and variable expressivity of 
PKP2 truncating variants and fully manifest ACM 
phenotype of this patient, we cannot rule out the 
possibility this patient’s phenotype is secondary 
to digenic heterozygosity involving both PKP2 and 
SORBS2.

To functionally prove pathogenicity of the 
SORBS2 variants, we decided to focus on the 
c.679+1G>T splicing variant that was identified 
from the patient with ACM without other known 
ACM gene mutations. We first conducted a min-
igene hybridization assay and confirmed that 
the c.679+1G>T mutation is able to induce exon 
skipping events in HEK293 cells (Figure 6D). The 
loss of exon 11 putatively disrupts the Sorbin 
homolog domain and results in SORBS2 protein 
loss of function. To further assess the pathoge-
nicity of the c.679+1G>T point mutation at the 
organ level, we mimicked the genetic lesion in 
a zebrafish embryo by using morpholino tech-
nology. The targeted sites are exon 6 in sorbs2a 
(ENSDART00000138475.2) and exon 10 in 
sorbs2b (ENSDART00000142605.3), 2 exons cor-
responding to exon 11 in human SORBS2, as ev-
idenced by remarkable sequence conservation in 
the surrounding exons (Figure S8). The injection 
of the sorbs2a morpholino caused the skipping 
of exon 6 in the sorbs2a RNA transcript, whereas 
the injection of the sorbs2b morpholino caused 
intron retention, resulting in a premature stop 
codon that presumably leads to the truncation of 
the Sorbs2b protein (Figure 6D and 6E). Although 
the injection of sorbs2a and sorbs2b morpholino 

Figure 4.  Sorbs2 (sorbin and SH3 domain-containing 2) deficiency leads to cardiac arrhythmia.
A, Shown are surface ECGs and quantification analysis in 4-month-old wild-type (WT) and Sorbs2e8/e8 mice. N=6 to 13. Unpaired 2-tailed 
Student t test. *P<0.05. B, Ventricular premature beats and trigeminy (top) and polymorphic ventricular tachycardia (VT) (bottom) were 
recorded in Sorbs2e8/e8 mice. C, Induction of nonsustained VT in Langendorff-perfused WT mouse heart by programmed electrical 
stimulation (s1-s1=100 ms, s1-s2=30 ms) (top); induction of sustained monomorphic VTs in Langendorff-perfused Sorbs2e8/e8 mouse 
heart by programmed stimulation (s1-s1=100 ms, s1-s2=80 ms) (bottom). D, Representative action potentials were recorded from the 
endocardial surface of isolated right ventricles (RVs) of Sorbs2e8/e8 and WT mice at a pacing cycle length of 200 ms. E, Compared 
with WT mice, Sorbs2e8/e8 mice RV action potentials have depolarized resting potentials (RPs), decreased action potential amplitudes 
(APAs), reduced upstroke velocity at phase 0 (Vmax, maximal velocity), and prolonged action potential durations at 50% (APD50) and 
90% (APD90) repolarization, as well as a lengthened ventricular effective refractory period (VERP). N=6. Unpaired 2-tailed Student 
t test. Bpm indicates beats per minute; HR, heart rate; P, duration of P waves; P-R, duration of PR interval; QRS, duration of QRS 
complex; R+S, QRS amplitude; and S, duration of S wave.
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alone did not cause obvious abnormalities, the 
coinjection of both sorbs2a and sorbs2b mor-
pholinos led to significantly decreased fractional 

shortening and increased heart rate (Figure 6F), 
confirming the pathogenicity of this splicing 
variant.
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DISCUSSION
Sorbs2e8/e8 Manifests Several Key 
Features Reminiscent of Human ACM
Using both zebrafish and mouse models, we provided 
first in vivo evidence to reveal cardiac dominant ex-
pression and functions of Sorbs2. Prompted by our 
recent studies that identified GBT002/sorbs2b as a 
deleterious modifier for DIC in zebrafish, we demon-
strated that this effect is mostly ascribed to disrupted 
expression of sorbs2b transcripts in the myocardium. 
We went on to show that this DIC-modifying effect 
is conserved in the Sorbs2e8/+ knockout mouse, and 
uncovered additional phenotypes that cannot be re-
vealed in the simple zebrafish model. Sorbs2e8/e8 
knockout mice manifest RV remodeling and dysfunc-
tion, spontaneous sustained and nonsustained VT, 
and premature death at ≈3.5 months of age. These 
phenotypes resemble characteristic features of other 
well-established mouse model of ACM, such as those 
based on Dsg2, Jup, and Dsp genes.18,20,51,52 In pa-
tients with ACM, SCD and ventricular arrhythmia are 
often seen at the early phase when there is no ob-
vious heart structural remodeling.53 Similar progres-
sive pathogenesis was observed in Sorbs2e8/e8 mice. 
Spontaneous and induced ventricular arrhythmias are 
noted as early as 2 months of age in Sorbs2e8/e8 mice 
(data not shown). Obvious RV remodeling occurs later, 
followed by LV dilation and dysfunction at ≈4 months. 
Electrophysiology experiments identified multiple lev-
els of abnormalities. First, the ECG abnormalities with 
prolonged and bifid P waves and right bundle branch 
block were consistent with atrial and ventricular con-
duction abnormalities. Second, spontaneous atrial 
and ventricular arrhythmias were recorded in anes-
thetized Sorbs2e8/e8 mice. Third, microelectrode stud-
ies showed ventricular depolarized resting potentials, 
reduced action potential upstroke dV/dts, reduced 
action potential amplitudes, and prolonged ADP50s, 
ADP90s, and VERPs, indicating potential derange-
ments in a multitude of ion channels, including those 
encoding IK1, INa, Ito, and IK. Fourth, Sorbs2-deficient 
hearts are susceptible to the induction of VT, which 

may involve reentry and trigger activity in mecha-
nisms. Thus, this study indicated that Sorbs2e8/e8 
mouse might serve as a novel murine model for ACM 
with a rapid pathological progression, which can be 
used to further decipher underlying mechanism of a 
wide range of electrophysiological abnormalities that 
promote the development of arrhythmias, prominent 
RV remodeling, and premature death.

Although Sorbs2e8/e8 mice manifest several key fea-
tures reminiscent of human ACM, fibrofatty infiltration, 
a pathogenic hallmark for human ACM, was not prom-
inent in the Sorbs2e8/e8 mouse model. Notably, fibro-
fatty infiltration was not present in most of the mouse 
ACM models for other well-established ACM genes, 
such as JUP, DSG2, and PKP.20,51 The only mouse 
ACM model with a fibrofatty infiltration phenotype is the 
Dsp-deficient mouse.20,21 The species difference has 
been postulated to explain this discrepancy because 
a mouse heart does not show evidence of epicardial 
fat, as typically observed in a human heart. Different 
from other classic murine ACM models, our Sorbs2e8/

e8 mouse also manifests unique phenotypes, such as 
septum bending and fibrosis and left atrium enlarge-
ment, whereas robust fibrosis was not detected in the 
RV. It would be interesting to investigate mechanisms 
underlying these unique phenotypes in the future. 
Currently, there are 2 small molecules: SB216763, a 
potent and selective inhibitor of glycogen synthase ki-
nase-3 β; and BAY117082, an inhibitor of nuclear fac-
tor-κB signaling, known to correct phenotypes in both 
zebrafish and mouse ACM models with mutated plak-
oglobin or Dsg2 gene.14,23,54 It would also be interesting 
to treat the Sorbs2e8/e8 mice with these 2 small mole-
cules to see whether they can reverse and/or prevent 
the ACM-like phenotypes resulted from Sorbs2 gene 
knockout as well.

ICD Expression and Function of Sorbs2 
Could be Primary to the ACM-Like 
Phenotypes
That the Sorbs2e8/e8 knockout mouse manifests several 
key features of ACM provides compelling evidence to 

Figure 5.  Dual function of Sorbs2 (sorbin and SH3 domain-containing 2) in maintaining intercalated disc (ICD) integrity and 
regulating the expression of α-catenin and gap junction protein connexin 43 (Cx43).
A, Shown are ICD images and represented pseudoline analysis of mouse hearts after immunostaining using an anti–N-cadherin antibody. 
The expression of N-cadherin in ICD manifests as discontinuous dots in wild-type (WT) mice, which switched to continuous lines in 
Sorbs2e8/e8 mice (arrows). Bar=20 μm. The intensity distribution of the N-cadherin signal along the ICD appears as wavy lines in WT mice, 
which largely changed to flat lines in the Sorbs2e8/e8 mice. B, Western blotting and quantification of ICD proteins in WT and Sorbs2e8/e8 
knockout (KO) mice hearts at 4 months old. N=3. Unpaired 2-tailed Student t test. C, A representative DNA gel and quantitative reverse 
transcription–polymerase chain reaction (RT-PCR) analysis of the Cx43/Gja1 mRNA level in the anti-Sorbs2 antibody and IgG control 
immunoprecipitated tissue lysates from right ventricle (RV) of WT mice. N=3. Unpaired 2-tailed Student t test. D, Quantitative RT-PCR 
analysis of the mRNA levels of the indicated genes in the RV tissue of Sorbs2e8/e8 mice compared with WT controls. N=3. Unpaired 2-tailed 
Student t test. E, Transmission electron microscopy images and schematic illustration on measuring and quantifying the ICD amplitude 
in WT and Sorbs2e8/e8 KO mice hearts at 4 months old. #Disrupted myofibril. Bars for top panels=2 μm; bars for bottom panels=500 nm. 
N=10. Unpaired 2-tailed Student t test. Dsg indicates desmoglein 1/2; and Pkg, plakoglobin.
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support the concept that ACM is a disease of ICD. In 
contrast to the sarcomeric Z disc localization of Sorbs2 
protein that has been reported before, herein, we de-
tected its cardiac enriched expression pattern and 

a strong subcellular localization to the ICD/adherens 
junction within cardiomyocytes. Compared with other 
well-established ACM-susceptibility genes that encode 
desmosome proteins, Sorbs2 encodes an ICD protein 
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that is predominantly localized to the adherens junc-
tion but imparts its effects on gap junctional proteins. 
Notably, the idea that these different ICD components 
are individual structures has been recently challenged, 
and they actually work together and share many acces-
sory proteins.55 New terms, such as area composita, 
that consist of both adherens junction and desmosome 
are favored. Consistent with the new concept, we noted 
similar ICD structural disruption in Sorbs2e8/e8 mice, as 
often observed in ACM mouse models and human pa-
tients, including the breakdown of the ICD structure, a 
widened desmosome gap, and a mislocated desmo-
some.18,56 We also noted the loss of myofibrils in the 
proximity of the ICD region, as has been reported in 
Boxer dogs with ACM.57 Thus, it is plausible that disrup-
tion of structural integrity of ICD is the primary damage 
that incurs sequential pathological events and leads to 
ACM phenotypes in the Sorbs2e8/e8 mice.

At the cellular and molecular levels, altered ex-
pression patterns and/or abundancy of other ICD 
proteins, such as a change of dotted subcellular lo-
calization pattern of N-cadherin with plakoglobin to 
overlapping pattern, significantly elevated expression 
of α-catenin, whereas downregulation of Cx43 protein 
was detected in the Sorbs2e8/e8 mouse heart. Given 
the well-established role of α-catenin as a core com-
ponent of E-cadherin–catenin complex that is required 
for maintaining the integrity of adherens junction,58 and 
that a marked reduction in Cx43 has been found in 
many patients with ACM,47,59,60 it is highly likely that 
the disturbed expression patterns and/or abundancy 
of N-cadherin, α-catenin, and Cx43 would contrib-
ute to the disrupted ICD structural integrity and sub-
sequent arrhythmic phenotype in Sorbs2e8/e8 mouse. 

Mechanistically, our results from RNA immunoprecipi-
tation assay provided evidence to support the hypoth-
esis that Sorbs2, in addition to being an ICD structural 
protein, might also function as an RNA binding protein 
to regulate the transcripts of other ICD genes. Further 
studies along this direction are warranted. It would also 
be worth investigating whether the Sorbs2 regulates 
other known ACM pathways, such as Wnt/β-catenin, 
Yes-associated protein, and/or mechanical force trans-
mission, in the future.20,61

SORBS2 Is a Potential ACM-Susceptibility 
Candidate Gene

Encouraged by the ACM-like phenotypes of the 
Sorbs2e8/e8 mouse, we conducted preliminary human 
genetic studies to test whether SORBS2 is a candidate 
ACM-susceptibility gene. Two rare SORBS2 variants, 
classified as likely pathogenic according to the 2015 
American College of Medical Genetics and Genomics 
guidelines, were identified in a cohort of 59 Han 
Chinese patients with ACM. Functional validation stud-
ies in the zebrafish model support the potential patho-
genicity of c.679+1G>T splice variant and suggest that 
SORBS2 loss-of function variants may contribute to 
ACM pathogenesis.

However, we would like to emphasize that the 
human genetic studies in this work were con-
ducted in sporadic ACM probands and should be 
considered preliminary in nature. Unfortunately, 
samples for family members of these patients are 
not available, which precludes cosegregation anal-
ysis. Future studies in much larger ACM cohorts 
are needed to definitively establish SORBS2 as an 

Figure 6.  Identification and functional validation of an SORBS2 (sorbin and SH3 domain-containing 2) splicing variant found 
in a human patient with arrhythmogenic cardiomyopathy (ACM).
A, Chromagraph illustrates c.679+1G>T mutation identified in the SORBS2 gene from a patient with ACM. B, Magnetic resonance 
images of the patient harboring the c.679+1G>T mutation indicates right ventricle dilation (arrow) and fatty infiltration (arrowhead). 
Bar=5 cm. C, ECGs from the patient with ACM harboring the c.679+1G>T mutation. Ventricular tachycardia and T-wave inversion were 
noted. D, Schematics of the minigene and reverse transcription–polymerase chain reaction (RT-PCR) analysis to test that the splicing 
mutant c.679+1G>T leads to exon 11 skip in the HEK 293 cell culture system. E, RT-PCR assessment of molecular lesions induced 
by sorbs2a or sorbs2b_ morpholino (MO) in zebrafish embryos. A predicted 352-bp PCR band was detected in embryos injected 
with sorbs2a_MO because of an exon skipping effect. A predicted 447-bp PCR band was detected in embryos injected with sorbs2b 
MO because of an intron retention effect. F, Fractional shortening (FS) and heart rate analysis in sorbs2a_MO-, sorbs2b_MO-, and 
sorbs2a&2b_MO-injected morphants and uninjected controls. N=7 to 9. One-way ANOVA. BPM indicates beats per minute; and WT, 
wild type.

Table 2.  Identification of Potentially Pathogenic SORBS2 Variants in 59 ACM Cases

No. Coding Change Protein Change Variant Type gnomAD MAF ACMG Classification ACMG Criteria

1 c.679+1G>T … Splice site Absent Likely pathogenic PVS1+PM2

1 c.869+1C>G … Splice site Absent Likely pathogenic PVS1+PM2

ACM indicates arrhythmogenic cardiomyopathy; ACMG, American College of Medical Genetics and Genomics; gnomAD, Genome Aggregation Database; 
MAF, minor allele frequency; No., number of related patients; PM, pathogenic moderate; PVS, pathogenic very strong; and SORBS2, sorbin and SH3 domain-
containing 2.
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ACM-susceptibility gene. If confirmed, SORBS2 
would represent the first ACM gene that was initially 
identified from phenotypic studies in animal models, 
in contrast to other ACM genes that were mostly dis-
covered through human genetic studies. Because 
mutant lines for most genes in either zebrafish or 
mouse genome have been already generated, it is 
anticipated that phenotyping efforts in these animal 
models could result in the identification of additional 
ACM-susceptibility genes.
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SUPPLEMENTAL MATERIAL



HR, heart rate; bpm, beats per minute; IVSd, 

Interventricular septum thickness at end–diastole; LVIDd, 

left ventricular internal dimension at end-diastole; LVPWd, 

left ventricular internal dimension at end-diastole; IVSs, 

Interventricular septum thickness at end–systole; LVIDs, 

Left ventricular internal dimension at end-systole; LVPWs, 

Left ventricular posterior wall thickness at end–diastole; 

LVEF, left ventricular ejection fraction; LVFS, left ventricular 

fractional shortening; LVd, left ventricular at end-diastole;  

LVs, left ventricular at end-systole. Unpaired two-tailed 

student’s t-test. 

WT siblings Sorbs2e8/- P value

Mice number (n) 15 14

HR (bpm) 356±63 350±74 0.829

IVSd (mm) 0.7±0.1 0.7±0.1 0.364

LVIDd (mm) 3.9±0.3 4.0±0.4 0.333

LVPWd (mm) 0.8±0.3 0.7±0.1 0.223

IVSs (mm) 1.1±0.1 1.1±0.1 0.518

LVIDs (mm) 2.8±0.3 2.9±0.4 0.348

LVPWs (mm) 1.1±0.1 1.1±0.1 0.882

LVEF (%,Cube) 63.1±5.6 63.5±5.8 0.843

LVEF (%, Teich) 61.7±5.6 61.9±5.8 0.955

LVFS (%) 28.4±3.7 28.7±3.8 0.827

LVd Mass (g) 0.7±0.0 0.7±0.0 0.743

LVs Mass (g) 0.7±0.0 0.7±0.0 0.808

Table S1. Echocardiography indices in the sorbs2e8/-

heterozygous mice compared to WT controls at 4 
weeks post-doxorubicin injection (20 mg/kg)



LAIDd, left atrial internal dimension at -diastole; LVIDd, left ventricular internal dimension at -

diastole; RAIDd, right atrial internal dimension at diastole; RVIDd, right ventricular internal 
dimension at diastole. Unpaired two-tailed student’s t-test. 

Patients with ACM Healthy Control
p-value

(n=59) (n=402)

Age, y 47.5 ± 13.7 62.8 ± 11.2 <0.001

Male, n (%) 37 (62.7) 265 (65.9) 0.628

Hypertension, n (%) 19 (32.2) 230 (57.2) <0.001

Diabetes, n (%) 7 (11.9) 75 (18.7) 0.203

Alcohol, n (%) 12 (20.3) 91 (22.6) 0.692

LAIDd, mm 41.3 ± 13.1 33.4 ± 5.4 <0.001

LVIDd, mm 49.9 ± 10.2 46.8 ± 4.9 0.302

RAIDd, mm 47.1 ± 12.2 32.5 ± 6.7 <0.001

RVIDd, mm 50.1 ± 11.2 28.0 ± 5.2 <0.001

Maximum LV wall thickness, mm 9.7 ± 1.61 9.2 ± 0.7 0.421

Left ventricular eject fraction, % 53.5 ± 14.2 63.2 ± 7.6 <0.001

Implantable cardioverter-defbrillators, n (%) 15 (25.4) 0 (0.0) <0.001

Table S2. Baselines of 59 ACM patients and 402 health control



Table S3. Diagnosis of the ACM patients carrying potential pathogenic variants in SORBS2

gene according to 2019 HRS expert consensus statement

Genotype

Global and/or 

Regional Dysfunction 

and Structural 

Alterations

Tissue 

Characterization 

of Wall

Repolarization 

Abnormalities

Depolarization/

Conduction 

Abnormalities

Arrhythmias
Family 

History

c.679+1G>T Major NA - Minor Major NA

c.869+1C>G Major NA Major Minor Major Major

NA, data not available



Gene Genotype
Age 

y

LAIDd

mm

LVIDd

mm

RAIDd

mm

RVIDd

mm

LVEF 

%

Mutations for other 

known ACM genes

SORBS2 c.679+1G>T 43 32 50 33 45 68 None

SORBS2 c.869+1C>G 27 29 42 47 49 66 PKP2: c.2421C>A

RefSeq: SORBS2: NM_001270771.1; LAIDd, left atrial internal dimension at diastole; LVIDd, left ventricular

internal dimension at diastole; RAIDd, right atrial internal dimension at diastole; RVIDd, right ventricular

internal dimension at diastole; LVEF, left ventricular ejection fraction. ARVC, arrythmogenic right ventricle

cardiomyopathy.

Table S4. Clinical characteristics and genotypes of patients carrying potential pathogenic 

variants in the SORBS2 gene



Table S5. Sanger sequencing primers of coding regions of the SORBS2 and CTNNA3 gene

Name Forward Reverse

SORBS2-E4 5'- AAGAGTGGGGCACAAATACAAAG-3’ 5'- AAACAAGCACAAAACGTCTCCAT-3’

SORBS2-E5 5'- AAACGTGAATAGTTATTAACACTCGC-3’ 5'- GGTGCATTCCATGATTACTAATTCT-3’

SORBS2-E6E7 5'- GAAAGAGGCTGTAAGCAGTGGTC-3’ 5'- TTGGCATGTTTGACATACCCA-3’

SORBS2-E8 5'- AGACACAGGTGGAGACATGGTCT-3’ 5'- TACTCTCATGTGATTGGAAGTCTTTTA-3’

SORBS2-E9 5'- AGGAATGCACAAAGCCGTG-3’ 5'- CTCTGTGTTACAGTTGGCATAAATATAC-3’

SORBS2-E10 5'- AACCGATGCAAAAGACGAATG-3’ 5'- GCAAAGAGTCAGAACATTTTATCACA-3’

SORBS2-E11 5'- CCTTTTGTTATGCACGCTCTGA-3’ 5'- TACGTTGCTTTTCTAACAAATTTCTG-3’

SORBS2-E12 5'- TGGCAGGTGCACTGATTCTTC-3’ 5'- CAAAGATTTACTGTAATCAGGGCTTA-3’

SORBS2-E13 5'- AAATTGCTAATGGGTCTGAAATTC-3’ 5'- CTCATGTGACTTTTGGAGCCAG-3’

SORBS2-E14 5'- TAAGGGCCATTTAACAACATTGA-3’ 5'- CCAAGTAGAAATCAGGTCGCAT-3’

SORBS2-E15 5'- ATTCCAGACACTGTAGGTGAGAGC-3’ 5'- GGTTTAGGAGTTACGCCATTGTC-3’

SORBS2-E16-Part1 5'- GGGAGTGATGAGATGTTGGAATG-3’ 5'- ACATTGAAGTCACCAGCGATGA-3’

SORBS2-E16-Part2 5'- GTAAATCGAGTGTAGGAGGCCG-3’ 5'- GAAGCTCCATGTGTGAACAATCA-3’

SORBS2-E17 5'- GAGTTCGTTACTGGTTTGGGATA-3’ 5'- TGTGTTCGATAACGGTGTCTCTC-3’

SORBS2-E18 5'- GATCCTACTGCAATGCTTATCTCTTA-3’ 5'- GTTTGATGATTCCCTGAGGTTTC-3’

SORBS2-E19E20 5'- ACCAGCAGGGAACCGTGAC-3’ 5'- CAAGGATCATTCTTATCTAATCGGAC-3’

SORBS2-E21 5'- TTGTCAACCTAATAACCCGGTG-3’ 5'- TCTGATGGCCTGAATGGACAT-3’

SORBS2-E22 5'- CGTGCAAAGCCATACATCTTACA-3’ 5'- ACATTTGACCTTGCTTATTTTGCT-3’

SORBS2-E23 5'- GCCATCACAGCAAACCACG-3’ 5'- ACAATTTTCATGGATATTCCTCGT-3’

SORBS2-E24 5'- TTGGAAACCGTAAGGCATGA-3’ 5'- CACTGCTTATTTTGTCTGCCTATG-3’

CTNNA3-E2 5'-TTATTCTTCATTATTCATTTTTCCCAC-3' 5'-TCCTCTGAGGGCTATGGTTGAT 3'

CTNNA3-E3 5'-GCCTGGAGTGGGACTGAGC-3' 5'-TCTGGTCAACAGTAGGCTATTCGTA-3'

CTNNA3-E4 5'-GTGAAGCCAAGATGCACTAGGAT-3' 5'-GGCAGCAATTTTACTAGATGTTCCT-3'

CTNNA3-E5 5'-TTAGAAGATAAGTTTCCTCAGACCCA-3' 5'-GAGGACTGAACAGGCTTCTCATG-3'

CTNNA3-E6 5'-TGCTCTAAACGCCAACATGTG-3' 5'-ACATCTGCTCTACGGGGACCT-3'

CTNNA3-E7 5'-CTAGAAATTCCCAGGGTTGTTG-3' 5'-TGAACCAGCCGAGGCAGTA-3'

CTNNA3-E8 5'-CTGATAAGGCACACATTCTTTCTCT-3' 5'-TCTTAAGTGAAATGCTCATGAATCATA-3'

CTNNA3-E9 5'-AAGACAAGCCAATGTGGAGTGA-3' 5'-TAAGTATTGTGATTTTAGGAATTGTGC-3'

CTNNA3-E10 5'-AAGCAGAAGTTGCAGTCAGTCG-3' 5'-ACCAAGAGACTGTATAGGGTTTACTGAT-3'

CTNNA3-E11 5'-AATCCCTGACCTCAAGTAATCCAC-3' 5'-TTTACTGTTTTTCCTATTGTCGATGAT-3'

CTNNA3-E12 5'-CAATGTATGTCAAAAGAAGCAACAC-3' 5'-ATTTCCAATGTGCACTCTATCTGA-3'

CTNNA3-E13 5'-TTGTTTGTGACAGTAGATCTGACTTTG-3' 5'-TGAGAAATGATTGTATGGTCCCA-3'

CTNNA3-E14 5'-ACCCATTAGAGGCTGCCTAGAT-3' 5'-GAAATTGCTGGGTCATATGGTAAC-3'

CTNNA3-E15 5'-TGGCACTTGACACTCAGAGAATC-3' 5'-AAGGTGATGCATTACACTAAATTGAT-3'

CTNNA3-E16 5'-CTTCCTTATAATCGTCCATTACCTAGT-3' 5'-ATAGCCGTTCTTTGGGATGC-3'

CTNNA3-E17 5'-CGGAGTTCCATCTGTACACATTCT-3' 5'-ATTGTAAATGGTAGAAGCATATCAGAAG-3'

CTNNA3-E18 5'-ATTAGGTGCTGACCATACAGAAATG-3' 5'-GAGCAGCTTATTGTGACATTAATAGACTA-3'
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Figure S1. Alignment of Sorbs2 protein sequences from human, mouse and zebrafish
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Sequences are more conserved in the N-terminal sorbin homologue domain and the C-terminal SH3 domain

among 3 different species. The deletion in Sorbs2 e8/e8 mice removed N terminal sequences containing part

of the sorbin homologue domain. The 15 amino acids that are encoded by exon 11 and disrupted by 679+1

G>T mutation are enclosed by a black rectangle frame. Epitope region recognized by the anti-Sorbs2

antibody used for Western blot and immunostaining in mouse tissues is indicated by a red solid line.
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Figure S2. Targeted depletion of the exon 8 in the Sorbs2e8/e8 mice

A, Western blotting analysis of Sorbs2 protein  expression in the heart, brain and skeletal muscle of 

Sorbs2e8/e8 and WT control mice. B, RT-PCR analysis of the Sorbs2 transcript expression in 

different mice tissues. C, Shown are immunostaining of mice heart sections using an anti-Sorbs2 

antibody. Sorbs2 is ubiquitously expressed in 4 cardiac chambers and septum. Scale bar: 50 μm. 

D, Schematic design of primers for RT-PCR to analyze the targeted deletion of exon 8 in the 

Sorbs2e8/e8 mice. E, Shown are representative DNA gel images of RT-PCR to confirm the 

replacement of exon 8 with LacZ that leads to frameshift of Sorbs2 transcript in the Sorbs2 e8/e8

mice. 
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A, Heart enriched expression of red fluorescent protein (RFP) reporter in the GBT002/sorbs2b

mutant at 2 days post-fertilization (dpf). Scale bar, 200 μm. B, RFP expression in the GBT002-/-

mutant heart, representing an RP2 insertion in the sorbs2b locus, was effectively excised in  the 

GBT002-/-;Tg(cmlc2:cre-ER) double fish after hydroxytamoxifen treatment. Scale bar: 200 μm. C, 

Quantitative RT-PCR results show that normal sorbs2b RNA is dramatically reduced in GBT002-/-

fish compared to WT, but was largely restored in the GBT002-/- ; Tg(cmlc2:cre-ER) double fish 

heart. N=3. * : p<0.05. NS, not significant. One-way ANOVA. D, The survival rate is significantly 

lower in GBT002-/- mutant compared to WT fish after doxorubicin injection (20 μg/g) , which was 

largely rescued in the GBT002-/- ; Tg(cmlc2:cre-ER) double fish. N=25-78. NS, not significant. Log 

rank test.

Figure S3. Myocardial expression of sorbs2b conveys the modifying effects of GBT002-/- on 

doxorubicin-induced cardiomyopathy (DIC) in zebrafish
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A-B, Quantitative RT-PCR analysis of heart failure markers in the RV (A) and LV (B)

of the hearts of Sorbs2e8/e8 mice compared to WT. RV, right ventricle. LV, left ventricle.

N=3. Unpaired two-tailed Student’s t-test.

Figure S4. Elevated expression of molecular markers for heart failure in the Sorbs2e8/e8 mice
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Figure S5. Representative Immunostaining images of ICD proteins in the Sorbs2e8/e8 and WT 

control mice mouse hearts
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A, Shown are images of mouse hearts after immunostaining using anti-N-cadherin antibodies 

(green, indicated by arrows) and anti-Pkg (red, indicated by arrow heads). The alternating 

expression pattern of Pkg and N-cadherin protein expression in WT mice is disturbed in Sorbs2 
e8/e8 mice along ICD. Scale bar: 2 μm. LV: left ventricle, RV: right ventricle. B, Pseudo line analysis 

of images in A.
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Figure S6.  Altered expression patterns of N-cadherin in the Sorbs2 e8/e8 mice



A, Chromagraph illustrates c.869+1C>G mutation identified in the SORBS2 gene from an ACM 

patient. B, List of an ACM gene panel that consists of 13 genes was  sequenced by targeted 

sequencing.

B

No. Gene Official Full Name
Chr. CDS

n
Amplicons

n
Target

bp
Coverage 

%

1 DES Desmin 2 9 17 1512 100

2 DSC2 Desmocollin 2 18 17 31 2606 89.0

3 DSG2 Desmoglein 2 18 15 36 3420 97.1

4 DSP Desmoplakin 6 25 74 9364 99.7

5 JUP Junction Plakoglobin 17 13 22 2381 100

6 LMNA Lamin A/C 1 13 23 2249 100

7 PKP2 Plakophilin 2 12 14 28 2640 94.3

8 PLN Phospholamban 6 1 10 1139 75.8

9 RYR2 Ryanodine Receptor 2 1 105 165 14830 99.5

10 SCN5A Sodium Voltage-Gated Channel 

Alpha Subunit 5

3 30 62 6807 100

11 TGFB3 Transforming Growth Factor Beta 3 14 7 11 1316 100

12 TMEM43 Transmembrane Protein 43 3 12 16 1335 100

13 TTN Titin 2 315 947 109511 99.1

A

SORBS2 c.869+1C>G

Figure S7. Identifications of SORBS2 and other known ACM variants in an cohort of 59 ACM 

patients



The c.679+1G>T mutation is located in the exon 11 of SORBS2 in human, corresponding to the 

exon 6 in sorbs2a and the exon 10 in sorbs2b gene in zebrafish.
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Zebrafish sorbs2a

Zebrafish sorbs2b
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e4 e6 e7 e8e5

e11e10e8 e9 e12

c. 679+1 G>T

sorbs2a_MO

sorbs2b_MO

Figure S8. Schematic illustration of corresponding exons among human SORBS2 and its 

zebrafish orthologs sorbs2a and sorbs2b gene


