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Abstract

Background Atrial fibrillation (AF) is associated with increased risk of stroke and mortality. It has been reported that
the process of atrial fibrosis was regulated by -catenin in rats with AF. However, pathophysiological mechanisms of
this process in human with AF remain unclear. This study aims to investigate the possible mechanisms of 3-catenin in
participating in the atrial fibrosis using human right atrial appendage (hRAA) tissues .

Methods We compared the difference of 3-catenin expression in hRAA tissues between the patients with AF and
sinus rhythm (SR). The possible function of 3-catenin in the development of AF was also explored in mice and primary
cells.

Results Firstly, the space between the membrane of the gap junctions of cardiomyocytes was wider in the AF group.
Secondly, the expression of the gap junction function related proteins, Connexin40 and Connexin43, was decreased,
while the expression of B-catenin and its binding partner E-cadherin was increased in hRAA and cardiomyocytes of
the AF group. Thirdly, 3-catenin colocalized with E-cadherin on the plasma membrane of cardiomyocytes in the SR
group, while they were dissociated and accumulated intracellularly in the AF group. Furthermore, the expression of
glycogen synthase kinase 3 (GSK-33) and Adenomatous Polyposis Coli (APC), which participated in the degradation
of B-catenin, was decreased in hRAA tissues and cardiomyocytes of the AF group. Finally, the development of atrial
fibrosis and AF were proved to be prevented after inhibiting 3-catenin expression in the AF model mice.

Conclusions Based on human atrial pathological and molecular analyses, our findings provided evidence that
[-catenin was associated with atrial fibrosis and AF progression.
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Introduction

Atrial fibrillation (AF) is the most common sustained
arrhythmia, leading to increased risk of stroke, heart fail-
ure and dementia, as well as hospitalizations [1]. Despite
the use of oral anticoagulation, there is still high residual
risk of stroke, requiring an integrated care approach to
its evaluation [2, 3] and management. [4] Though atrial
fibrosis is believed to contribute greatly to the develop-
ment of AF, the exact pathophysiological mechanisms
remain unclear.

Previous studies have shown that B-catenin is activated
during wound healing [5], myocardial infarction [6], and
pulmonary fibrosis [7]. The accumulation of -catenin in
hearts is associated with severe epicardial fibrosis [8]. In
addition, the translocation of f-catenin is involved in epi-
thelial- mesenchymal transition, which is an initial and
critical step in the processes of fibrosis, such as myocar-
dial infarction repair [6, 7]. Since B-catenin could modu-
late the intercellular junction of the cardiomyocytes [9]
and participate in the atrial fibrosis of AF in the rats [10],
the possible role of B-catenin in the initiation of atrial
fibrosis and the development of AF in human merits fur-
ther exploration.

Intercalated disc includes zonula adherents, desmo-
some and gap junction. The former two types are named
as anchoring junctions, which are mainly composed
of Cadherins. Gap junctions are connection channels
made up of a family of transmembrane proteins called
connexins (Cx), which allow the transfers of ions, small
molecules and electrical communions between adja-
cent cardiomyocytes [11]. Cx40 and Cx43 are the main
constituents of atrial myocyte closely related with atrial
fibrosis and AF [12, 13]. B-catenin participates in the
co-localization as part of the gap junction plaque com-
plex by interacting with the carboxyl terminal domain of
Cx43 directly [14]. B-catenin also plays important roles in
the adherence between atrial cells by binding to E-cad-
herin cytoplasmic domains directly [15-17]. To main-
tain a proper adherent role during cardiac development,
[B-catenin is mainly degraded by a destruction complex
after translocation into the cytoplasm, which consists of
Adenomatous Polyposis Coli (APC), Axin and various
kinases, such as glycogen synthase kinase 3f (GSK-3p)
[18, 19]. APC is identified as a tumor suppressor gene,
which could regulate cytoplasmic levels of -catenin by
participating in B-catenin degradation in the proteasome
[20].

This study aimed to investigate the possible proteins
and pathways participating in the AF development using
atrial tissues of 32 AF and 35 sinus rhythm (SR) patients
with the method of pathological analysis, molecular anal-
ysis, immunofluorescence and electron microscopy. The
possible mechanisms of -catenin participating in the AF
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development were further explored in the mice model of
AF and then confirmed in the atrial myocytes of the mice.

Methods

The study was conducted in accordance with the Dec-
laration of Helsinki (as revised in 2013). The study was
approved by clinical research ethics committee of Bei-
jing Tongren Hospital (N0.2021-041) and Beijing Anzhen
Hospital (No. 2021038X), Capital Medical University
and individual written consent was obtained from each
patient before inclusion. Animal experiments followed
the national ethical guidelines implemented by our
Institutional Animal Care and Use Committee and were
approved by the Ethical Review Committee of the Insti-
tute of Zoology, Capital Medical University, Beijing,
China.

Patients with atrial fibrillation and sinus rhythm

In our centers, we collected human right atrial append-
age (hRAA) samples from 67 patients undergoing car-
diac surgery, including cardiac bypass grafting, valvular
replacement, modified Morrow procedure and aortic
replacement. Inclusion criteria were age older than 18
years old. Intraoperative samples were taken out before
radiofrequency ablation or maze operation in order to
reduce the impact caused by these procedures. To main-
tain consistency among the patients, those with histo-
ries of cardiac surgery, atrial radiofrequency ablation or
cryoablation were excluded. Patients with post-operative
AF were also excluded from the study. Included patients
were divided into AF group and SR group according to
whether they had prior AF based on their medical history
and again through electrocardiogram (ECG) or Holter
during their hospital stay.

Animals

12-week male C57Bl/6 mice with a body weight range
of 22 g to 26 g were housed in a circumstance with food
and water ad-libitum and every 12 h of light-dark cycle.
The mice were fed with normal diet chow (ND) or high
fat diet chow (HFD) (60% fat, 20% carbohydrate, and 20%
protein in calorie percentage; Research DIETS, D12492,
New Brunswick, NJ, USA) for 8 weeks, respectively. Pyr-
vinium pamoate (PYP) was injected intraperitoneally at
the dose of 2 pg/g body weight to inhibit $-catenin. HFD
induced mice were then randomly separated into two
groups (vehicle Group and PYP Group) and were admin-
istrated with 5-day consecutive intraperitoneal injection
of 0.5% CMCNa (vehicle) or PYP, respectively. All ani-
mal experiments were performed in accordance with the
rules and regulations of the Animal Care and Experimen-
tation Committee, Capital Medical University.
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Separation of cardiomyocytes

Primary atrial myocytes were separated from adult mice
and hRAA with the method described elsewhere [21, 22].
Briefly, atrial tissue was separated and gently minced to 1
mm? pieces in cold Hank’s Balanced Salt Solution (HBSS)
without Ca*" and Mg®* and mechanically digested with
0.125% type II collagenase (17101015, Gibco) and 0.05%
Trypsin (Gibco) buffer at 37 °C. The supernatant was
discarded once it became obscure and the pellets were
digested with the same buffer without trypsin at 37 °C
again. Then the supernatant was collected and centri-
fuged at 100xg for 2 min. The pellet was resuspended
with HBSS and filtered with a 100 um filter. After centrif-
ugation, the pellet was resuspended with culture medium
and plated in a cell culture flask for 1 h to separate the
fibroblasts and cardiomyocytes. The supernatants con-
taining cardiomyocytes were plated in a new cell culture
flask and maintained in a humidified incubator with 5%
CO, at 37 °C. The cardiomyocytes were cultured in Dul-
becco’s Modified Eagle’s Medium /Nutrient Mixture F-12
(DMEM/F12, Gibco) with 10% fetal bovine serum (FBS,
Gibco), 1% penicillin-streptomycin (Beyotime). 100 pM
bromodeoxyuridine (BrdU) were added to inhibit prolif-
eration of fibroblasts. The cardiomyocytes were collected
for further analysis after 24 h of culture.

Electrophysiology and stimulation

The stimulation process was described previously [23].
In the anesthetized mice, subcutaneous needle elec-
trodes were placed in the limbs for recordings of lead II
electrocardiography. After catheter was tunneled into
the esophageal, PowerLab system (AD Instruments, Aus-
tralia) was used to record esophageal electrocardiogram
and monitor the electrical signals by connecting to the
first two pairs of electrodes in the catheter. A wave and V
wave were corresponded to the P wave and QRS wave in
the surface ECG, respectively. The catheter was advanced
toward the right atrium until both electrode pairs were
correctly placed at the back of the right atrium. And then
atrial stimulation was performed to induce AF by switch-
ing the first pair of electrodes to connect the stimulator.
The stimuli of bidirectional pulses was used with high
pass at 50 Hz, duration at 1 ms and amplitude at 10 V,
lasting for 15s.

Histopathology and immunohistochemistry staining

For histological analysis, the hRAA tissues were fixed
in 4% (v/v) paraformaldehyde solution and the paraf-
fin sections (3 pm) were prepared routinely [24, 25].
Hematoxylin and eosin (HE) staining was used to iden-
tify histopathological changes in the hRAA. Masson’s tri-
chrome staining was performed to determine the degree
of collagen fiber [26]. The area percentage of fiber was
further quantitatively analyzed using Halo v3.3 Area
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Quantification. The previously described method was
used for immunohistochemical analysis [24]. The depar-
affinized tissue Sect. (3 pm) underwent antigen retrieval
with EDTA (pH9.0) and then were incubated with 0.3%
H,0O, in methanol to inactivate the endogenous peroxi-
dase. The samples were incubated overnight at 4 °C with
primary antibodies as follows: [B-catenin (ZM-0442,
UMABI15, ZSGB-Bio, Beijing, China), E-cadherin (ZA-
0565, EP6, ZSGB-Bio, Beijing, China), APC (ZA-0012,
ZSGB-Bio, Beijing, China), GSK-3p (22104-1-AP, Preo-
teintech, Wuhan, China), Connexin 40 (sc-365107, Santa
Cruz, Dallas, USA) and Connexin43 (26980-1-AP, Preo-
teintech, Wuhan, China) and Wntl (GB11822, Service-
bio, Wuhan, China). After washing in phosphate-buffered
saline (PBS), sections were incubated with biotinylated
goat anti-mouse or goat anti-rabbit IgG (ZSGB-Bio, Bei-
jing, China) for 1 h at room temperature. For visualiza-
tion of the immunoreactive sites, sections were incubated
in 0.025% 3,3-diaminobenzidine and 0.01% hydrogen
peroxide for 3 min and the nuclear was counterstained
with hematoxylin. PBS was used for dilution and wash-
ing during the whole protocol. All images were captured
using 3D scanner. The positive signals of immunohis-
tochemistry were quantitatively analyzed with Halo3.3
Multiplex IHC.

Western blotting

Western blot experiments were performed as previously
described [27]. Proteins were extracted from hRAA tis-
sues, isolated hRAA cardiomyocyte, mice atrial tissues
or mice atrial cardiomyocytes using a radioimmuno-
precipitation assay (RIPA) (Beyotime, Shanghai, China)
lysis buffer with 1 mM phenylmethylsulfonyl fluoride
(PMSF) and complete protease inhibitor cocktail (Roche,
Switzerland). After clearing the lysates by centrifuga-
tion at 15,000 rpm for 15 min at 4 °C, the supernatants
were subjected to sodium dodecyl-sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and then trans-
ferred to a polyvinylidene difluoride (PVDF) membrane.
The PVDF membrane was blocked with Tris Buffered
Saline (TBS) with Tween (TBST, TBS plus 0.1% Tween-
20) containing 0.5% nonfat dried milk powder, and then
were incubated with primary antibodies including rab-
bit anti-Connexin43 (26980-1-AP, Proteintech, Wuhan,
China), mouse anti-E-cadherin (60335-1-Ig, Protein-
tech, Wuhan, China), rabbit anti-GSK-3p (22104-1-AP,
Proteintech, Wuhan, China), rabbit anti-a-actin (23660-
1-AP, Proteintech, Wuhan, China), mouse anti-Con-
nexin40 (sc-365107, Santa Cruz, Dallas, USA), mouse
anti-Wntl (sc-514531, Santa Cruz, Dallas, USA), mouse
anti-APC (sc-9998, Santa Cruz, Dallas, USA), rabbit
anti-pB-catenin (ab32572, Abcam, Cambridge, UK), rab-
bit anti-Phospho-f-catenin (Ser33/37/Thr4l) (9561,
Cell Signaling Technology, Massachusetts, USA), rabbit
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anti-Phospho-GSK-3p (Ser9) (5558, Cell Signaling Tech-
nology, Massachusetts, USA) and mouse anti-GAPDH
(M171, MBL, Tokyo, Japan) overnight at 4 °C. After
that, incubation was proceeded with secondary antibod-
ies including HRP-conjugated goat anti-rabbit IgG and
HRP-conjugated goat anti-mouse IgG antibodies (1:2000,
Beyotime, China) for 1 h at room temperature. It was
then washed five times with TBST. The immunoreactive
bands were detected using enhanced chemiluminescence
(Amersham Biosciences, USA) and a LAS-500 chemilu-
minescence detection system (GE Healthcare Bioscience,
USA). Optical density values of immunoreactive bands
were obtained using Image J software.

Immunofluorescence

Immunofluorescence experiments were performed
as previously described [28]. Human RAA frozen
Sect. (5 pum thickness) were fixed with 3% paraformal-
dehyde in PBS for 30 min and permeabilized with 0.1%
Triton X-100 in PBS for 30 min, then blocked with PBS
containing 1% bovine serum albumin (BSA) for 30 min.
The coverslips were incubated overnight at 4 °C with
primary antibodies (diluted at 1:100) as follows: mouse
anti-E-cadherin, rabbit anti-B-catenin, rabbit anti-Con-
nexin43 and a mouse anti-Connexin40. The samples
were washed three times with PBS, and then were subse-
quently incubated with goat anti-mouse Alexa Fluor 488,
goat anti-mouse Alexa Fluor 488 and goat anti-rabbit
Alexa Fluor 568 secondary antibodies (Invitrogen; diluted
at 1:500) for 60 min. After being washed five times with
PBS, the samples were mounted using mounting solu-
tion contained 4’,6-diamidino-2-phenylindole (DAP], for
nuclear staining) reagent (Beyotime, Shanghai, China).
Confocal imaging was performed using a FV-3000

Table 1 The baseline characteristics of the included patients

SR AF P value
No. of patients 35 32 NA
Age 56.714 15.03 59564 11.73 0.08
Male 17(48.57) 17(53.12) 0.71
Smoking habit 8(22.86) 10(31.25) 0.44
Drinking habit 8(22.86) 4(12.50) 032
Hypertension 13(37.14) 11(34.38) 0.81
DM 5(14.29) 2(6.25) 0.50
Heart Failure 8(22.86) 11(34.38) 030
Surgery
Valvular Replacement 11(3143) 21(65.63) 0.01
CABG 6(17.14) 6(18.75) 0.88
Modified Morrow 17(48.57) 3(9.38) 0.001
Aortic replacement 1(2.86) 2(6.25) 0.94
LAD 42224819 49.21410.09 0.004
LVEF 62.44 4 9.66 56454 7.63 0.008

No., Number; NA, not available; AF, Atrial fibrillation; SR, Sinus Rhythm; DM,
diabetes mellitus; CABG, coronary artery bridging graft; LAD, left atrial
diameter; LVEF, left ventricle ejection fraction
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(Nikon) confocal laser scanning microscope equipped
with a 100x oil immersion objective lens (1.49 NA) and
FV31S-SW. The images were adjusted using FV31S-SW
and Image ] software. Pearson correlation coefficient
(PCC) was used to quantify the degree of colocalization
between fluorophores [29].

Transmission electron microscopy

The hRAA tissues from surgery were put immediately
into cold phosphate buffer containing 2.5% glutaralde-
hyde and cut into 1 mm?. After 2 h at room tempera-
ture, they were moved to 4°C. After 1 h rinse in water,
the samples were post-fixed with 1% OsO, for 2 h on ice.
Then they were washed in water and stained with 1%
uranyl acetate at 4°C overnight. Later the samples were
rinsed, dehydrated in graded alcohols, and embedded
in Embed 812 resin. After 48 h curing at 60 °C, ultra-
thin sections (70 nm) were cut on a Leica UC6 ultrami-
crotome and collected on formvar-coated copper grids.
Images were captured by a FEI Tecnai Sprit 120 kV trans-
mission electron microscope operated at 100 kV. The dis-
tance between gap junctions was calculated with Image |
software and were quantified by averaging multiple areas
from each studied tissue.

Statistical analysis

All quantitative data were expressed as mean+standard
error (SE) and calculated using the Student ¢ test. The P
values<0.05 were considered as significant difference.
All the statistical analyses were performed by SPSS 21.0
(IBM, Chicago, USA).

Results

Baseline characteristics

Of the 67 included patients, 35 had SR and 32 had AF.
All the AF cases were found before the surgery and their
median duration of AF was 1.0 year (interquartile range
[IQR]: 0.25, 4.00). The duration of each patient’s AF was
listed in Table S1. Of the AF patients, 18 already had oral
anticoagulant treatment before their admission to the
hospital and the other 14 had oral anticoagulant treat-
ment initiated during their hospital stay. As shown in
Table 1, the included patients were mainly complicated
with valvular disease, obstructive hypertrophic cardio-
myopathy (HCM), coronary heart disease and aortic dis-
ease. Some patients had increased atrial afterload caused
by valvular disease and HCM.

Atrial cardiomyocytes become hypertrophic and replaced
by fibrosis in AF

To study the pathological changes, we performed his-
tologic analysis of hRAA samples from SR and AF
patients. HE staining showed atrial myocyte hypertrophy
with degenerated or elongated nuclear, consistent with
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previous studies exploring the structural changes of atrial
tissues in the AF patients [30, 31]. (Fig. 1A and B). Atrial
tissue fibrosis was detected by Masson’s trichrome stain-
ing. We identified that atrial cells were more prone to be
replaced by fibrosis in the atrial tissues of AF patients
(Fig. 1C, D and E), which indicated changed myocardial
structure by interstitial fibrosis and perivascular fibro-
sis. These findings suggested that cardiomyocytes were
impaired and replaced by fibrosis in the AF patients.

Broader distance between membrane of the gap junction
related to atrial fibrosis in hRAA of AF

To explore the ultra-structural changes of hRAA, which
was possibly related to atrial fibrosis, transmission elec-
tronic microscopy was conducted in samples from 5 SR
patients and 5 AF patients. As shown in the photographs,
the space between the membranes of the gap junctions
was broader in the AF group compared to the SR group
(Fig. 2A and B). Analysis further confirmed the distance
between the membrane of the gap junction was broader
in hRAA of the AF patients (Fig. 2C). These results pro-
vided evidence that impaired gap junctional coupling
between cardiomyocytes might participate in the pro-
gression of myocardial disease.

Contribution of reduced expression of connexin40 and
connexin43 to impaired gap junction in hRAA of AF

Since Cx40 and Cx43 were the principal constituents of
the multiple gap junction proteins, their protein expres-
sion levels were checked in hRAA tissues from SR and AF
patients with western blot analysis to further confirm the
impairment of the gap junctions [32, 33]. As we specu-
lated, both the protein expression levels of Cx40 (Fig. 3A
and B) and Cx43 (Fig. 3H and I) were significantly
decreased in the AF group compared to those of the SR
group. We further confirmed the decrease expression of
Cx40 and Cx43 of the AF group in the cardiomyocytes
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Fig. 1 Increased fibrosis in the hRAA of AF patients. (A, B) Representative
figures of the Hematoxylin-eosin staining of hRAA tissues from 20 SR (A)
and 20 AF (B) patients. Bar: 200 um. (C, D) Masson's trichrome staining of
hRAA tissues from 20 SR (C) and 20 AF (D) patients. Bar: 200 um. (E) Per-
centage of fibrosis area was calculated from Masson's trichrome staining
(n=20 for each group). The statistical significance of differences between
means was assessed by Student t test. **p<0.01. SR: sinus rhythm; AF: atrial
fibrillation; hRAA, human right atrial appendage
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Fig. 2 Impaired gap junction in the hRAA of AF patients. Transmission electron microscopic analysis of human RAA tissues from 5 SR and 5 AF patients.
(A,B) Electron microscopic graphs showed ultrastructural structure of human RAA sections from SR and AF patients. White arrows indicated gap junctions
(GJ). Bar, 200 nm. (C) Analysis of distance of gap junction (n=45 for SR from 5 SR patients, n=45 for AF from 5 AF patients). The statistical significance of
differences between means was assessed by Student t test. ***p<0.001. SR: sinus rhythm; AF: atrial fibrillation; RAA, right atrial appendage
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Fig. 3 Decreased expression of Connexin 40 and Connexin 43 in the hRAA of AF patients. (A, H) Western blot analysis of protein expression level of Con-
nexin 40 (A) and Connexin 43 (H) in human RAA tissues from SR and AF patients. (C, J) Immunohistochemistry analysis of Connexin 40 (C) and Connexin
43 (J) in human RAA tissues from SR and AF patients. Bar, 50 um. (B, I) Expression level of Connexin 40 (B) and Connexin 43 (I) proteins from western blot
analysis were quantified by densitometric analyses (n=6 for each group). (D, K) Positive cytoplasm OD of Connexin 40 (D) and Connexin 43 (K) from im-
munohistochemistry analysis were calculated from cytoplasm positive signal (n=20 for each group). Mouse IgG (E) and Rabbit IgG (L) were used as nega-
tive controls for Cx40 and Cx43 immunostaining respectively. (F, M) Immunofluorescence analysis of localization of Connexin 40 (green) (F) and Connexin
43 (green) (M) in human RAA sections from SR and AF patients. Bar, 50 um. Nuclei (blue) were stained with DAPI. (G, N) Relative fluorescence-intensity of
Fand M respectively (n=3 for each group). The statistical significance of differences between means was assessed by Student t test. *p<0.05, **p<0.01,
***p<0.001. OD, optical density; Fl, fluorescence intensity; SR: sinus rhythm; AF: atrial fibrillation; RAA, right atrial appendage

of the hRAA using western blot analysis (Figure S1A-
C). To detect the distribution of Cx40 and Cx43, we first
performed immunohistochemical staining using hRAA
tissue sections. Cx40 (Fig. 3C) and Cx43 (Fig. 3]) mainly
expressed on the intercalated discs of the cardiomyocytes
in the SR group, but their expression reduced and the dis-
tribution became loose in the AF group. The total amount

of Cx40 and Cx43 immunoreactive signals of immuno-
histochemical staining were reduced in the AF group
(Fig. 3D, K), consistent with western blot data analysis.
Then we performed an immunofluorescence analysis in
the hRAA tissue frozen sections for further confirmation.
Mouse IgG (Fig. 3E) and rabbit IgG (Fig. 3L) were used as
negative controls to verify the specificity of the antibodies
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and exclude nonspecific signals. In the SR group, sections
stained with the Cx40 (Fig. 3F) or Cx43 (Fig. 3M) anti-
bodies mainly exhibited strong punctate patterns at the
intercalated discs between cardiomyocytes. However, AF
induced changes in the pattern of distribution of Cx40
(Fig. 3F) and Cx43 (Fig. 3M) respectively. Immunofluo-
rescence intensity of Cx40 (Fig. 3G) and Cx43 (Fig. 3N)
were both reduced in AF group than that of SR group.
These findings indicated that Cx40 and Cx43 mainly
located at the intercalated discs of the cardiomyocytes in
SR and their protein expression levels decreased in AF.

Dissociation of 3-catenin from E-cadherin and its
accumulation in cytosol in hRAA of AF

Previous studies showed that B-catenin possibly par-
ticipated in the regulation of gap junction between car-
diomyocytes [34]. Therefore, to identify the molecular
mechanism regulating impaired gap junction and pro-
moting fibrosis progression in AF, we initially checked the
expression of B-catenin in the hRAA tissues in addition
to cardiomyocytes. Western blot analysis showed protein
expression level of B-catenin was remarkably increased
in the AF group compared to the SR group both in the
hRAA tissues (Fig. 4A, B) and the hRAA cardiomyocytes
(Figure S2A and 2 C). pB-catenin metabolism is mainly
controlled by ubiquitination and proteasomal degrada-
tion [35, 36], and the phosphorylation modification of
[-catenin is a prerequisite for ubiquitination degradation
[37]. So we analyzed the expression of phosphorylation-
[-catenin (S33/37/T41) and found a significant reduction
in the AF group compared to the SR group both in the
hRAA tissues (Fig. 4A, C) or the hRAA cardiomyocytes
(Figure S2A and 2D), which induced accumulation of
[B-catenin in impaired cardiomyocytes from AF patients.
To investigate the distributions of p-catenin in the car-
diomyocytes, we performed immunohistochemical anal-
ysis of hRAA tissue sections from patients with SR and
AF. We found that pB-catenin mainly located on the cell
membrane in the hRAA tissues of SR group (Fig. 4D), but
transferred to the cytoplasm of the AF group (Fig. 4D).
The total amount of B-catenin immunoreactive signals of
immunohistochemical staining was increased in the AF
group (Fig. 4E), consistent with western blot data analy-
sis. Because B-catenin usually binds to E-cadherin (a key
components of gap junctions) to refrain from degrada-
tion [38], we further checked expression of E-cadherin
protein and also found it significantly higher in AF group
compared to SR group both in the hRAA tissues (Fig. 4F,
G) and the hRAA cardiomyocytes (Figure S2A-B). To
investigate the distribution of E-cadherin in the cardio-
myocytes, we performed an immunohistochemical anal-
ysis of hRAA tissue sections from patients with SR and
AF. Similar to B-catenin, E-cadherin was mainly located
on the cell membrane of the cardiomyocytes in the hRAA
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tissues of SR group (Fig. 4H), but in the cytoplasm of
the AF group (Fig. 4H). The total amount of E-cadherin
immunoreactive signals of immunohistochemical stain-
ing was increased in the AF group (Fig. 41I), consistent
with western blot data analysis. To further analyze distri-
bution of both B-catenin and E-cadherin, immunofluo-
rescence analysis of hRAA tissue sections from patients
with SR and AF was performed. Immunofluorescence
intensity of B-catenin and E-cadherin from AF tissues
were both higher than that of SR tissues (Fig. 4K, L). In
the SR group, f-catenin was co-localized with E-cadherin
mainly on the cell membrane (Fig. 4], M). However, in the
AF group, B-catenin was dissociated with E-cadherin and
preferentially localized intracellularly (Fig. 4], M). The
colocalization of f-catenin with DAPI was more common
in the AF group, indicating that there was more nuclear
[B-catenin in the AF group (Fig. 4], N). These findings sug-
gested that in the impaired cardiomyocytes of AF, both
B-catenin and E-cadherin dislocated from the membrane
into the cytosolic pool. The subcellular localization of
B-catenin and E-cadherin changed simultaneously, pos-
sibly because B-catenin played the cell-cell adhesive role
by binding directly to the cytoplasmic tail of E-cadherin
[39]. They lost anchoring in the membrane due to their
dissociation and then translocated into cytosolic pool
together in AF.

Accumulation of B-catenin due to decreased GSK-3f3 and
APCin hRAA of AF

B-catenin mainly exists in membrane associated pool,
cytosolic pool and nuclear pool [40]. Wnt/pB-catenin
pathway is important for Cx40 and Cx43 expression in
cardiomyocytes [32]. As the ligand of Wnt, cytoplasmic
B-catenin was regulated by Wnt and the destruction
complex without Wnt stimulation for final degradation
[41]. APC and GSK3p are two important regulators in
the destruction complex [37]. Wnt-1 in Wnt signaling
pathway is reported as a specific substance that induces
Cx40 and Cx43 expression in cardiomyocytes [32].
Increased expression of Cx40 and Cx43 participated in
the formation of functional gap junctions through signal-
ing transduction of B-catenin [42]. To detect the reason
of the accumulation of B-catenin, we firstly investigated
the possible related proteins of Wntl, GSK-3p and APC,
with immunohistochemical staining of the hRAA tissues
from SR and AF patients. The locations of these proteins
in the atrial cells from SR and AF patients were consis-
tent (Fig. 5A-C). Although the expression level of Wntl
was similar between the AF and SR groups (Fig. 5A, D),
the expression levels of GSK-3p (Fig. 5B, E) and APC
(Fig. 5C, F) significantly reduced in AF group compared
to that of the SR group. We further checked the expres-
sion of Wnt1, GSK-3p and APC proteins in hRAA tissues.
Consistent with the results of immunohistochemistry,
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Fig. 4 Increased expression of 3-catenin and E-cadherin accompanied with their re-distribution in the hRAA of AF patients. (A) Western blot analysis
of protein expression level of 3-catenin and phosphor-3-catenin in human RAA tissues from SR and AF patients. (B, C) Expression level of B-catenin (B)
and ratio of phosphor-3-catenin and B-catenin (C) from western blot analysis were quantified by densitometric analyses (n=6 for each group). (D) Im-
munohistochemistry analysis of 3-catenin in human RAA tissues from SR and AF patients. Red arrows indicated normal location of 3-catenin at plasma
membrane in human cardiomyocyte from SR patients, whereas black arrows indicated distribution of 3-catenin at nucleus in human cardiomyocyte
from AF patients. Bar, 50 pm. (E) Positive cytoplasm OD of 3-catenin from immunohistochemistry analysis were calculated from cytoplasm positive signal
(n=20 for each group). (F) Western blot analysis of protein expression level of E-cadherin in human RAA tissues from SR and AF patients. (G) Expression
level of E-cadherin from western blot analysis were quantified by densitometric analyses (n=6 for each group). (H) Immunohistochemistry analysis of
E-cadherin in human RAA tissues from SR and AF patients. Bar, 50 um. (I) Positive cytoplasm OD of E-cadherin from immunohistochemistry analysis were
calculated from cytoplasm positive signal (n=20 for each group). (J) Immunofluorescence analysis of localization of E-cadherin (green) and B-catenin
(red) in human RAA sections from SR and AF patients. Nuclei (blue) were stained with DAPI (n=3 for each group), red arrows indicated normal location of
B-catenin and E-cadherin at plasma membrane in human cardiomyocyte from SR patients, whereas white arrows indicated re-distribution of 3-catenin
at nucleus in human cardiomyocyte from AF patients. Bar, 50 um. (K, L) Relative fluorescence-intensity of 3-catenin and E-cadherin respectively (n=3 for
each group). (M) Histogram representing colocalization of 3-catenin and E-cadherin from SR and AF groups by using Pearson’s correlation coefficients
analysis. (N) Histogram representing colocalization of 3-catenin and DAPI from SR and AF groups by using Pearson’s correlation coefficients analysis. The
statistical significance of differences between means was assessed by Student t test. *p<0.05, **p<0.01, ***p<0.001. OD, optical density; Fl, fluorescence
intensity; SR: sinus rhythm; AF: atrial fibrillation; RAA, right atrial appendage

we found that the expression level of Wntl (Fig. 5G, K)  T41 sites. When GSK-3B is phosphorylated at the S9
was not changed, while the expression levels of GSK-3p  site (p-GSK-3f (S9)), its kinase activity is reduced and
(Fig. 5G, H) and APC (Fig. 5G, ]) were significantly lower  therefore could not effectively phosphorylate -catenin
than that of the SR group. GSK-3p is mainly respon- any more. This allows p-catenin to accumulate in the
sible for phosphorylating B-catenin at the S$S33/S37/  cytoplasm and potentially enter the cell nucleus for the
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regulation of target genes [43]. Our result showed an
increase of phosphorylation of GSK-3f in the hRAA
tissues of AF (Fig. 5G, I), indicating that the activity of
GSK-3p was inhibited in the AF group. In the hRAA car-
diomyocytes, similar results to the hRAA tissues could
be seen in the AF group (Figure S3A-E). Therefore, the

simultaneous reduction of the expression of GSK-3f and
APC might play important roles in the accumulation of
[-catenin, because they both participated in the degrada-
tion of -catenin.
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Inhibition of B-catenin reduce susceptibility to AF in mice

The inhibition of B-catenin in reducing AF susceptibility
was derived from human samples with various clinical
background in the above study. The obesity-based mice
induced with HFD was a clinically common AF induction
model built to explore possible mechanisms [44]. ND and
HED mice were given electrical stimulation to induce AF.
We showed representative surface and esophageal ECGs
of AF and SR as well as the process of AF converting to
SR (Fig. 6A). A higher incidence of AF was found in the
HEFD group (100%) than that in ND group (50%) through
electrophysiological analysis (Fig. 6B), which confirmed
the effectiveness of the HFD mice as an AF induction
model. It has been reported that PYP was a potent inhibi-
tor of B-catenin, which was involved in the inhibition of
phosphorylation of GSK3p (S9) via the GSK3[3/B-catenin
signaling axis [43]. In order to explore the functional roles
of B-catenin in the induction and progression of AF, we
downregulated the expression of B-catenin in the HFD
induced mice models by administration of PYP through
5-day consecutive intraperitoneal injection and then
triggered AF with electrical stimulation (Fig. 6C). We
isolated cardiomyocytes from the heart and confirmed
downregulated expression of -catenin in the cardiomyo-
cytes after PYP administration by western blot analysis
(Fig. 6D, E). ECQG results after stimulation showed slightly
inhibited frequency of AF episodes by PYP (about 18%)
(Fig. 6F) and significantly reduced duration of AF time,
because all episodes of AF recovered spontaneously with
longer conversion time in the vehicle group than that in
the PYP group (Fig. 6G). To explore the signaling path-
way of B-catenin in AF development, the expression of
the protein in cardiomyocytes from the mice models was
checked. In HFD mice, we first confirmed the increase
of PB-catenin after electrical stimulation, and then the
reduction of B-catenin after PYP administration (Fig. 6H,
Figure S4A). By contrast, phosphorylation of p-catenin
was decreased in the AF model and enhanced after PYP
administration to promote the degradation of B-catenin
(Fig. 6H, Figure S4B). Cx43 and Cx40 decreased after
increasing p-catenin by stimulation, while increased
after further inhibiting B-catenin (Fig. 6H, Figure S4F,
G). A similar change was seen in E-cadherin to -catenin
with an increase after stimulation and then a decrease
after further inhibiting B-catenin (Fig. 6H, Figure S4E).
GSK-3p decreased in the HFD mice after stimulation, but
had no change after administration of PYP. Phosphory-
lation of GSK-3p (S9) increased in the AF model, and
then decreased after PYP administration (Fig. 6H, Figure
S4C, D). Perhaps because APC did not participate in the
pathway of inhibiting B-catenin by PYP, APC decreased
in HFD mice after the stimulation, but no change was
found after further inhibiting B-catenin (Fig. 6H, Figure
S4H) [45]. Wntl was not changed in the AF model of
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mice, which was similar to the AF model of human, and
it was not changed after further inhibiting B-catenin, as
well (Fig. 6H, Figure S41). Finally, we performed Masson’s
trichrome staining to analyze the fibrosis of atrial tissues.
The results showed severer fibrosis of atrial tissues from
the AF model, and it could be alleviated after administra-
tion of PYP (Fig. 61, J). These results indicated a similar
change in the AF model of mice to human and the inhibi-
tion of B-catenin in mice could also reduce susceptibility
to AF in the mice.

Discussion

This study extends our knowledge on the role of
B-catenin by exploring the differences of hRAA tissues
between AF and SR patients. Accumulation of cyto-
plasmic p-catenin could be caused by impaired binding
ability to E-cadherin on the membrane and decreased
GSK-3p and APC in the cytoplasm, in case of high-
risk factors of inducing AF (e.g. myocarditis, structural
remodeling of atrial and myocardial fibrosis and so on).
These could result in decreased expression of Cx40 and
Cx43 in the cardiomyocytes, which was associated with
the wider space between the membranes of gap junctions
in the cardiomyocytes and increased myocardial fibrosis.
Furthermore, we confirmed that increased AF suscepti-
bility could be reduced by inhibiting f-catenin accumula-
tion in the cardiomyocytes using PYP.

[-catenin was found as a participating pathway in the
regulation of Cx43 in recent studies [9, 46]. We further
confirmed their roles in the regulation of gap junction
with hRAA tissues and atrial myocytes. Broader dis-
tances between the membranes of gap junctions were
seen by electron microscopic examinations in the AF
group. To investigate the associations between broader
gap junctions and AF, possible participating proteins
such as Cx40 and Cx43 were further explored, which
widely expressed in atrial myocytes and played impor-
tant roles in atrial remodeling of AF [47-49]. As the
main constituent of gap junction that interacted with
[B-catenin directly, their expression decreased according
to the western-blot results. In the immunofluorescence
analysis, the expression of Cx40 and Cx43 decreased with
loose expression in the AF patients. The electrical signal
transduction between atrial myocytes could be disturbed
by impaired expression of Cx40 and Cx43 in the atrial
tissue, resulting in uneven distribution of electrical sig-
nals, reentry or conduction block, and eventually leading
to the maintenance or recurrence of AF [50-55]. These
results were consistent with previous studies showing
that specific knockout of mouse Cx43 can accelerate the
formation of fibrosis [49]. In our study, Cx40 decrease
could produce similar effect to Cx43 decrease on the
progression of fibrosis. One previous study performed
on cardiomyocytes through rapidly pacing had similar
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results to our study in increasing P-catenin expression,
but without impact on the increased Cx43 distribution,
which was inconsistent with our results [56]. Then we
performed Western-Blot to further explore the relation
between B-catenin and Cx expression regulation in the
mice models, which showed consistent results with our
clinical samples. This mechanism exploration in the mice
that Cx43 and Cx40 expression decreased after AF induc-
tion, but increased after inhibiting -catenin further con-
firmed our results.

Of the several proteins possibly related to the accu-
mulation of cytosolic [B-catenin, GSK-3p and APC
were found reduced in the AF group, which was differ-
ent from previously published papers on the roles of
[B-catenin participating in AF through the pathway of
Wnt-B-catenin-LEF1. As a component kinases, GSK-3
played an important role in the regulation of B-catenin
expression by participating in its phosphorylation [18,
19]. Therefore, we speculated that the accumulation of
[-catenin was caused by its exemption from degradation
because the reduction of GSK-3p prevented B-catenin
from being phosphorylated [40]. In addition, the disrup-
tion of B-catenin in AF patients mainly occurred in its
roles of cell adhesion rather than signal transduction [57].
And in this condition, the B-catenin/GSK-33/APC was
not regulated by the Wnt/Wingless signaling pathway,
which was consistent with that seen in the hypertrophic
cardiomyocyte [57, 58]. However, it is possible that the
excessive [-catenin due to reduced cytosolic phosphory-
lated degradation could be inhibited by Wnt1 [59].

To investigate the functional roles of B-catenin on
the AF development, HFD mice were used for building
AF models and then PYP was used for the inhibition
of B-catenin because of its roles in downregulation of
p-GSK-3pB (S9) [43]. Based on these findings, we further
confirmed the beneficial roles of reducing AF suscepti-
bility by inhibiting B-catenin using mice AF models and
then the functional roles of B-catenin through isolat-
ing atrial myocyte from the mice hearts. Actually, the
structural and distribution change of B-catenin preced-
ing gap junction remodeling was confirmed by one vitro
study exploring the impact of rapid electrical stimulation
on the alterations in cardiac intercellular junction pro-
teins of cardiomyocytes [9]. And our study further pro-
vided evidence that the increase of -catenin played an
important role in gap junction stability, atrial fibrosis and
AF progression using hRAA tissues and mice models,
respectively. Therefore, we believed the observed changes
in B-catenin are specifically causal to the development of
AF, not simply the result of a general remodeling process.

In conclusion, we demonstrated that B-catenin accu-
mulation is associated with atrial fibrosis and AF pro-
gression through inducing wider space between the
membranes of gap junctions. Key factors in this process
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include (1) dissociation of B-catenin with E-cadherin
on the plasma membrane; (2) cytosolic localization of
B-catenin and E-cadherin; (3) reduced expression of
GSK-3p and APC which were responsible for degradation
of B-catenin. Further research will be required to deter-
mine the causal relationship between these molecules.

Limitations

First, we only had samples from the right atrial append-
age which might be different situations from the left
atria appendage or other parts of the atria. Hence, atrial
fibrosis and other histological features of structural
remodeling in this study mainly derived from analysis of
B-catenin on hRAA tissues. Whether the results could
be extended to the other parts of the atria needs further
verification. Second, the AF was the obesity-induced
mice model, which only represented a specific type of AF
instead of the general clinical samples of AF. Therefore,
the B-catenin signaling mechanism derived from the obe-
sity mice may not be generalized to other AF types.
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