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Impact statement

Atrial fibrillation (AF) is characterized by
rapidly occurring atrial remodeling. MAP
kinase Erk1/2 and BMP/TGF-$1 signaling
pathways mediate AF-dependent remod-
eling. Wnt signaling pathway has been
associated with cardiovascular disease,
data concerning its contribution to AF-
development and progression, especially
to atrial remodeling, are scarce. We give a
comprehensive description of basal
expression of Wnt-signaling pathway
components in human atria and demon-
strate that there are substantially dysregu-
lated during AF. Major risk factors for AF
including diabetes and hypertension
strongly influence activity/expression of
the Wnt signaling pathway and available
data are reviewed. In conclusion, dysre-
gulation of the Wnt signaling pathway
caused by AF risk factors and by AF itself
contributes significantly to atrial remodel-
ing and to stabilization of AF. Improved
understanding of the precise role of Wnt
signaling in AF-mediated remodeling pro-
cesses could inform the development of
novel, targeted interventions for preventing
atrial remodeling and AF progression.

Abstract

The Wnt signaling pathway regulates physiological processes such as cell proliferation and
differentiation, cell fate decisions, and stem cell maintenance and, thus, plays essential
roles in embryonic development, but also in adult tissue homeostasis and repair. The Wnt
signaling pathway has been associated with heart development and repair and has been
shown to be crucially involved in proliferation and differentiation of progenitor cells into
cardiomyocytes. The investigation of the role of the Wnt signaling pathway and the regu-
lation of its expression/activity in atrial fibrillation has only just begun. The present minire-
view (I) provides original data regarding the expression of Wnt signaling components in
atrial tissue of patients with atrial fibrillation or sinus rhythm and (ll) summarizes the current
state of knowledge of the regulation of Wnt signaling components’ expression/activity and
the contribution of the various levels of the Wnt signal transduction pathway to the pro-
cesses of the development, maintenance, and progression of atrial fibrillation.
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Introduction

are sparse and mostly relate to ventricular disorders
and cells.

The Wnt signaling pathway, which is evolutionary highly
conserved, regulates a multitude of processes involving
proliferation, differentiation, migration, maintenance of
progenitor cell states, cell fate decisions, apoptosis and,
thus, is crucially implicated in embryonic development,
adult tissue homeostasis, regeneration and repair as well
as malignant growth and metastasis.' Wnt signaling has
been linked to heart development ® and has been shown to
affect cardiomyocyte differentiation including that of
stem/ progenitor cells into cardiomyocytes.” Various cardi-
ac and vascular diseases are characterized by the dysregu-
lation of the Wnt signaling pathway (excellently reviewed
in Foulquier et al.®) With regard to arrhythmia, available data

Pathophysiology of atrial fibrillation

Atrial fibrillation (AF) is the most common cardiac arrhyth-
mia, with a prevalence of 2% in the general population
younger than 65years.”? In addition to severe clinical
symptoms like palpitations, dizziness, dyspnea etc., AF is
the single most important factor for ischemic stroke in the
population over 75 years of age."” In about 90% of cases, AF
occurs in the presence of other cardiac diseases which
include hypertensive heart disease, congestive heart fail-
ure, or valve diseases.'* AF rarely develops (10%) in the
absence of cardiac abnormalities (“lone” AF).>'*1?
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Established risk factors for AF include hypertension,
hyperaldosteronemia, diabetes, obesity, heart failure,
valve disease, hyperthyroidism, and age. Three forms of
AF can be differentiated: 1. Paroxysmal AF involves self-
terminating AF episodes with durations that vary from sec-
onds to days. 2. Persistent AF that lasts indefinitely until
terminated by medical interventions. 3. Permanent AF that
cannot be terminated by pharmacological or electrical
cardioversion.

AF therapy aims at three main goals: the prevention of
thromboembolic complications, reduction of AF-related
symptoms, and termination of the arrhythmia when
appropriate.

In the past few decades, our understanding of the
pathophysiology of AF has improved significantly. AF is
associated with substantial changes within the atrial
tissue —atrial remodeling —that act to further increase the
AF susceptibility and, thus, contribute to the AF mainte-
nance and progression.'” One of the most important path-
ophysiological mechanism called “electrical remodeling”
has shown that AF begets AF.'® Electrical remodeling
could be observed very rapidly after the onset of AF epi-
sodes (within hours) and is characterized by an AF-
induced progressive shortening of the atrial action poten-
tial (AP) and effective refractory period (ERP), thereby
decreasing the “wavelength” of re-entry circuits, which
favors the persistence of the arrhythmia. Mechanistically,
alterations in the expression, localization, and/ or activity of
e.g. ion channels and GAP junction proteins are largely
responsible for this electrical remodeling."”*° The AF-
induced remodeling processes further comprise: structural
remodeling, hallmarks of which are atrial fibrosis 21-25 and
atrial aclipositas,%'29 and contractile as well as endocardial
and mitochondrial remodeling.**** These complex
changes occurring in fibrillating atria produce clinically
relevant manifestations as they increase AF susceptibility
and progression and stimulate AF-associated diseases and,
thus, according to a recent consensus paper, are defined as
“atrial cardiomyopathy.>

Signaling pathways that contribute to AF-induced atrial
remodeling identified so far include MAP kinase, ERK1/2,
BMP/TGEp, SGK/CTGEF, as well as the generation of an
adipocyte/adipositas-related expression profile induced
by, e.g., PPARy.26-283637

The further characterization of the activity and impact of
different signal transduction pathways on the development
of such structural and molecular abnormalities may offer
new therapeutic approaches to AF.

This review will focus on the expression and activity of
the Wnt signaling pathway in fibrillating atrial tissue and
its contribution to AF-induced atrial remodeling.

Wnt signaling pathway

The Wnt signaling pathway is mediated by Wnt ligands
which represent a family of 19 secreted, palmitoleic
acid-modified, short-reaching glycoproteins. They act on
nearby cells by binding to receptor complexes that consist
of 1 of the 10 members of the frizzled receptors (FZD; core
receptor) and the co-receptor, low density lipoprotein
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receptor-related protein 5 or 6 (LRP5/6) * to initiate the
canonical or non-canonical (e.g.) Wnt pathways. In the
canonical Wnt/f-catenin pathway, receptor activation
leads to an inhibition of glycogen synthase 38 (GSK-3p)
mediated phosphorylation of f-catenin and, thus, prevents
its degradation in the proteasome. Resulting cytosolic accu-
mulation of f-catenin favors its translocation into the nucle-
us where induction of Wnt target gene expression is
achieved by recruiting and activating transcription factors
such as TCF7L2 and TCF4/LEF. While members of the Wnt
1 family (Wntl, 2, 3a, 8, 8 b, and 10b) bring about the sta-
bilization of catenin, representatives of the Wntba (Wnt 4,
5a, 5b, 6, 7, and 11) family cannot. The non-canonical Wnt
pathways are f-catenin independent and include calcium-
dependent (Wnt/Ca"), small GTPase-dependent, and the
planar cell polarity (Wnt/PCP) pathways.? Non-canonical
Wnt signaling can be initiated by frizzled receptors or by
frizzled receptors in combination with associated receptor
tyrosine kinases such as receptor tyrosine kinase-like
orphan receptor 2 (Ror2) or receptor-like tyrosine kinase
(RYK).*® It has been proposed that it is the combination of
receptor, co-receptor, and ligand that determines which
specific Wnt pathway is actually activated **** and what
the resulting cellular effects are. The strict separation of
canonical and non-canonical signal pathways is becoming
increasingly blurred and a convergent model of Wnt sig-
naling has been proposed in which Wnt/Ca*" and Wnt/
p-catenin pathways act in a coordinated interdependent
manner.

Another layer of complexity is added to the Wnt signal-
ing pathway by the existence of various families of soluble
or membrane bound Wnt-inhibitors (excellently reviewed
in Cruciat and Niehrs*") of which SFRPs and DKKs are the
best characterized ones with respect to cardiac tissue.

Wnt signaling in atrial fibrillation

Structural remodeling

Atrial fibrosis represents a hallmark of structural remodel-
ing during AF. Atrial fibrosis is regularly observed in
patients with AF or corresponding animal or in wvitro
models (rapid pacing (RAP)). Wnt signaling has been
shown to contribute to fibrotic processes in the heart.
Recently, Wnt3A but not WntbA was shown to activate
p-catenin-dependent Wnt signaling and profibrotic target
gene expression in cardiac fibroblasts.*> Mechanistically,
AF-dependent atrial fibrosis has been linked to elevated
atrial expression levels of Snaill that were found to be asso-
ciated with increased expression of canonical Wnt 1,
Wnt3A, and Wnt8A and the non-canonical family members
Wnt5A and Wntl11.*> Adenoviral overexpression of miR-
27b-3p in rats reduced the duration and incidence of
induced AF episodes and, notably, this was accompanied
by reduced atrial fibrosis and fibrotic gene expression and
diminished phospho-f-catenin and Wnt3A levels.** A sim-
ilar decrease in profibrotic gene expression and fibrosis
could be observed in primary rat fibroblasts upon over-
expression of DACT2, which in HL-1 cells also reduced
the phosphorylation of f-catenin.** These data support
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the view that AF or RAP is associated with a preferential
activation of canonical, f-catenin-dependent WNT
signaling.

Electrical remodeling

Increased levels of Cx43, lower Cx40/Cx43 ratios, and the
lateralization of Cx43 expression represent well-established
hallmarks of the AF-dependent electrical remodeling.'>*
Rapid-pacing of neonatal cardiomyocytes was shown to
promote the rapid translocation of f-catenin into the nucle-
us where this transcriptional co-activator contributed to
increased expression levels of connexin-43 (Cx43).*”

Genetic factors

The homeobox transcription factor Nkx2.5 is implicated in
heart development and growth and was shown to be asso-
ciated with a genetic variation that underlies AF.*® In HL-1
cardiomyocytes, silencing of Nkx2.5 resulted in decreased
expression of Wnt11 ** which is in line with the crucial
function of Wnt signaling in development.

Right (RA) and left atria (LA) produce quantitatively or
qualitatively divergent responses to AF or AF-related stim-
uli.”® Accordingly, genetic variants of PITX2, a transcription
factor involved in determination of “leftness” have been
associated with AF. In PITX2 deficient mice, expression of
AF-associated genes, including Wnt8a, is severely impaired
and, vice versa, over-expression of Wnt8a in vitro modu-
lates microRNA expression profiles to the same extent as
PITX2 loss of function does %,

RNA sequencing has been applied in a recent study to
identify AF-related genes differentially expressed between
paired human left and right atrial appendages.”’ Pathway
enrichment analysis on the 157 down- and 90 up-regulated
genes revealed that Wnt5A-dependent internalization of
Fzd2, Fzd5, and the ROR2 reactome was among the only
five categories shared between left and right atrial appen-
dages. The analysis further revealed a greater involvement
of left atrial genes in the Wnt signaling pathway.”!

Experimental analyses

Re-examination of transcriptome data that were obtained
from atrial tissue of pigs subjected to acute rapid-pacing
in vivo ¥ revealed a significant down-regulation of the
non-canonical WntSA (—3.1-fold), ROR1 (—2.8-fold), and
SFRP3 (—2.7-fold), as well as a 1.7-fold increase in Wnt9B
mRNA levels after 7h of pacing. Interestingly, the anti-
arrhythmic multi-channel blocker, dronedarone, increased
the mRNA levels of Fzd1 (1.7-fold), SFRP1 (1.6-fold), DKK3
(1.4-fold), and decreased that of SFRP3 (—0.78-fold) in the
border zone in pigs subjected to anterior ischemia/reper-
fusion myocardial infarction.>®

Against this background, it is not surprising that dysre-
gulation of the Wnt signaling pathway is associated with
the development, maintenance, and progression of AF. A
comprehensive analysis, however, of the basal expression
of Wnt signaling pathway components and the impact of
atrial fibrillation or rapid-pacing on this expression are
lacking so far.

Here, a comparative description of the expression of
components of the Wnt-signaling pathways, including
ligands (Wnts), receptors (frizzled), co-receptors (LRP5/6,
Ror2, Ryk), signal transducers (GSK-3f), transcription
factors/ co-activators of transcription (TCF7-L2; f-catenin),
target genes (CCND1; CCND2), and Wnt inhibitors (DKKs,
SFRPs) by RT-qPCR in right atrial tissue samples from
patients with AF compared to that of SR is provided.

As shown in Figure 1, the expression of a broad panel of
Wnt components could be detected in pooled samples of
human atrial tissue of patients with AF (1 =9; three parox-
ysmal AF, four persistent AF, two permanent AF) or SR
(n=11). Patients and methods have been described in
detail in a previous study,26 except that patients #21, 42,
73, 77 (AF) and #29 and 72 (SR) were not included here.
Detailed information on primers is given in Supplementary
Table S1. Highest mRNA amounts could be detected for the
Wnt family members Wnt2, Wnt2B, Wnt3, Wnt5A, Wntll,
and Wntl6, the receptors Fzd1, Fzd4, Fzd7, the Wnt inhib-
itors SFRP1, DKK3, and WAIF1, the intracellular signal
transducer Dvl13, the transcription factor TCF7L1, and the
Wnt target gene, cyclin D1 (Figure 1). On the contrary,
Wnt3A, Wnt7A, Wnt7B, ROR2, and DKK4 were the only
components of the Wnt pathway that were not expressed in
any sample (Cq value >38). Generally, low expression
levels were observed for Wnt4, Wnt5B, Wnt10A, Wnt10B,
Fzd2, Fzd3, Fzd5, Fzd8, Fzd9, Fzd10, DKK1, DKK2, SFRP2,
and DvI2. All other components of the Wnt pathway were
found to be expressed at moderate levels (Figure 1).

Atrial tissue samples from patients with AF showed sub-
stantial alterations in the mRNA expression profile of Wnt
signaling components. As could be concluded from the
results obtained with pooled samples, AF is characterized
by decreased mRNA expression levels (>1.5-fold change)
of the majority of Wnt family members as well as of the
receptor Fzd6 and increased expression of Wnt inhibitors
(Table 1). In contrast, the Wnt target gene, cyclin D1,
showed higher expression levels in AF samples as it
could be also observed for Dvll, DKK3, and SFRP3.

Data obtained by pooled sample analysis could be con-
firmed by analyzing individual samples for selected tar-
gets. As shown in Figure 2, the observed AF-dependent
changes of mRNA levels in individual atrial tissue samples
are statistically significant for Wnt2, Wnt6, Fzd10, Dvl1,
Dvl12, cyclin D1, and SFRP2. Furthermore, there was a ten-
dency towards down-regulation of Fzd5 in AF (Figure 2).

The cyclin D1 gene is a target of the f-catenin/LEF-1
pathway,” and therefore induction of cyclin D1 mRNA
expression in AF seems to be fully consistent with an acti-
vation of the pathway under these conditions. In support of
this view, we found the amounts of Dvl1 also increased in
response to AF as shown previously.”® When considering,
however, the transcriptional down-regulation of Wnt and
frizzled family members, it is tempting to speculate
that these changes are secondary to the increase and acti-
vation of f-catenin and aims to cut off any potentially
harmful signal input via Wnt pathways. Mechanistically,
an alternative activation of f-catenin in the setting of AF
could be due to increased Akt/GSK-3f/[-catenin
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Figure 1. Relative expression levels of Wnt signaling pathway components in atrial tissue of patients with atrial fibrillation (AF) or with sinus rhythm (SR). mRNA
amounts have been determined by RT-qPCR of pooled tissue samples (AF: n=9; SR n=11).

signaling. This pathway has been demonstrated just recent-  represent major risk factors for AF. All these clinical
ly to indeed induce atrial fibrosis.” conditions enhance AF susceptibility in an additive
manner; the prevalence of persistent AF increases steadily
depending on the number of such conditions present.
Proper treatment of concomitant disease and risk factors
As mentioned above, advanced age, arterial hypertension,  is not always associated with an adequately lowered risk

valvular disease, diabetes mellitus, and hyperthyroidism for AF development. In diabetic patients, for example,

AF risk factors and Wnt signaling
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Table 1. Wnt signaling pathway components differentially expressed
between pooled atrial samples from patients with AF relative to SR.

Wnt signaling pathway components Fold change
Ligands
Wnt1 -1.75
Wnt2 —4.17
Wnt2b —2.63
Wnt4 1.73
Wntba —1.61
Wnt5b —-1.96
Wnt6 —2.00
Wnt9b —2.44
Receptors
Fzd6 —1.85
Intracelluler signal transducers
DvI1 1.89
Dvl2 1.42
Inhibitors
DKK3 1.58
SFRP1 -1.59
SFRP2 —2.94
SFRP3 2.05
SFRP5 —2.17
Transcription factors
Cyclin D1 (CCND1) 1.92

remodeling processes go on and cardiovascular mortality
worsens with duration of diabetes.”® Furthermore, the pres-
ence of AF risk factors is often diagnosed by chance or with
a considerable delay and patient’s compliance to therapy
represents another important issue.

To what extent these AF risk factors are capable of mod-
ulating Wnt signal transduction and, thereby, may contrib-
ute to increased susceptibility, maintenance, and
progression of AF is presented below.

Arterial hypertension

About 60-80% of AF patients suffer from hypertension.
Hypertension is an independent predictor of AF”” and it
contributes to AF progression. Hypertension is associated
with increased plasma and tissue levels of angiotensin II
(Angll). The same is true for AF°**° where increased
expression/activity of ACE has been identified as an
underlying mechanism.”” A few hours of rapid atrial
pacing are sufficient to elevate plasma levels of Angll sug-
gesting a very early involvement in the pathology of
AF%2%6162 The elevated levels of Angll mediate tissue
remodeling and exert direct pro-arrhythmogenic effects in
human atrial tissue.

The effects of angiotensin are mediated by several intra-
cellular signal transduction pathways which include the
mitogen-activated protein kinase, Erk1/2, and the Wnt sig-
naling pathway.®”®> AnglI increased the amounts of active
p-catenin and expression of Wnt target genes, MYC and
CCNDI1, in neonatal cardiomyocytes.®* In neonatal rat ven-
tricular cardiomyocytes, Angll elevated mRNA levels of
Wntl, Wnt3A, Fzd2, Dvll, Dvl2, and WISP1, a finding
that could be confirmed for selected targets, DvI2 and

56

WISP1, at the protein level.>® Plasma levels of total f-cate-
nin and Wnt3 are higher in hypertensive patients compared
to normotensive controls.®® f-catenin just recently has been
identified as a master regulator controlling gene expression
of essential components of the renin-angiotensin system
including angiotensinogen, renin, ACE, ATIR, and
AT2R.%*%” The application of ICG-001, a specific inhibitor
of f-catenin-dependent gene transcription, can prevent the
Angll-mediated increase in blood pressure.66 Vice versa,
chronic infusion of Angll was found to induce the expres-
sion of eight Wnt family members in the kidney.°® AnglI
has been further shown to stimulate the expression of
SFRP5 in an AT1R/Rho/ROCK1/JNK-mediated manner.®®

Volume-overload was shown to decrease p-catenin
expression in an AT1R-dependent mechanism in a rabbit
model.”” Phospho-myosin phosphatase target subunit (p-
MYPT1), a marker of Rho/ROCK kinase activation, has
been implicated in high-salt dependent hypertension.”” Tt
could be shown that Wnt5A is indispensable for the AnglI-
mediated induction of p-MYPT1 human vascular smooth
muscle cells.”

Diabetes mellitus

Patients with impaired glucose tolerance or diabetes melli-
tus (DM) have an increased risk of developing AF, and
about 15% of AF patients suffer from DM.”"”* An excellent
recent study demonstrated that acute hyperglycemia leads
to a prolongation of conduction velocity and atrial effective
refractory period (AERP) in healthy pigs.”* This prolonga-
tion of the AERPs has rather protective effects with regard
to AF inducibility.”* The authors conclude that longer-
lasting hyperglycemia promotes AF by structural atrial
remodeling, which is in full accordance with clinical obser-
vations and animal studies.”>”®

The putative contribution of altered Wnt signaling path-
way activity /expression to the AF-induced atrial structural
remodeling in diabetic patients has not been specifically
addressed so far. Results obtained in other fields clearly
show that hyperglycemia leads to dysregulation of
the Wnt signaling pathway on several levels, and thus it
is reasonable to assume similar mechanisms apply to
AF-dependent atrial remodeling processes. In neonatal rat
cardiac fibroblasts, hyperglycemia resulted in increased
levels of Wnt3, cytoplasmic, and nuclear f-catenin, whereas
that of Axin-2 and phospho-f-catenin appeared to be
decreased.”” It is the inhibition of the Wnt pathway that
seems to be responsible for the malformation of the heart
caused by gestational diabetes.”

High glucose levels have been shown to amplify Wnt
signaling in various types of cancer (excellently reviewed
in Garcia-Jimenez et al.””) providing an example of how
metabolism can effectively rearrange vital cellular signal-
ing pathways.

Furthermore, hyperglycemia has been established as a
main cause of endothelial dysfunction and also in this con-
text it is associated with enhanced Wnt signaling activity/
expression.®
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Figure 2. Quantitative analysis of expression levels of Wnt signaling pathway components in atrial tissue of patients with atrial fibrillation (AF) or with sinus rhythm (SR).
mRNA amounts have been determined by RT-qPCR of individual atrial tissue samples (AF n=9; SR n=11). Data are given as scatter plots with interquartile range
(IQR) + 1.5 x IQR with outliers as indicated (Tukey method) (* P < 0.05; ** P < 0.01; **P < 0.001). @ SR, @ paroxysmal AF, B persistent AF, A permanent AF,

<00 outliers.

Hyperthyroidism

increases the risk for developing AF by about 3-fold.**

Adequate therapy of thyroid disease often terminates AF
and due to improved clinical management of thyroid dis-
ease, thyroid dysfunction is relatively rare in current AF

Thyroid dysfunction, and hyperthyroidism in particular,
increases AF vulnerability and incidence as well as cardiac
dysfunction®®  Even subclinical —hyperthyroidism
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populations.'* AF occurs in 15% of patients with hyper-
thyroidism compared to 4% of people in the general
population.®

Studies in a rat thyroidectomy model have shown that
hyperthyroid rats exhibited cardiac hypertrophy, increased
cardiac function, and electrophysiological changes in heart
rates and AERP®"%

Genome-wide association studies (GWAS) have identi-
fied risk variants linked to AF. SNPs in the vicinity of the
paired-like homeodomain transcription factor 2, PITX2,
show highest linkage significance.®” PITX2 is also involved
in maintaining “leftness” in atria of mice and humans.®
Prolonged hypertension and, as it has been shown more
recently, also hyperthyroidism down-regulate PITX2
expression which in turn increases Wnt signaling (induc-
tion of Wnt8) and dysregulates miRNAs and ion channels
as it was previously observed in PITX2 insufficiency.*”
Impaired redox signaling very likely contributes to the
increased AF incidence in the setting of hyperthyroidism
and impaired PITX2/Wnt/miRNA signaling.®®

Conclusions

Literature data and experimental results shown here dem-
onstrate that Wnt signaling pathway components are abun-
dantly expressed in atrial tissue. Both the existence of AF
risk factors and the presence of AF itself provoke a substan-
tial dysregulation of Wnt signaling pathway activity/
expression. Although these changes are varied and com-
plex, AF/RAP and the AF risk factors, diabetes, hyperten-
sion, Angll, and hyperthyroidism have in common the
capability of predominantly stimulating stabilization and
nuclear translocation of f-catenin. In full agreement with
the proposed convergence model, AF/RAP is characterized
by a drastic dysregulation of also non-canonical Wnt sig-
naling. Data suggest that fi-catenin contributes to most of
the adverse effects that AF exerts on the myocardium and
future work should verify this by means of pharmacologi-
cal inhibition or models of genetic deficiency. Furthermore,
for further work, the urgent questions arise (I) to what
extent this effect come about through genuine Wnt signal-
ing or alternative activation of catenin, and (II) whether the
observed substantial dysregulation of Wnt pathway
expression is secondary to and downstream of f-catenin.
Current data suggest a rather protective effect resulting
from Wnt/f-catenin down-regulation/inhibition but,
again, pharmacological and genetic tool should be
employed to assess consequences for AF inducibility and
AF-dependent atrial remodeling,.
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