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Simple Summary: Atrial fibrillation (AF) represents a worldwide medical problem contributing to
substantial morbidity, mortality and social-economic burden. Gap junctions and their constituent
components, connexins, are involved in the pathogenesis of AF, though the specific mechanisms have
not been fully elucidated. We reviewed the current knowledge on the roles of connexin distribution
and abundance in the pathogenesis of AF and the AF-related connexin mutations and polymorphisms
as well as their pathogenic mechanisms. We also summarized the potential therapeutic targets and
introduced connexin gene therapy for AF.

Abstract: Atrial fibrillation (AF) represents the most common type of clinical cardiac arrhythmia
worldwide and contributes to substantial morbidity, mortality and socioeconomic burden. Aggregat-
ing evidence highlights the strong genetic basis of AF. In addition to chromosomal abnormalities,
pathogenic mutations in over 50 genes have been causally linked to AF, of which the majority encode
ion channels, cardiac structural proteins, transcription factors and gap junction channels. In the heart,
gap junctions comprised of connexins (Cxs) form intercellular pathways responsible for electrical
coupling and rapid coordinated action potential propagation between adjacent cardiomyocytes.
Among the 21 isoforms of connexins already identified in the mammal genomes, 5 isoforms (Cx37,
Cx40, Cx43, Cx45 and Cx46) are expressed in human heart. Abnormal electrical coupling between
cardiomyocytes caused by structural remodeling of gap junction channels (alterations in connexin
distribution and protein levels) has been associated with enhanced susceptibility to AF and recent
studies have revealed multiple causative mutations or polymorphisms in 4 isoforms of connexins
predisposing to AF. In this review, an overview of the genetics of AF is made, with a focus on the
roles of mutant myocardial connexins and gap junctions in the pathogenesis of AF, to underscore the
hypothesis that cardiac connexins are a major molecular target in the management of AF.

Keywords: gap junctions; connexins; atrial fibrillation

1. Introduction

Atrial fibrillation (AF) is the most common cardiac rhythm disturbance, currently
afflicting approximately 46.3 million individuals worldwide [1]. The prevalence of AF
exponentially increases with age and reaches up to roughly 9% in individuals older than
80 years of age [2]. Comorbidities of AF substantially contribute to morbidity, mortality
and medical care expenditure. The disease leads to severe major adverse cardiovascular
events [3] and roughly 15% of all strokes [4]. AF is also associated with a three-fold
increased risk for heart failure and a two-fold increased risk for all-cause mortality that is
independent of comorbidities [5]. Nevertheless, the mechanisms causing and sustaining
AF are multifactorial and incompletely understood. At present, it is still a great challenge
to terminate AF.
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AF is characterized by rapid and erratic atrial electrical activity, resulted from dynamic
interplays among multiple electrophysiological, structural, inflammatory and genetic
factors [6]. The disease is frequently secondary to diverse cardiovascular and systemic
diseases such as hypertension, myocardial infarction, valvular dysfunction, heart failure
and diabetes [7]. However, 2~16% of overall AF are defined as idiopathic AF for not having
any identifiable underlying conditions [8]. Furthermore, approximately 30% of AF cases are
of familial patterns [9], implying the genetic basis of AF. All these findings have provided
substantial new insights into the mechanisms of AF. Up to now, mutations in over 50 genes
have been causally linked to AF, most of which encode ion channels, structural proteins,
transcription factors and gap junction channels [10].

Cardiac gap junctions are located at the intercalated disks between cardiomyocytes,
forming intercellular pathways for the orderly propagation of electrical activation respon-
sible for synchronized myocardial contraction [11]. The normal cardiac rhythm funda-
mentally depends on the cell-to-cell electrical coupling of cardiomyocytes through gap
junctions. Therefore, it is possible that dysfunction or impairment of gap junctions my lead
to cardiac arrhythmias. Indeed, a large amount of research has associated gap junctions and
their structural components, connexins, with AF susceptibility. In this review, we aimed to
outline the genetics of AF, focusing on the roles of mutant myocardial connexins and gap
junctions in the pathogenesis of AF, to support the hypothesis that cardiac connexins are a
major molecular target in the management of AF.

2. The Genetics of AF

The general hypothesis for the pathogenesis of AF is the combination of a vulnerable
atrial substrate and initiating triggers. The triggered activities originated mainly from the
pulmonary veins which promote reentrant waves and ectopic activities on the basis of
abnormal calcium handling [12]. On the other hand, the perpetuation of AF is dependent
on the atrial arrhythmogenic substrate which is characterized by regional conduction
heterogeneity in atrial tissue [13]. Reentry, facilitated by short effective refractory period
(ERP) or slow conduction velocity, seems to be the most probably mechanism of AF
perpetuation [12,14].

To date, numerous AF-causing genes and risk loci have been identified, including
those encoding ion channels, transcription factors, cardiac structural proteins and gap
junction channels [15]. Each phase of the cardiac action potential is initiated and sustained
by specific ion channels that generate ion currents and guarantee the normal electrophysio-
logical properties of cardiomyocytes. As a result, gain-of-function or/and loss-of-function
mutations in ion channel genes were firstly causally linked to AF, including different
potassium channels, sodium channels and calcium channels as well as their auxiliary sub-
units [12]. The cardiac transcription factors are involved in both cardiogenesis and adult
cardiac remodeling. Recently, increasing studies focusing on transcription factors have
revealed series of variations which may predispose to AF by altering their transcriptional
activities or/and synergistic transcriptional activities with their transcriptionally coopera-
tive partners [10,15–20]. Mutations in NPPA (natriuretic peptide precursor A) and other
genes involved in atrial fibrosis have been reported to enhance AF susceptibility by their
contribution to the atrial structural remodeling [21] while mutations in nuclear structural
protein genes by the disruption of nucleocytoplasmic transportation [22]. In addition,
myocardial connexins and gap junctions have long been the targets of AF-related research
for their critical roles in the cell-to-cell electrical coupling and impulse propagation. The
detailed mechanisms will be elucidated below.

3. Structure and Function of Gap Junctions

Gap junctions are clusters of transmembrane channels that enable the direct cyto-
plasmic exchange of ions or small metabolites (<1 kDa in size) between neighboring cells.
They are constructed by the juxtaposition of a pair of hemichannels (connexons) from
adjoining cells. Under pathological conditions or specific circumstances such as paracrine
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signaling [23], hemichannels that span the entire depth of the plasma membrane may also
function as transmembrane channels in unopposed cells, allowing the permeation of ions
and small metabolites [24] (Figure 1a). Each hemichannel is formed by oligomerization
of six connexins (Cxs) surrounding a central aqueous pore [25]. Connexins are tetra-span
transmembrane domain proteins with four highly conserved transmembrane domains
(M1–M4) and intracellular N- and C-terminus (NT and CT), linked by two extracellular
loops (E1 and E2) and one cytoplasmic loop (CL) (Figure 1b).
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Figure 1. The schematic diagrams of gap junctions, hemichannels and connexins. (a) Two connexons
from neighboring cells, which are formed by the oligomerization of six connexin subunits, can
assemble into a gap junction. Connexons may also function as hemichannels under specific conditions;
(b) Connexins are transmembrane proteins constituted by four transmembrane domains (M1–4) and
intracellular N- and C-terminus (NT and CT), linked by two extracellular loops (E1 and E2) and one
cytoplasmic loop (CL).

Practically all cells in solid tissues are linked by gap junctions and the majority of
cells co-express more than one type of connexin [26]. Currently, 21 isoforms of connexin
have been identified in the human genome and 20 in the murine genome. They are
divided into five subfamilies (α, β, γ, δ and ε or GJA, GJB, GJC, GJD and GJE) according to
sequence homology [27]. Identical Cxs in both docked hemichannels comprise homotypic
gap junction channels while mixed Cxs constitute heteromeric gap junction channels.
In addition, two different homotypic hemichannels make up a heterotypic gap junction
channel. Particular connexin types or combination of connexin types in hemichannels leads
to distinction in the physiological properties of gap junction channels [28].

The main functions of gap junctions are to share small nutrients or signaling molecules
among groups of cells and permeate ions across electrically excitable cells to coordinate
electrical and mechanical actions in tissues such as heart, neurons and smooth muscle [23].
Gating of gap junction intercellular channels is dynamically regulated by multiple factors
including transjunctional voltage, intracellular calcium concentration, pH, phosphorylation
and other post-translational modifications [26].

4. Subtypes of Cardiac Connexins

To date, six principal connexins are found expressed in human heart (Cx37, Cx40,
Cx43, Cx45 and Cx46) [14,29]. Cx43 is the predominant cardiac connexin which is mainly
distributed in the atrial and ventricular cardiomyocytes [30]. It is less expressed in the
conduction system and not expressed in the sinoatrial or atrioventricular node [30,31].
Cx40, another significant cardiac connexin, is restricted primarily to the atrial tissue and the
ventricular conduction system and is 2~3 fold higher in the right atrium than the left [14,31].
Cx45 is the first connexin expressed during early stages of cardiovascular development [30].
However, in the adult heart, it is expressed predominantly in the conduction system while
expressed in low quantities in both ventricles and atria with a slightly higher level in the
atrium than the ventricle [32]. Cx37 is expressed mainly in the vascular endothelium [31]. In
addition, the less studied cardiac connexin Cx46 has been found in the atrial and ventricular
myocytes in the human heart [33].
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The biologic functions of these cardiac connexins are currently being elucidated. In ad-
dition to allowing rapid propagation of action potentials mediating coordinated myocardial
contraction in the adult heart, these connexins are crucial for heart development through
mediating the exchange of critical factors between cells. In neonatal mice, Cx43 knockout
leads to death at birth because of right ventricular outflow tract malformations [34]. It
was also reported that cardiac malformations are prevalent in Cx40-deficient mice [35].
Likewise, lacking Cx45 in mice predisposes to embryonic death for sinus node dysfunction
and atrial arrhythmia [36]. In addition, several recent studies have linked Cx37 deficiency
to both venous and lymphatic valve malformation [37,38].

5. Changes of Gap Junctions/Connexins in the Pathogenesis of AF
5.1. Gap Junction Remodeling

The process of gap junction remodeling, characterized by alterations in gap junction
channel abundance, subcellular distribution, permeability (determined by the phosphory-
lation status of the constituent connexins) and conductance [39], is an important portion of
the heart adaptive remodeling during cardiac diseased states. It is associated closely with
cardiac electrical remodeling which leads to alterations in conduction [40]. The impaired
gap junction intercellular communication is increasingly observed in human cardiovascular
diseases such as heart failure, ischemic heart disease and cardiac arrythmias [28]. Never-
theless, the explicit relationship between gap junction remodeling and the pathogenesis of
these diseases still needs further clarifications.

As mentioned above, cardiac gap junction channels play crucial roles in direct inter-
cellular communication and myocardial synchronization in adult heart. Accordingly, any
form of cardiac gap junction remodeling may disturb these functions and thus contribute
to arrhythmia vulnerability. In fact, the onset of arrhythmias involves the interaction of
gap junction intercellular communication, cell membrane excitability and the structures of
cell and tissue [28]. Ventricular myocytes contain predominantly Cx43 isoform except for
rather low levels of Cx45 and Cx46 while multiple isoforms of connexins (Cx40, Cx43 and
Cx45) are expressed in the atria, the most connexin-heterogeneous tissue of the heart [14],
causing diversity in types and physiological characteristics of atrial gap junctions. That
is to say, it is much more difficult to figure out the patterns of gap junction remodeling of
atrial arrhythmias than ventricular arrythmias.

5.2. Abundance and Distribution of Connexins Associated with AF

Ever since Spach et al. [41] first highlighted alterations in gap junction structure and
function as potential therapeutic targets for AF, a large number of studies have been
conducted on the role of connexins in the pathogenesis of AF [42]. Most of these studies
focused on changes in the abundance and distribution of connexins in the AF models
or patients.

Changes in Cx40/Cx43 quantity caused by AF are uncertain because of the incon-
sistency of the results. The abundance of Cx43 seems to be dependent on types of AF
while the amount of Cx40 caused by AF may increase with Cx40 lateralization, or reduce
significantly, or be indistinguishable from sinus rhythm, or be dependent on extracellular
Ca2+ level [25]. Wetzel and his colleagues [43] found increases in both Cx40 and Cx43
concentration in left atrial tissue of lone AF patients and AF patients with mitral valve
disease, when compared with sinus rhythm. In another study aiming at chronic AF [44],
the authors observed no significant change in Cx43 content in patients’ atrial tissues while
Cx40 was enhanced. Moreover, Kanagaratnam et al. [45] observed a reduction of Cx40 in
chronic AF with complex activation.

Apart from changes in their quantity, the lateralization of Cx40/Cx43 from cell poles to
lateral margins (Figure 2b) appears to be a general AF-associated alteration. In Polontchouk
and his colleagues’ research [44], an increase in both Cx40 and Cx43 at the lateral mem-
brane of human and rat atrial cells was found, indicating that AF might be accompanied
by the spatial remodeling of gap junctions. Similar results were observed by Kostin et al.
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afterwards [46]. In their research, lateralization of Cx43, Cx40 and N-cadherin, reduction of
Cx43 level and heterogeneous distribution of Cx40 together with augmentation of fibrosis
were found in AF patients, constituting the anatomic substrates of AF [46]. In addition,
Dhein et al. detected AF induced Cx40/Cx43 lateralization together with enhanced lateral
conduction velocity in the left atrial [47]. These redistributed connexins lost their char-
acteristic to assemble into gap junctions coupling with adjacent cells but may function
as hemichannels which allow ionic currents and small metabolites [48,49]. It remains
unclear what are the main factors that lead to the spatial remodeling of the gap junctions.
However, AF causes a rather complicated intracellular remodeling which may constitute
the basis for the redistribution of gap junctions and the intracellular remodeling of the
Golgi-microtubular apparatus, where the connexins oligomerize, is also included [50]. In
fact, the fragmentation and a decreased fragment size of the Golgi apparatus were observed
in patients with chronic AF [51].
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In brief, the pathogenesis of AF may be associated with the lateralization of cardiac
connexins but the role of connexin abundance remains indistinct.

5.3. Changes in Atrial Connexin Expression Regulated by Transcription Factors

Abnormal transcriptional regulation of gene expression may be a characteristic feature
in the occurrence of heart diseases. Transcription factors regulating cardiac connexins can be
roughly classified into two categories based on the ubiquity or cardiac cell specificity of their
binding sites. The former include Sp1/Sp3 and activator protein 1 (AP-1) while the latter
include cardiac specific transcription factors such as NKX2-5, Shox2, T-box transcription
factors and GATA family [52]. Some of these transcription factors might contribute to AF
through regulating the expression of atrial connexins.

Ma et al. [53] sequenced a series of candidate genes in 139 Chinese patients with early-
onset AF and found four missense TBX5 mutations. Subsequent functional experiments
indicated that these mutations increased the expression of Cx40 and NPPA without altering
the expression of cardiac structural protein genes in rat atrial myocytes. In the zebrafish
model, the overexpression of TBX5 p.R355C mutation caused paroxysmal AF. Later in 2019,
a gain-of-function mutation of the paired-like homeodomain transcription factor 2 (PITX2)
were identified by Mechakra et al. in 1 out of 60 unrelated idiopathic AF patients [54].
The mutation was then introduced into HL-1 cells and increased mRNA level of GJA5
(coding for connexin 40, 3.1-fold increase) and GJA1 (coding for connexin 43, 2.1-fold)
was observed.

In addition, phosphorylation of transcription factors can also affect connexin expres-
sion. For example, the activation of c-Jun (AP-1) N-terminal kinase has been reported
to cause decreased Cx43 level in HL-1 cells [55]. Reduced conduction velocity and in-
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creased incidence of irregular rapid spontaneous activities that may contribute to AF were
also observed.

6. Mutations of Connexins Associated with AF

The prevailing postulate “AF begets AF” summarized the self-stabilizing characteristic
of AF [56]. In other words, AF begins with paroxysmal attacks, which gradually increases
in frequency and duration and finally progresses into more persistent AF subtypes. The
remodeling of intercellular coupling plays an important part in this process.

More and more researchers have recognized the mutations of cardiac connexins as
a significant AF substrate although their incidence appears to be rather low. In this case,
the regional decrease in the gap junction coupling conductance between myocardial cells
leads to increased heterogeneity in cardiac conduction velocity and eventually contributes
to reentry, which is the most important mechanism of AF [57,58]. Up to now, multiple
mutations in cardiac Cx40 (GJA5) have been causally linked to AF through different
mechanisms. For Cx43 (GJA1) and Cx45 (GJC1), however, they each have only a single
report of a mutation potentially related to AF. Further extensive studies are still needed
to confirm their association with AF. In addition, a polymorphism of GJA4 (Cx37) was
recently associated with AF. Cx46 (GJ13) may play a crucial role in the physiopathology of
heart failure but has nothing to do with AF according to current research [29].

6.1. Cx40 (GJA5) Mutations and AF

Cx40 is encoded by the GJA5 gene, which is located on chromosome 1q21.2. Un-
like Cx43, which is heterogeneously distributed, Cx40 is mainly expressed in the atria
and is the predominant connexin for atrial impulse conduction [25]. It was reported that
Cx40-deficient mice presented significant electrocardiographic changes including a pro-
longed P wave, PQ or PR interval, QTc and QRS duration and were more susceptible to
atrial tachyarrhythmias [59]. Nevertheless, the propagation velocity in human atria is asso-
ciated with the interactions between Cx40 and Cx43 expression which may result in novel
coupling properties [60]. This can be explained by the fact that in the atria, heterotypic
Cx40/Cx43 gap junction channels have much lower conductance than Cx40 or Cx43 homo-
typic gap junction channels [61]. For AF patients, the distribution of Cx40 is predominantly
lateralized within myocardial cells [44,46] and heterogeneous in the atria [46,62], which
may lead to a heterogeneous cell-to-cell coupling and disturb the normal pattern of coordi-
nated myocardial excitation thereby promoting reentry [63]. In human studies, variants in
the promoter or regulatory regions of GJA5 could reduce the expression level of Cx40 and
have been linked to AF [64–68]. Furthermore, three somatic mutations and ten germline
mutations in the coding region of the GJA5 gene have been identified in recent years.

In 2006, Gollob and his colleagues identified four novel GJA5 heterozygous mis-
sense mutations from 15 patients with idiopathic AF, which were G38D, P88S, A96S and
M163V [69]. Three of the mutations were somatic mutations which were found only in the
cardiac specimens while A96S was found in both cardiac tissue and blood leucocytes, indi-
cating a germ-line origin. Functional analyses on the mutant Cx40 showed impaired gap
junction assembly or/and reduced cell-to-cell electrical coupling, which may predispose
the atria to AF. The AF-related A96S mutation was also identified in another investigation in
which the authors sequenced the coding region and flanking introns of GJA5 in 342 patients
with early-onset lone AF [67]. At the same time, a significant association between the A
allele of rs10465885 in GJA5 and AF was also found. Interestingly, a study introduced the
A96S mutation of Cx40 into mice and generated a model for AF. The mice showed reduced
atrial conduction velocity and sustained durations of induced AF [70].

Next, a germ-line mutation in GJA5 gene, Q49X, was identified in a family with
idiopathic AF by Yang et al. [71]. The novel nonsense mutation, predicted to introduce a
premature stop codon at amino acid 49, caused the truncation of Cx40. It co-segregated
with AF in the family in an autosomal-dominant way but was not found in the unaffected
relatives and the control individuals. In a follow-up research, Sun et al. performed
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functional analyses on the Q49X mutant and proved that the mutation disturbed the
intracellular distribution and the cell-to-cell electrical coupling of gap junctions and also
impaired the localization of both wild-type Cx40 and Cx43 to the cell-to-cell interfaces,
which might be the pathogenesis of AF in the family [72].

Further, Yang et al. sequenced the entire coding region of GJA5 from the genomic DNA
of 218 unrelated probands with familial AF and identified 3 novel germline heterozygous
mutations (V85I, L221I and L229M) that co-segregated with AF in the probands’ respec-
tive family [73]. All the mutations were predicted to be disease-causing and the altered
amino acids caused by these mutations were completely conserved evolutionarily. The
pathogenic mechanisms of these mutations were studied by Sun and his colleagues subse-
quently [74,75]. It was reported that the AF-linked L229M mutation significantly reduced
the gap junction function when expressed together with wild-type Cx43 but did not impair
coupling conductance when expressed alone or co-expressed with wild-type Cx40 [74]. The
other two Cx40 mutants, V85I and L221I, however, were shown to increase hemichannel
function but not impair the gap junction coupling [75]. In their study, Sun et al. discovered
both V85I and L221I expressing cells showed significant propidium iodide (PI)-uptake
while wild-type Cx40 and other AF-linked mutants failed to present it. What’s more, the
PI-uptake was sensitive to [Ca2+] and the hemichannel blockers but not affected by the
pannexin 1 channel blocking agent, indicating the PI uptake was most likely mediated by
connexin hemichannels. The gain-of-function hemichannels in the two AF-related Cx40
mutants may provide a brand-new possible mechanism for the pathogenesis of AF.

In 2013, Sun et al. sequenced the whole coding region and splice sites of GJA5 in
68 unrelated patients with lone AF and identified a novel germline missense mutation I75F
in 1 patient [74]. This Cx40 mutation was also present in the proband’s father with lone
AF, but absent in the unaffected family members and the control individuals. In addition,
electrophysiological studies indicated that I75F did not constitute functional gap junction
channels when expressed alone and damaged the gap junction coupling conductance when
co-expressed with wild-type Cx40 or Cx43, which might play a role in the onset of AF in
the mutation carriers.

Similarly, 4 novel heterozygous GJA5 mutations, K107R, L223M, Q236H and I257L,
were identified in 4 of 310 unrelated patients with lone AF [76]. The mutations were present
in all the affected relatives of each carrier’s family, respectively, but absent in the controls.
In addition, the amino acids altered by these mutations except I257L were highly conserved
among species. These findings expand the spectrum of Cx40 mutations related to AF and
provide new insights into the molecular etiology of AF. The functional characterization
of these AF-linked GJA5 mutations were performed by Noureldin et al. in 2018. As was
shown in the results, K107R, L223M and I257L did not affect gap junction localization,
function or hemichannel activities and therefore the relationship between AF and these
mutants remains unclear [77]. In contrast, Q236H exhibited a significantly reduced gap
junction coupling conductance when expressed alone or co-expressed with wild-type Cx43.
In addition, Q236H gap junctions also presented altered transjunctional voltage-dependent
gating. These defects related to Q236H might predispose the mutation carriers to AF.

Generally speaking, these AF-linked Cx40 mutants present either an impairment of
gap junction function or a gain of Cx40 hemichannel function, but the underlying molecular
mechanisms seem to be quite different (Table 1). The mutants that impair gap junction
channel function may adversely affect the cell-to-cell electrical coupling and result in het-
erogeneous conduction in the atrial tissue, providing a substrate for AF. The opening of
hemichannels might alter the electrical properties of myocardial cells in several ways and
thereby promote AF substrate. Firstly, the enhanced hemichannel function might allow Na+

influx and K+ efflux according to their electrochemical gradient and results in membrane
depolarization, which may lead to the inactivation of Na+ channels. As a result, the hetero-
geneity of cardiomyocytes in excitability and conduction velocity may predispose the atria
to AF [78]. Secondly, the open hemichannels might allow for leakage of small signaling and
metabolic molecules which could be essential for normal cardiomyocyte function. Abnor-



Biology 2022, 11, 489 8 of 15

malities of the atrial myocytes together with other vulnerable atrial substrates contribute to
the perpetuation of AF by stabilizing reentry [12]. In addition, the intracellular ATP might
also be released through the open hemichannels, causing intracellular Ca2+ wave propaga-
tion through purinergic receptors. This abnormal electrical activity of cardiomyocytes may
also contribute to AF substrate [79].

Table 1. Summary of functional characteristics of AF-linked myocardial connexin mutants.

AF-Linked Mutations

Gap Junction Function
Hemichannel

FunctionMutant
Alone

Mutant on
Wild-Type Cx40

Mutant on
Wild-Type Cx43

Cx43 c.932delC eliminated reduced reduced not tested

Cx40

G38D reduced not tested not tested not tested

P88S eliminated reduced reduced not tested

A96S reduced reduced reduced not tested

M163V normal not tested not tested not tested

Q49X eliminated reduced reduced normal

V85I normal not tested normal enhanced

L221I normal not tested normal enhanced

L229M normal normal reduced normal

I75F eliminated reduced reduced normal

K107R normal normal normal normal

L223M normal normal normal normal

Q236H reduced not tested reduced not tested

I257L normal normal normal normal

Cx45 M235L reduced reduced reduced not tested

6.2. Cx43 (GJA1) Alterations Implicated in AF

The GJA1 gene resides on chromosome 6q22-q23 and encode Cx43, which is the most
widely expressed connexin and has been found in at least 35 cell types and tissues [59].
Mutations in Cx43 were found to be related to oculodentodigital dysplasia (ODDD) in
the first place [80]. Patients with ODDD present an autosomal dominant syndrome of
developmental malformations in their eyes, teeth, noses, digits and other defects including
heart defects in some instances [81,82]. However, most of the ODDD patients with a variety
of mutations in Cx43 do not exhibit cardiac arrhythmias [83].

Afterwards, a non-ODDD-associated Cx43 mutation was reported in AF.
Thibodeau et al. [84] identified a loss-of-function mutation of GJA1 (c.932delC) from
the atrial tissue of a sporadic AF patient. Electrophysiological studies proved no electrical
coupling in the cells expressing the mutant Cx43 alone and significantly reduced coupling
when co-expressing with wild-type Cx43 and Cx40 [84]. The findings altogether indicate
that the Cx43 frameshift mutation contributes to heterogeneous coupling patterns in the
atrium that predispose to AF.

6.3. Cx45 (GJC1) Mutations and Complex Arrhythmias

The GJC1 gene encoding Cx45 is located on chromosome 17q21.3. As mentioned above,
Cx45 is mainly involved in the early stage of cardiovascular development and is character-
ized by low abundance in the adult heart [85]. Unlike Cx40 and Cx43, the fact that Cx45
knock-out animals die after birth [86] makes Cx45 less explored. However, Cx45 is proved
not to be essential for the viability of adult mice but is required for optimal atrioventricular
nodal conduction in the adult mouse heart [87]. Despite its low level of expression, Cx45
oligomerizes with the ventricular Cx43 and the atrial Cx40 and Cx43, forming functional
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heteromeric or heterotypic gap junctions. More importantly, the heteromeric gap junctions
assembled by Cx40 and Cx43 appear to form only when Cx45 is present [88]. In a human
study, a loss-of-function mutation in GJC1, R75H, was identified in two unrelated families
with progressive atrial conduction system defects, including atrioventricular block (AVB)
and atrial standstill [36]. Furthermore, the cardiac-specific Cx45 knockout mice presented
similar intra-atrial disorders, indicating the potentially crucial role of Cx45 in the atrium.

Recently, Li et al. conducted a genome-wide scan as well as a whole-exome sequenc-
ing analysis on a large Chinese family with autosomal-dominant AF and other cardiac
arrhythmias encompassing AVB, sinus bradycardia and premature ventricular contrac-
tions [89]. As a result, a novel heterozygous loss-of-function mutation, M235L, in the GJC1
gene was identified in all the affected family members and was not found in 632 controls.
The functional characterization of M235L indicated impaired subcellular localization and
decreased transjunctional coupling conductance in cell pairs with Cx40 or Cx43. Therefore,
the dysfunction of gap junction caused by the M235L mutant may provide a substrate for
multiple wavelet reentry, which has generally been regarded as the main pathogenesis of AF.

6.4. A GJA4 (Cx37) Polymorphism and Non-Structural AF

The GJA4 gene encodes Cx37 and resides on the human chromosome 1p34.3. Apart
from the vascular endothelium, Cx37 is also found in oocytes, monocytes/macrophages
and platelets [59]. The single nucleotide polymorphism (SNP) C1019T of GJA4 leads
to a substitution of proline to serine at amino acid 319 in Cx37. It was first described
by Richard et al. [90] and was verified to change gap junction channel conductance and
permeability [91]. Nevertheless, Kumari et al. [92] suggested that it was not the poly-
morphic variants but the amino terminus of Cx37 that played an important role in gating
and conductance.

The Cx37 C1019T polymorphism has been linked to a variety of human diseases
including coronary heart disease (CHD), peripheral artery disease, in-stent restenosis,
myocardial infarction (MI) and stroke [93–97], most likely through regulating the adhesion
of monocytes [98]. In a meta-analysis, Wen et al. [99] enrolled a total of 3498 MI patients and
3986 controls from PubMed, Embase and Cochrane library. The overall odds ratios (OR)
and 95% confidence intervals (95% CI) were 1.04, 0.95–1.15; and 1.02, 0.85–1.22 in dominant
and recessive models, respectively. Another meta-analysis aiming at evaluating the role
of C1019T in the pathogenesis of CHD was conducted by Zhao and his colleagues [100].
They included 9 case-control studies with a total of 1426 CHD cases and 929 controls and
calculated the ORs and their 95% CIs. For T allele vs. C allele, OR = 1.63, 95% CI = 1.20–2.21,
p = 0.002, indicating that C1019T may contribute to the pathogenesis of CHD.

In 2018, Carballo et al. reported for the first time that the Cx37 C1019T polymor-
phism was associated with drug-resistant non-structural AF rather than structural AF with
underlying cardiomyopathy [68]. The authors speculated that the C1019T variant might
enhance the susceptibility to unstructured AF through two mechanisms: firstly, the variant
affected the adhesion of monocytes to modulate the extent of local inflammation, which
was increasingly recognized to be involved in the onset of AF; secondly, Cx37 was also
expressed in vascular smooth muscle cells at the orifice of pulmonary veins and the variant
altered the electrophysiological properties of gap junction channels, which might disturb
cardiac conduction and contributed to AF. All in all, further functional characterization of
the Cx37 C1019T polymorphism is still needed.

7. Clinical Implications

As mentioned above, Spach et al. proposed in 1995 that altering the topology of
gap junctions might be a therapeutic target for AF [41]. After years of research, the
concept of therapeutics for AF based on the normalization of connexin expression and gap
junction distribution has been widely recognized. It was reported that the AF-induced gap
junctional remodeling could be reversed and this reversion was accompanied by a reduction
in atrial susceptibility to AF [31]. Furthermore, multiple studies have demonstrated that
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the connexin function can be modified [25]. However, little is known about the factors that
specifically regulate cardiac connexin function during AF.

Nowadays, a novel antiarrhythmic agent, an antiarrhythmic peptide (AAP), has been
described to improve gap junctional conductance with antiarrhythmic potential [101]. The
enhancement of intercellular coupling seems to be based on a PKC controlled phospho-
rylation of gap junctions [31]. ZP123, also known as rotigaptide, is an AAP that has been
developed. It was reported that ZP123 improved conduction in multiple models of AF but
its antiarrhythmic efficacy seemed to be limited to the ischemia-induced AF model [102].

As reported in a recent study, the Cx43 hemichannel blockade was screened as a
potent inhibitor for the abnormal phenotypes in both hESC-atrial cells in vitro model and
zebrafish in vivo model of MYL4 (myosin light chain 4) mutation related AF [103]. MYL4
was causally linked to AF in a previous study by Orr et al. [104]. Further experiments
by Ghazizadeh et al. revealed that the MYL4 mutations led to mislocation and enhanced
permeability of CX43 hemichannel which finally predisposed to AF substrate in both mod-
els [103]. They ultimately proposed the connexin 43 hemichannel blockers (carbenoxolone,
Gap19 and Gap26) and PKC inhibitors (blocking the phosphorylation of Cx43 hemichan-
nels) as potential therapeutic targets for AF [103]. In 2011, a peptide mimetic of the Cx43
C-terminus functioning as a hemichannel blocker was found to decrease gap junction
remodeling and thus reduced inducible-arrhythmia following injury in mice [105].

In addition, the mimetic peptides, other modifiers of Cx43 have been found. Salameh
et al. [106] reported that the cyclic mechanical stretch induced changes in expression and
polarization of Cx43, which could be regulated by angiotensin II. The AT(1)-receptors
enhance Cx43 expression while the AT(2)-receptors decrease Cx43 lateralization. It is
known that both cyclic mechanical stretch and angiotensin II play crucial roles in cardiac
remodeling including AF [107]. Nevertheless, the interplay between angiotensin II and
Cx43 in AF patients, which may provide new insights into the therapeutic targets of AF,
has not been studied yet. Beta-adrenoceptor stimulation, the activation of which is a
hallmark of heart failure, has been proved to reduce the Cx43 expression and enhance the
lateral distribution in cardiomyocytes, which is related to the inverse effects in cardiac
fibroblasts [108]. Correspondingly, the pharmacological effect of metoprolol, a selective
beta-blocker, on gap junction remodeling in human chronic AF has been identified [47].
Specifically speaking, the AF induced enhanced lateral expression of Cx43 together with
increased transverse conduction velocity in the left atrial tissue could both be antagonized
by metoprolol [47]. In addition, a study reported that in murine ventricular myocardial
cells, the activation of ryanodine receptors (RyRs) by caffeine could induce an inward
current which was attributed to Cx43 hemichannel openings [109]. The same results were
observed in atrial myocytes from human and mice [49]. That is to say, RyRs agonist has the
potential to act as a Cx43 hemichannel blockade and plays its role in AF management but
further substantial research is needed.

Apart from the modifiers of cardiac connexins, the connexin gene therapy is another
potential therapeutic for AF. Igarashi et al. reported a method for normalizing connexin
expression using adenovirus expressing Cx40 or Cx43 in a porcine model of AF [110]. In
their study, the expression of Cx43 was reduced and lateralized in AF animal models and the
gene transfer of Cx43 normalized Cx43 expression and localization to sinus rhythm levels.
In addition, both Cx40 and Cx43 gene transfer improved atrial conduction and reduced
AF susceptibility compared with the controls. The study is a significant advance in both
pathophysiology and therapeutics of AF, indicating the critical roles that connexins play.
However, there are huge obstacles to applying cardiac connexin gene therapy to humans.

8. Conclusions

The genetics of AF is rather complicated and it becomes much more complicated when
myocardial connexins and gap junctions are involved. Mutations in different cardiac connexins
and even different mutations in the same connexin affect the function of gap junctions or
hemichannels through various mechanisms leading to increased susceptibility to AF.
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Nowadays, more and more gene mutations and genetic polymorphisms of myocardial
connexins have been linked to AF. However, most of these studies did not provide enough
molecular mechanisms underlying the pathogenesis of AF. Therefore, studying on links be-
tween pathologies and mutations is as important as investigating the molecular and cellular
mechanisms. In addition, more detailed and systematic studies on each AF-linked mutation
are needed to develop effective strategies to restore normal gap junction/hemichannel
function. Research on druggable molecular pathways related to myocardial connexins is
also required as connexins might be a type of promising therapeutical targets for AF based
on existing research.
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