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ABSTRACT

BACKGROUND Inherited cardiac conduction disease is a rare bradyarrhythmia associated with mutations in various

genes that affect action potential propagation. It is often characterized by isolated conduction disturbance of the

His-Purkinje system, but it is rarely described as a syndromic form.

OBJECTIVES The authors sought to identify the genetic defect in families with a novel bradyarrhythmia syndrome

associated with bone malformation.

METHODS The authors genetically screened 15 European cases with genotype-negative de novo atrioventricular (AV)

block and their parents by trio whole-exome sequencing, plus 31 Japanese cases with genotype-negative familial AV

block or sick sinus syndrome by targeted exon sequencing of 457 susceptibility genes. Functional consequences of

the mutation were evaluated using an in vitro cell expression system and in vivo knockout mice.

RESULTS The authors identified a connexin-45 (Cx45) mutation (p.R75H) in 2 unrelated families (a de novo French case

and a 3-generation Japanese family) who presented with progressive AV block, which resulted in atrial standstill without

ventricular conduction abnormalities. Affected individuals shared a common extracardiac phenotype: a brachyfacial

pattern, finger deformity, and dental dysplasia. Mutant Cx45 expressed in Neuro-2a cells showed normal hemichannel

assembly and plaque formation. However, Lucifer yellow dye transfer and gap junction conductance between cell pairs

were severely impaired, which suggested that mutant Cx45 impedes gap junction communication in a dominant-negative

manner. Tamoxifen-induced, cardiac-specific Cx45 knockout mice showed sinus node dysfunction and atrial arrhythmia,

recapitulating the intra-atrial disturbance.

CONCLUSIONS Altogether, the authors showed that Cx45 mutant p.R75H is responsible for a novel disease

entity of progressive atrial conduction system defects associated with craniofacial and dentodigital malformation.

(J Am Coll Cardiol 2017;70:358–70) © 2017 by the American College of Cardiology Foundation.
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C ardiac action potentials are generated and
propagated through the cardiac conduction
system, which consists of the atrial conduc-

tion system (including the sinoatrial [SA] and atrio-
ventricular [AV] nodes) and the His-Purkinje
system. Proper action potential propagation is
ensured by gap junctions (GJs) responsible for cell-
to-cell communication. GJs consist of 3 major con-
nexin (Cx) isoforms—Cx43, Cx40, and Cx45—each of
which are characterized by chamber-specific regional
distribution and permeation properties. Cx45 is
strongly expressed in the early embryonic myocar-
dium and is required for cardiac development (1). Ho-
mozygous Cx45-deficient mice are embryonic lethal;
however, in the adult heart, Cx45 is expressed mainly
at the SA and AV nodes and is not essential for sur-
vival of adult mice. Disease-causing mutations in GJ
gamma-1 protein (GJC1), which encodes Cx45, have
not yet been identified.

Dysfunction of the cardiac conduction system is
primarily due to acquired conditions, such as age-
related degeneration, pathological conditions, post-
operative complications, and drug toxicity (2).
Inherited cardiac conduction diseases (CCDs) were
first described by Lenègre (3) and Lev (4) as a
progressive fibrotic process in the His-Purkinje
system, characterized by bundle branch blocks with
wide QRS complexes, leading to complete AV block,
syncope, and sudden death. CCDs are rare arrhythmia
disorders that involve mutations in genes that encode
cardiac ion channels (HCN4, SCN5A, TRPM4, SCN1B),
membrane adaptor proteins (ANK2), transcription
factors (NKX2-5, TBX5, GATA4), components of
the inner nuclear membrane (LMNA, EMD), and
Cx40 (GJA5), which all regulate action potential
generation and propagation (5,6). Most CCDs are
isolated cardiac conditions, but a few syndromic
forms have been described, such as Andersen-Tawil
syndrome (periodic paralysis) (7), Holt-Oram

syndrome (upper limb skeletal abnormalities)
(8,9), and Emery-Dreifuss muscular dystro-
phy (muscular dystrophy) (10).

Congenital AV block is a rare arrhythmic
disorder with an estimated prevalence of 1 in
14,000 to 20,000 live births (11). Trans-
placental passage of maternal anti-Ro–SSA
and/or anti-La–SSB autoantibodies accounts
for 90% to 99% of cases of congenital AV
block diagnosed before 6 months of age (12).
The remaining cases of congenital and child-
hood nonimmune AV block, without under-
lying structural heart disease, exhibit strong
heritability (13), but the genetic basis of such
idiopathic AV block is largely unknown.

To identify genetic determinants for
nonimmune familial AV block, we performed
trio whole-exome sequencing in 15 European cases
with genotype-negative de novo AV block, as well as
targeted exon sequencing of 457 CCD-susceptibility
genes in 31 Japanese cases with genotype-negative
familial AV block or sick sinus syndrome (SSS). We
identified a Cx45 mutation, p.R75H, in 2 unrelated
families: a de novo French case and a 3-generation
Japanese family. Affected individuals commonly
presented with progressive AV block, which resulted
in atrial standstill, and was associated with an
extracardiac phenotype of a brachyfacial cranial pro-
file, finger deformity, and dental dysplasia, which
suggests this is a novel disease entity of syndromic
familial bradyarrhythmia.

METHODS

All individuals who were enrolled in the study gave
written informed consent before genetic and clinical
investigations in accordance with the standards of the
Declaration of Helsinki and the local ethics commit-
tees. AV block and SSS were defined as previously
described (14). Subjects with underlying structural
heart diseases, acquired autoimmune diseases,
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AB BR E V I A T I O N S

AND ACRONYM S

AV = atrioventricular

CCD = cardiac conduction

disease

Cx = connexin

ECG = electrocardiogram/

electrocardiographic

GJ = gap junction

N2A = Neuro-2a

ODDD = oculodentodigital

dysplasia

PM = pacemaker

SA = sinoatrial

SSS = sick sinus syndrome

WT = wild type
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