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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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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.

SEE PAGE 371

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 Lenégre (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
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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

disease

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,

Drs. Makita and Schott were supported by JSPS/CNRS Bilateral Joint Research Projects; Drs. Makita and Yoshiura were supported
by the Japan Agency for Medical Research and Development (16km0405109h0004 and 15ek0109034h0002); Drs. Makita and
Mishima were supported by JSPS KAKENHI (JP15H04823 and JP15K15311; JP25430183); Dr. Seki was supported by a research grant
from Miwa Mikami Foundation; Dr. Ishikawa was supported by a research grant from the Takeda Science Foundation; Dr. Schott
was supported by the Fondation pour la Recherche Médicale (DEQ20140329545); Dr. Redon was supported by the National Agency
for Research (ANR-GENSUD-14-CE10-0001) and the Regional Council of Pays-de-la-Loire; Dr. Barc was supported by the H2020-
MSCA-IF-2014 Program of the European Commission (RISTRAD-661617); and Dr. Probst was supported by the French Ministry
of Health (PHRC-1 PROG11/33), the Coeur et Recherche Foundation (R15074NN), and the Fédération Francaise de Cardiologie
(RC13_0012). The authors have reported that they have no relationships relevant to the contents of this paper to disclose. Drs. Seki,
Ishikawa, and Daumy contributed equally to this work. Drs. Yoshiura, Redon, Schott, and Makita jointly directed this work and are
joint senior authors. Drs. Schott and Makita equally contributed as corresponding authors.

Manuscript received February 10, 2017; revised manuscript received April 29, 2017, accepted May 9, 2017.

ABBREVIATIONS
AND ACRONYMS

AV = atrioventricular

CCD = cardiac conduction

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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congenital heart diseases, and other inherited ar-
rhythmias, such as long QT syndrome and Brugada
syndrome, were excluded. Electroanatomical map-
ping was performed, and cephalometric parameters
were statistically analyzed by Ricketts’ method to
diagnose the facial patterns (Online Figure 1) (15).

For the trio whole-exome sequencing, we recruited
a total of 15 European de novo AV block cases and
their parents (Online Table 1A). Coding exons were
captured from genomic DNA. For the targeted exon
sequencing of conduction susceptibility genes, a total
of 31 Japanese patients with familial AV block and/or
SSS were recruited (Online Table 1B). Mutations in
SCN5A, KCNQ1, KCNH2, HCN4, GJA5, MYH6, and
LMNA were excluded by Sanger sequencing. Genomic
DNA was captured by a custom probe panel for 457
arrhythmia susceptibility genes (Online Table 2). Raw
sequence reads were aligned to the human reference
genome (GRCh37). After variation calling, variations
were filtered with a minor allele frequency <0.1%
using public variation databases.

Lucifer yellow dye transfer experiments were
conducted as previously described (16). GJ currents
were recorded from Neuro-2a (N2a) cells using whole-
cell double patch clamp techniques as previously
described (17).

All mice were bred and used according to the pro-
cedures approved by the Animal Care and Ethics
Committee at Tokyo Women’s Medical University.
Cx451°%/flox mice we previously created (18) were
crossed with the tamoxifen-inducible alpha-myosin
heavy chain—MerCreMer transgenic mice (19) to
establish time-specific conditional knockout of Cx45
gene Gjcl (Gjc1-CKO) in the heart on demand.
Tamoxifen was administered intraperitoneally (1 mg/
mouse) once a week 4 times, and the mice were
subjected to electrophysiological study by the trans-
esophageal pacing strategy as previously described
(20). Analysis was performed on the same mice before
and after tamoxifen administration. Cx45%°%/f°x mice
were used as the control group (Online Figure 2).

An expanded Methods section is available in the
Online Appendix.

STATISTICAL ANALYSIS. Results are presented as
mean + SD unless otherwise stated, and the statistical
comparisons were made using 1-way analysis of vari-
ance with Bonferroni’s correction or paired Student
t test. Statistical significance was assumed at p < 0.05.

RESULTS

We analyzed the clinical information for 2 families.

FRENCH FAMILY A. The proband of the family was a
2-year-old boy (II:1) diagnosed with first-degree AV

JACC VOL. 70, NO. 3, 2017
JULY 18, 2017:358-70

block at a physical examination that was initially
planned for evaluating a systolic murmur. Holter
electrocardiography (ECG) showed complete AV block
with similar rates of P waves and QRS complexes
(~100 beats/min), although he was asymptomatic
(Figure 1A). He showed all degrees of AV blocks (from
first to third degree), with progressively diminishing
P waves that disappeared at 7 years of age. Cephalo-
metric analysis showed a moderate brachyfacial
pattern (short and wide face). He had a mild clino-
dactyly of the fifth finger on both hands. Dental
investigation revealed mandibular permanent incisor
agenesis (n = 5) and microdontia of bilateral maxillary
lateral incisors (n = 2) (Figures 2A to 2C, Table 1). Both
parents showed normal ECGs, and there was no
family history of arrhythmia or sudden death. He is
now 9 years old and asymptomatic (Online Figure 3A).
JAPANESE FAMILY B. The proband (II:2) of this
family was diagnosed at 9 years of age with second-
degree AV block on Holter ECG, which was
performed when her father (I:1) received a permanent
pacemaker (PM) implantation due to AV dissociation
and atrial standstill at the age of 37 years (Figure 1B).
She had several episodes of exertional dyspnea by the
time she was 12 years of age, with a junctional rhythm
evident by ECG. Electrophysiological study showed
complete atrio-His block and partial atrial standstill;
she received a PM when she was 13 years old. Addi-
tional cardiac abnormalities were not identified, but
she had a remarkable family history with juvenile
onset of AV block and PM implantation. Her daughter
(II1:1) showed first-degree AV block at 8 years of age,
which progressed to AV dissociation at age 12 years
(Figure 1B). P-wave amplitude diminished at 12 years
of age but had disappeared by age 14 years. She had
her first episode of syncope at 14 years of age. Elec-
troanatomical mapping failed to detect voltage
activities >0.05 mV in practically the entire right
atrium, which is compatible with a status of atrial
standstill (Figure 1C). Consequently, she underwent
PM implantation. The proband’s son (IIl:2), although
asymptomatic, exhibited sinus arrest with AV junc-
tional rhythm. Current ECGs from family members
showed junctional rhythms with narrow QRS
complexes (Online Figures 3B to 3D).

As extracardiac findings, the proband had a typical
brachyfacial pattern. Cephalometric analysis showed
markedly smaller length,
mandibular length, and mandibular plane angle, and

values in midfacial
a substantially larger facial axis angle and facial depth
angle than control subjects (Figure 2D). In addition,
both hands showed camptodactyly and clinodactyly
of the third to fifth fingers. X-ray further revealed
brachymesophalangy (Bell type A) (Figure 2E) (21).
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FIGURE 1 Cardiac Phenotypes of 2 Congenital AV Block Families

Family B
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(A) Pedigree of a de novo case in French family A and the time course of conduction abnormalities. The proband (II:1) was initially diagnosed with first-degree
atrioventricular (AV) block at 2 years of age, but Holter electrocardiogram (ECG) showed third-degree AV block with nearly identical rates of P and QRS, which had
progressed to loss of P waves by the age of 9 years old (yo). (B) Pedigree and the conduction abnormalities of a 3-generation Japanese family B. The proband (I1:2)
exhibited junctional rhythm when 9 years old. Her daughter (I11:1) showed first-degree AV block at 8 years of age, complete AV block at the age of 12 years, and the
P waves were progressively diminished by 14 years of age. Proband's son (l1l:1) and deceased father (I:1) showed junctional rhythm. Asterisks and +/— represent
pacemaker implantation and a status of an obligate carrier, respectively. (C) Three-dimensional electroanatomical mapping in I1I:1 of family B showed total absence of
electrical activities in the right atrium (left anterior oblique [left] and right anterior oblique [right] views). Almost the entire right atrium was electrically inactive

(<0.05 mV), compatible with atrial standstill.

Dental examinations showed mandibular permanent
incisor agenesis and microdontia of upper lateral in-
cisors, which were observed in 3 affected members
(Figure 2F, Table 1). Permanent dental agenesis and
retention of deciduous teeth were observed in the
daughter and son, but was ambiguous in the proband.
Microdontia was identified in the proband and
daughter (Table 1, Online Figure 4). The proband’s
deceased father (I:1) had bilateral camptodactyly
and clinodactyly (not shown); dental records were
not available.

EXOME AND EXON SEQUENCING. Trios from 15 fam-
ilies affected by congenital AV block (n = 45) were
subjected to exome sequencing, which resulted in an
average depth of 84 and a mean coverage of 96.5% at
10-fold. In the proband of family A (Online Table 1A;
family 12), we identified 13,035 coding variants
(Table 2). Trio exome sequencing revealed 7 de novo
variants, which were narrowed down to 4 rare candi-
date variations by filtering (minor allele
frequency <0.1%) and Sanger sequencing validation
(Table 3). Targeted exon sequencing of 457 conduction
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FIGURE 2 Common Extracardiac Phenotypes of 2 Congenital AV Block Families

Extracardiac abnormalities are shown for (A to C) family A proband and (D to F) family B proband. (A and D) Brachyfacial pattern was demonstrated by significantly
different cephalometric indexes (Table 1) for (A) family A and (D) family B probands. (B) The family A proband exhibited mild clinodactyly on the fifth fingers; (E)
clinodactyly on the fifth fingers and camptodactyly on third through fifth fingers of the hand (arrows) were seen in the family B proband. (C and F) Microdontia of
bilateral maxillary lateral incisor (asterisks) and mandibular permanent incisor agenesis (arrows) were observed in both probands. All photographs are reproduced

with the written permission from the patients or the guardians. Abbreviations as in Figure 1.

susceptibility genes in 31 Japanese probands with
congenital AV block and SSS yielded a total of 6.9-
Gigs base-pairs of data, with 99.1% mapped at 239-
fold coverage, and identified 1,040 coding varia-
tions in the proband of family B (Table 2; family 10
in Online Table 1B). Filtering variations by minor
allele frequency <0.1% using public variation data-
bases, Sanger validation, and family cosegregation
identified 3 candidate variations (Table 3). Only
GJC1-c.G224A (p.R75H; NM_005497), which was
identified in the third exon of the GJC1 gene
encoding Cx45, was absent in public databases and

was predicted to be deleterious by in silico predic-
tion programs (Table 3). This mutation occurred de
novo in a French boy and was segregated in a 3-
generation Japanese family, with all cases diag-
nosed with congenital AV block associated with
progressive atrial standstill.

MUTANT R75H-CX45. The extracellular half of the
second and fourth transmembrane helixes, as well as
the extracellular loops, were implicated in the inter-
monomer interactions of the hexameric connexons
based on crystal structure analysis (22), and the
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R75 was the highly conserved residue located at the
) . TABLE 1 Extracardiac Abnormalities of French and Japanese AV Block
junction of the first extracellular loop and the
second transmembrane helix of Cx45 (Figure 3). Thus, Family A Family B
we determined whether the R75H mutation disrupts Proband (I1:1)  Proband (I1:2) Daughter (lll:1) Son (1l1:2)
hemichannel assembly using co-immunoprecipitation Body measurements and cephalometric analysis*
assays. Binding affinity of R75H-Cx45 was comparable Sex Male Female Female Male
to wild type (WT)-Cx45 (Figure 4A). Current age, yrs ° 4 4 18
To i tigat beellul 1 lizati £ tant Body height, cm (SD/age) 129 (-0.5) 152 (-1.2) 158 (-0.1) 169 (-0.5)
o investigate subcellular localization of mu aTn Body weight, kg 24 (13) 44 (-12) 52 (+02) 58 (L0.5)
Cx45 molecules, N2a cells were transfected with (SD/height)
myc-Cx45 plasmids containing either WT, R75H, or Head circumference, cm 515 (-1.2) 53.5(-0.9) 55.5 (+0.5) 56.1(-0.3)
a combination, and labeled with green fluorescent Midfacial length, mm 81.6 (-0.9) 711 (-4.7) 77.8 (-3.0) 85.5 (-2.0)
protein-conjugated anti-myc antibody. In N2a cells Mandibular length, mm 98.2 (-1.8) 90.3(-6.0) 102.5(-3.0) 116.9(-1.2)
that expressed WT-Cx45, the green fluorescent Facial axis angle, ° 89.3(-0.2) 93.1(+2.0) 100.0 (+4.0) 92.6 (+1.9)
1 sienal ol > locali N Facial depth angle, © 834 (-11)  90.6 (+0.9) 943 (+22)  96.5 (+2.5)
protein sighal was mainly foca ized On.t € border Mandibular plane angle, © 207 (-11)  23.5(-1.0)  14.0 (-3.1)  17.7 (-2.0)
between adjoining cells. The same localization was Facial pattern Moderate Severe Severe Severe
observed with cells that homozygously or hetero- brachyfacial brachyfacial brachyfacial brachyfacial
zygously expressed R75H (Figure 4B). Capacity of | Dentalabnormalitiest
GJ plaque formation (analyzed by the ratio of cell Per?;:::;:e”tal +6 +Qor3) +@ +@
pairs with GJ plaques to the number of Microdontia L@ L@ L@ _
fluorescence-positive cell pairs) was not signifi- Retention of deciduous Ambiguous Ambiguous +Q@) +Q@)
cantly different among the 3 groups (Online teeth
Flgure 5A)’ which SUggeSted that mutant Cx45 *Individual value (deviation from the mean). tValues are numbers of abnormal teeth.
does not exhibit membrane trafficking or localiza- AV = atrioventricular; SD = standard deviation.

tion defects at the borders of adjoining -cells.
Combined with the co-immunoprecipitation results
(Figure 4A), this indicated that similar to WT-Cx45,
R75H-Cx45 can self-assemble and be transported to
the cell surface to form GJ channels between
adjoining cells.

72.7% (8 of 11). In contrast, macroscopic conductance
(Gj) measured at a transjunctional voltage (Vj)
of +60 mV was significantly suppressed in hetero-

To evaluate GJ permeability of mutant Cx45
channels, Lucifer yellow dye transfer was performed
in N2a cell pairs that overexpressed Cx45 (either WT,
R75H, or both). Immediately after rupturing the
membrane to make a whole-cell patch, Lucifer yellow
rapidly diffused from the pipette solution into
manipulated cells (donor cells) (Figure 4C). Figure 4D
shows that fluorescent intensity of the transferred
dye from donor cells (open symbols) to adjoining cells
(solid symbols) was time-dependent and mostly
saturated within 5 minutes in almost all cells that
expressed WT-Cx45. In contrast, dye transfer to
adjoining cells was severely suppressed in cells that
expressed homozygous (R75H) or heteromeric (WT/
R75) Cx45. These findings showed that mutant Cx45
protein dominant-negatively suppressed the perme-
ation property of WT-Cx45 protein without affecting
plaque formation.

The electrophysiological properties of R75H-Cx45
were determined using dual whole-cell, patch-clamp
techniques (Figure 4E). The probability of observing
electrical coupling in homomeric WT-Cx45 and R75H-
Cx45 was 91.7% (11 of 12) and 0% (0 of 8), respec-
tively. Heteromeric channels (WT/R75H) expressing
both WT and R75H showed electrical coupling of

meric channels (WT/R75H) and homomeric channels
(R75H) compared with WT (WT: 24.2 + 7.9 nS; n = 5;
WT/R75H: 4.9 + 5.3 nS; n = 11; R75H: 0 nS; n = 8;
p = 1.00 x 1077). Steady-state Gj/Vj relationships of
WT and WT/R75H were comparable (Online
Figure 5B). These data showed that R75H
exhibits dominant-negative suppression effects on
the electrophysiological properties of WT-Cx45
channels.

AV Block Cases

French Case (lI:1)

TABLE 2 Filtering of Variants Identified in French and Japanese Congenital

Japanese Case (lI:2)

Common mutation GJC1-c.G224A, (Cx45-p.R75H)

Target genes for exon capture All exons (trio-exome) 457 genes
Coding variations* 13,035 1,040
De novo variants 7 NA
Minor allele frequency <0.1% 4 8
Sanger validation 4t 8
Cosegregation NA 3
Candidate variations 4 3

tFound in the proband (I1:1) but not in his parents.
AV = atrioventricular; CX45 = connexin-45; NA = not applicable.

Values are n. *Nonsynonymous, stop-gain, stop-loss, splice site replacement, or indel frameshift.
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TABLE 3 Profiles of the Rare Variations Identified in French and Japanese AV Block Families

Minor Allele Frequency

Family 1000 ToMMo-
Gene Protein Nucleotide Amino Acid Cosegregation SIFT Polyphen2 dbSNP Genomes 2KJPN ExXAC gnomAD HGVD
Family A (French family 12)
ZNF683  Zinc finger protein 683 €.12191226 p.Q407CfsX461 De novo NA NA None None None  None  None None
delCTGCACTG
ZNF22  Zinc finger protein 22 c.C85T p.Q29X De novo NA NA None None None None  None None
GJc1 Gap junction protein, c.G224A p.R75H De novo Damaging PD None None None  None  None None
gamma 1, 45 kDa
ATAD2B  ATPase family, AAA c.C4212G p.L1404F De novo Damaging PD None None None  None None None
domain containing 2B
Family B (Japanese family 10)
CACNB2 Calcium channel, c.A305G p.QI02R Yes Tolerated PD None None None None 4.0E-05 None
voltage-dependent,
beta 2 subunit
GJc1 Gap junction protein, c.G224A p.R75H Yes Damaging PD None None None  None  None None
gamma 1, 45 kDa
TTN Titin c.G6984T p.Q2328H Yes Tolerated PD None None None None 4.0E-O5 None

PD = probably damaging; SIFT = Sorting Intolerant From Tolerant; other abbreviations as in Tables 1 and 2.

1000 Genomes (1000 Human Genome Project Database), phase 3; 2,504 individuals. ToOMMo-2KJPN (Integrative Japanese Genome Variation Database from Tohoku Medical Megabank), whole-genome
sequence database of 2,049 healthy Japanese individuals. EXAC (Exome Aggregation Consortium), 60,706 unrelated individuals including >33,300 non-Finnish European individuals. gnomAD (Genome
Aggregation Database), 126,216 exome and 15,136 whole-genome sequences. HGVD (Human Genetic Variation Database), Japanese: 1,200 exomes.

ECG AND ELECTROPHYSIOLOGICAL STUDY OF
GJCI-CKO MICE. None of the basic ECG heart rate
parameters (PR interval, P-wave duration, QRS in-
terval, QTc interval, P-wave amplitude, R-wave
amplitude, and T-wave amplitude) were significantly
changed after tamoxifen administration in Gjc1-CKO
(n = 9) or control mice (n = 14) (Online Table 3). After
tamoxifen administration, 7 of 9 mice spontaneously
showed various atrial arrhythmias, such as sinus
arrhythmia, P-wave wandering, and atrial fibrillation
(Figure 5A). One mouse showed prolongation of the
PR interval.

We investigated the impact of Gjc1 depletion on SA
node automaticity, AV node conductivity, and the
atrial refractory period. Sinus node recovery time and
corrected sinus node recovery time were significantly
prolonged by tamoxifen administration despite no
significant change in SA conduction time AVw (an AV
node conduction parameter that represents the
minimum basic cycle length causing Wenckebach
type AV block), and the atrial effective refractory
period was not significantly changed in Gjc1-CKO
mice (Figures 5B to 5D, Online Table 4). Small AVw
reductions after tamoxifen administration were
observed in control mice, but the underlying mecha-
nisms were not clear. There was no apparent differ-
ence in fibrosis at the SA node and AV node areas
between Gjc1-CKO and control mice (Online Figure 6).
These data implied an essential role for Cx45 in
automaticity of the SA node rather than AV conduc-
tion in mice.

DISCUSSION

The CCD families presented in this study illustrated a
novel familial bradyarrhythmia entity characterized
by 2 clinical profiles (Central Illustration). First,
conduction abnormalities in these families were
limited within the atrium and nodal regions, despite
the progressive nature of the fibrotic process (Online
Figure 3). In contrast, most CCDs are characterized
by a wide QRS complex, representing a conduction
defect in the His-Purkinje or ventricular conduction
systems. A CCD subtype characterized by narrow QRS
was previously recognized in a large South African
Caucasian family (23) and mapped to chromosome
1932 (24). However, the genes responsible were not
identified. Second, the affected members in this
study exhibited nearly identical extracardiac pheno-
types of craniofacial and dentodigital dysplasia,
which suggested this is a syndromic form of CCD.
Most CCDs are isolated cardiac conditions, but a few
syndromic forms have been described, such as
Andersen-Tawil syndrome (7), Holt-Oram syndrome
(8,9), and Emery-Dreifuss muscular dystrophy (10).

PHENOTYPE SPECIFICITY OF CONNEXIN MUTATIONS.
GJs electrically connect cardiomyocytes and ensure
proper action potential propagation throughout
the heart. Three Cx isoforms (Cx43, Cx40, and Cx45)
are expressed in the human heart, each characterized
by chamber-specific regional distributions and
permeation properties. Cx45 constitutes the low
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FIGURE 3 Novel GJCT Mutation: Cx45-p.R75H

A

CATGTACGCTTCTGG
A
Arg>His

l

GJCT-c. G224A

75 87

| ™2 |

CYDAFAPLSHYV E FWVFQI ILVATP

B
64
| E1
Cx45 Human
Chimp ..o
Macaca ... 0.
Mouse ... .00
Rat e e e e e e
Dog .o
Opossum
Cx43 Human KSF.l
Cx40 Human QAF . |
Cx26 Human .. .HYF.I
Cx32 Human Q.F.I
Cx46 Human « e« RAF- !

(A) Sequence pherogram of gap junction gamma-1 protein (GJC7)-c.G224A and the transmembrane topology of connexin-45 (Cx45) and the
location of Cx45-p.R75H. (B) Amino acid sequence alignment of Cx45 homologues. Dots indicate residues identical with the human Cx45
sequence. Orange rectangles indicate mutation residues in GJ genes responsible for human diseases. Note the perfect conservation of the
residues 64 to 87, including R75 among all the Cx45 orthologues and that of R75 among the paralogues (Cx26, Cx32, Cx40, Cx43, and Cx46).
The R75 is a hot-spot residue among the human connexin diseases. E1 = first extracellular loop; TM2 = second transmembrane helix.

conductance GJ protein predominantly expressed
in SA and AV nodes, whereas Cx43 is the most
prevalent GJ isoform predominantly expressed in
the atrium and ventricle. Mutations in Cx43 (GJAI1)
are reported in patients with oculodentodigital
dysplasia (ODDD; Online Mendelian Inheritance in
Man [OMIM] #164200), which is characterized by
ophthalmologic, dental, and skeletal features (25).
Patients with Cx43 mutations and those with Cx45-
p-R75H show clinical similarity in their dental, skel-
etal, and craniofacial abnormalities (Table 4).
Connexins are ubiquitously expressed in almost all
tissues except differentiated skeletal muscle, eryth-
rocytes, and mature sperm cells (26). Osteoblastic
cells are organized in a multicellular network, inter-
connected by GJs formed mainly by Cx43 and Cx45.
Alterations in GJ permeability due to mutations might

modulate expression of bone matrix proteins and
calcification (27,28), which, in turn, leads to the
craniofacial and dentodigital abnormalities
commonly observed in ODDD and Cx45 mutation
carriers. In contrast to these phenotypic similarities,
ophthalmological or neurological findings are
observed only in ODDD, and most importantly, ar-
rhythmias or CCD have never been reported in pa-
tients with ODDD. This might suggest that the
relation between electrical coupling in an in vitro
system and arrhythmogenesis in a human heart is not
direct. It has been reported that Cx43 mutations not
only affect the cell-to-cell coupling though a GIJ-
dependent mechanism, but also modulate cardiac
excitability through a GJ-independent mechanism
involving other molecules, such as the sodium chan-
nel and microtubles (29).
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FIGURE 4 In Vitro Studies of the Novel GJCT Mutation
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(A) Co-immunoprecipitation of myc- and flag-tagged Cx45 molecules expressed in Neuro-2a (N2a) cells was not affected by the mutation Cx45-p.R75H.

(B) Immunofluorescent images of myc-tagged Cx45 in N2a cells showed normal expression pattern of gap junction (GJ) plaques in Cx45-p.R75H. (C) Time course of
Lucifer yellow dye transfer in cell pairs of homomeric channels of wild type (WT) or R75H, and heteromeric WT/R75H. (D) Relative dye intensity of the injected cells
(open symbols) and the adjoining cells (solid symbols) indicates severely impaired dye transfer in R75H and WT/R75H. (E) Representative current traces from the
holding potential of —40 mV and stepped from —40 to +20 mV in 20-mV increments (center), and the macroscopic GJ measured at +20 mV (right). Statistical
comparisons were made by 1-way analysis of variance with the Bonferroni correction. DAPI = 4',6-diamidino-2-phenylindole; IgG = control immunoglobulin G;

IP-Ab = antibody for immunoprecipitation; NS = statistically not significant.

Germline mutations of GJ genes associated with
CCD are extremely rare; only 1 mutation in GJA5
(encoding Cx40) has been reported in a family with
malignant CCD with His-Purkinje system disturbance,
characterized by wide QRS complexes (17). The ven-
tricular conduction defect in GJA5 mutation carriers
is in striking contrast to the progressive conduction
disturbance restricted to the atrium and node in GJC1
mutation carriers seen in this study.

Among 5 additional rare variations identified in the
2 families (Table 3), variations of ZNF683, ZNF22, and

ATAD2B are not listed in any variation databases, and
we could not exclude the possibility that these vari-
ations might modify the phenotypes of the proband
of family A, which were related or unrelated to the
progressive atrial conduction system defects with
bone malformation. However, GJCi1-p.R75H is the
most likely disease-causing mutation because: 1) the
identical mutation GJC1-R75H was identified in 2
unrelated families, 1 being a de novo mutation and
the other showing family co-segregation; and 2) the
pathological significance of this mutation was further
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FIGURE 5 Electrophysiological Properties of Conditional Gjc7 Knockout Mice
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(A) Per electrocardiographic (ECG) recordings of a gap junction gamma-1 conditional knockout (Gjc7-CKO) mouse, atrial activities (arrows) frequently
disappeared after tamoxifen administration; spontaneous (a) P-wave wandering, (b) sinus arrhythmia, and (c) junctional rhythm. (B) Transesophageal ECG
recordings of rapid atrial pacing in an identical CKO mouse before and after tamoxifen. Sinus node recovery time (SNRT) was prolonged by tamoxifen
administration. (C) Corrected SNRT (cSNRT) was significantly prolonged by tamoxifen administration in Gjc7-CKO mice, but not in control mice. (D) AV
conduction property (AVw), the minimum basic cycle length for introducing Wenckebach AV block, was not affected by tamoxifen in Gjc7-CKO. Statistical
comparisons were made by 1-way analysis of variance with the Bonferroni correction. Abbreviations as in Figures 1 and 4.
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CENTRAL ILLUSTRATION Connexin-45 Syndrome

Connexin45 (GJCT1) Mutation

R75H

~ > Intercellular

Seki, A. et al. J Am Coll Cardiol. 2017;70(3):358-70.

Extracardiac Abnormalities

Dental Dysplasia

finger dysplasia. SA = sinoatrial.

Mutation R75H in gap junction gamma-1 protein (GJCT) encoding connexin-45 is responsible for a new inherited bradyarrhythmia syndrome associated with congenital
atrioventricular (AV) block, progressive atrial conduction system disturbance that results in atrial standstill, and extracardiac abnormalities of craniofacial, dental, and

validated functionally by both in vitro and in vivo
experiments. These data strongly supported that this
syndrome is a Mendelian disorder with different
modes of transmission.

IN VITRO AND IN VIVO EVALUATION OF CX45
MUTATION. Our in vitro experiments indicated that
Cx45-p.R75H disrupted GJ permeation properties in
a dominant-negative manner, despite preserving
hemichannel coupling and cell-to-cell GJ plaque
formation (Figure 4). The Cx45-p.R75H mutation
substitutes the conserved first outer arginine
residue for histidine at the junction of the first

extracellular loop and the second transmembrane
helix (Figure 3). Pathophysiological relevance of the
R75 residue is supported clinically by a variety of
inherited diseases associated with mutations at the
corresponding residue in other Cx-related diseases:
ODDD (Cx43-p.R76H/S) (25,30), Charcot-Marie-Tooth
disease (Cx32-p.R75Q/P/W) (31), familial hearing
impairment with  palmoplantar  keratoderma
(Cx26-p.R75Q/W) (32), and congenital cataract
(Cx46-p.R76H/S) (33). Consistent with our observa-
tions, a mutagenesis study of Cx32-p.R75 demon-
strated that a positive charge at this position
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is required for normal channel function but not for
GJ assembly (34).

Cx45 is strongly expressed in the early embryonic
myocardium, and plays an essential functional role
during development. Accordingly, homozygous Gjc1-
deficient mice are embryonic lethal. In the adult
heart, Cx45 is mainly restricted to SA and AV nodes.
Our Gjc1-CKO mice exhibited intermittent sponta-
neous atrial pauses and SA node dysfunction after
tamoxifen administration, whereas AV nodal
dysfunction was not observed (Figure 5, Online
Tables 3 and 4). This discrepancy of AV nodal func-
tion between patients with the GJC1 mutation and
Gjc1-CKO mice might reflect species differences of GJ
isoform expression in the AV node. Cx30.2 (Gjd3) was
expressed in the mouse AV node, but its orthologue
Cx31.9 was not expressed in human heart (35).
Further supporting this hypothesis, double-knockout
mice of Cx45 and Cx30.2 showed AV node dysfunc-
tion (36).

STUDY LIMITATIONS. The underlying mechanisms of
how Cx45-p.R75H causes total elimination of atrial
electrical activities remain unknown. Cx45 was pre-
dominantly expressed in SA and AV nodes, as well as
AV bundles of both tricuspid and mitral valves, but
not in the adult heart atrium (37). It represented only
0.3% of total Cx in the adult mouse heart, but Cx45
formed heteromeric GJs with Cx43, which is abun-
dantly expressed in the atrium and ventricles (38).
Thus, it is conceivable that mutant Cx45-p.R75H
suppressed function of Cx45/Cx43 heteromeric
channels in a dominant-negative manner, which
might disturb cell-to-cell communication of atrial
cardiomyocytes, and progressively lead to total atrial
standstill.

CONCLUSIONS

In summary, Cx45-p.R75H mutation caused progres-
sive atrial conduction system dysfunction, a brachy-
facial pattern, mandibular incisor agenesis, and fifth
finger clinodactyly, as shown in 2 independent fam-
ilies. These findings revealed a previously unde-
scribed syndrome associated with a high risk of
cardiac arrhythmia.
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TABLE 4 Comparison of Clinical Phenotypes of Families With Cx45-p.R75H and ODDD

Family A Family B
Proband Proband Daughter Son 0ODDD Main
Clinical Phenotypes (1:1) (n:2) (1n:1) (1mn:2) Features

Heart diseases

Congenital AV block + + aF I =

Atrial standstill + + aF aF =

Pacemaker implantation - 4 + o -
Dental abnormalities

Dental agenesis + + + + +

Microdontia + + + - +

Enamel hypoplasia - - - - +
Skeletal abnormalities

Clinodactyly 4 Ee + + +

Brachydactyly - + + + -

Camptodactyly - s ue + n

Syndactyly - - = o +
Cranofacial abnormalities

Brachyfacial pattern + + + + +

Microencephaly - - - - n

Narrow nose - - - - +

Hypoplastic alae nasi - - - - +

Prominent bridge - - - - +

Conductive hearing loss - - - - +/-
Ophthalmological abnormalities

Microphthalmia - - = = +

Microcornea - - = = n
Neurological abnormalities

Spastic gait/hyper-reflexia - - - - +/-

Incontinence - - - - +/-
Hair abnormalities

Poor growth - - - - +/-

GJAT mutations (25); other abbreviations as in Table 1.

0ODDD = oculodentodigital dysplasia (Online Mendelian Inheritance in Man [OMIM] #164200) associated with
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Although
inherited disorders of cardiac conduction are typically
isolated to the His-Purkinje system, defects in atrial
conduction properties associated with Cx45 mutations
might occur with or without syndromic features.
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TRANSLATIONAL OUTLOOK: Further studies are
needed to elucidate the mechanisms by which Cx45
mutations result in progressive atrial conduction system
defects associated with craniofacial and dentodigital
malformation and result in atrial standstill.
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