Table 1 B
Characteristics of identified amino acid variants in TRPM4.
No. Patient Exon Nucleotide Amino Effect Genotype Other SIFT | PPH-2 dbSNP141 EUR_AF * EVS_UAMAF AllelicFreq_NFE ECG Phenotype
Acid variant(s) in databaseid (1000 (%) (EXAC) (%) morphology
susceptibility genomes)
genes (%)
11 35 6 ¢755G>A  R252H[16] missense_variant Heterozygous 0 deleterious(0.01) | rs146564314 0 063 0818 RBBB type 2AVB2®
possibly_damaging(0.772)
12 36 6 ¢755G>A  R252H[16] missense_variant Heterozygous 0 deleterious(0.01) | 15146564314 0O 063 0818 LBBB type 2 AVB2°®
possibly._damaging(0.772)
13 37 6  ¢755G>A  R252H [16] missense_variant Heterozygous 0 deleterious(0.01) | 15146564314 0 063 0818 Normal type 2 AVB 2"
possibly_damaging(0.772)
2 13 7 c858G>A  T286T splice_region_variant& Heterozygous 1 (GJAS) | 0 0.00 0.001 Normal AVB3°
synonymous_variant
3 9 9 cl1277>C 13767 ‘missense_variant Heterozygous 0 deleterious(0.02) | benign{0.323) 0 0.00 0 RBBE -+ LAHB  Norma}
4 4 11 €1294G>A A432T[7,15,16] missense_variant Heterozygous 2 (TRPM4 deleterious(0) | 15201907325 0.13 0.10 0.056 LBBB AVB3°®
and RYR2) probably_damaging(0.97)
5 24 11 c1324C>T  Ra42C missense_variant Heterozygous 1 (SCNSA) deleterious(0) | 15148867331 O 0.02 0.018 RBBB + LAHB Normal
probably_damaging(0.996)
61 21 12 c1682A>C D561A[16] ‘missense_variant Heterozygous 1 (SCNTB) 22) | beni 013 055 0618 RBBB AVB3°
62 28 12 c1682A>C DS561A[16] missense_variant Heterozygous 1 (SCN5A) tolerated(0.22) | benign(0.086) 1s56355369  0.13 0.55 0618 RBBB AVB3®
7 4 13 1744 G>A G5825[15,16]  missense_variant & Heterozygous 2 (TRPM4 tolerated(0.34) | benign(0.037) 15172149856 0.13 0.10 0.060 LBBB AVB3*
splice_region_variant and RYR2)
81 38 16 c2209G>A G737R[15] missense_variant & Heterozygous 0 tolerated(0.59) | benign(0.007) 15145847114 0.4 017 0.180 LBBB AVB1® + type 2
splice_region_variant AVB 2"
82 139 16 €2209G=A G737R{15] missense_variant & Heterozygous 0 tolerated(0.59) | benign(0.007) 15145847114 04 0.17 0.180 RBBB + LPHB AVB1°
splice_region_variant
9 40 17 ¢2531G>A GB844D"[7,16]  missense_variant Homozygous 0 tolerated(0.2) | probably_damaging(0.945) rs200038418 0.13 0.16 0.431 RBBB + LAHB  AVB2/1,3/1
1 41 17 €2561 A>G Q854R[15,16]  missense_variant Heterozygous O tolerated(0.29) | benign(0.029) 15172155862 0.26 0.12 0.289 LAD type 2 AVB2°
1 3 18 2674 C>T R892C missense_variant Heterozygous 3 (TNNI3K, deleterious(0) | 15147854826 © 0.10 0.081 Normal AVB3®
SCN1Band  probably_damaging(0.985)
RYR2)
12 10 18 €2675G>A R892H missense_variant Heterozygous 1 {SCN5A) deleterious(0.02) | benign(0.252) 0 0.00 o RBBB -+ [AHB AVB3°
131 42 24 €3611C>T P1204L{15,16] missense_variant Heterozygous 0 tolerated(0.21) | unknown(0) rs150391806 0.13 033 0.505 Normal AVB3®
132 43 24 €3611C>T P1204L[15,16]  missense_variant Heterozygous 0 tolerated(0.21) | unknown(0) rs150391806 0.13 033 0.505 RBBB + LAHB AVB1°

RBBB: Right Bundle Branch Block; LBBB: Left Bundie Branch Block; LAHB: Left Anterior HemiBlock; LPHB: Left Posterior HemiBlock; LAD: Left Axis Deviation; AVB: AtrioVentricular Block

Variants already described in some articles are noted: (7] Liu et al, {16] Stallmeyer et al, [15] Liu et al.

* The patient 40 has been identified as homozygous for this variant (G844D).
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Fig. 1. The TRPM4-p.I376T variant is responsible for PFHBL. (A) Distribution of rare coding variation detected among 95 patients with PCCD in the TRPM4 channel. Novel variants are shown
inred, low-frequency ones in blue, The two rare variants previously reported as causing PFHBI [6,7] are indicated in green. (B) Capillary sequencing of the exon 9 of TRPM4 for the patient 9
confirms the presence of a novel variant resulting in the p.1376T substitution. (C) Family tree of patient 9 (the proband, IV-5). Plus symbols (-+) denotes p.1376T mutation carriers and
minus symbol (—) non-carriers. ‘PM’ indicates patients implanted with a pacemaker, ‘LVNC stands for Left Ventricular Non-Compaction and ‘C’ indicates congenital forms of conduction
defects.

conduction defects (and one with Small Fiber Neuropathy; see Supple- Seven of these variants (54%) are located in the intracellular N-terminal

mental Table 1). region (Fig. 1a). Two of them - p.I1376T and p.R892H - are absent from
public databases and thus considered as novel.

3.2. TRPMA4 is the most frequently affected gene The TRPM4-p.1376T missense variant, which resides in the intracel-

lular N-terminal domain (Fig. 1a), was identified in the male patient 9
The most frequently affected gene is TRPM4, with a total of 13 rare (Fig. 1b). No other rare variant altering any other known PCCD-
variants identified and then validated by capillary sequencing (Table 1). susceptibility genes could be identified in this patient. The affected

Fig. 2. The ECG profile of the proband IV-5. This patient presented with a heart rate of 69 bpm, a complete right bundle branch block and a left anterior hemiblock enlarging the QRS
complex to 170 ms. ECG was recorded at a 25 mm/s paper speed and 0,1 mV/mm signal amplitude. A premature ventricular beat can also be observed in the first QRS complex of the
precordial lead.
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Table 2

Clinical data of the affected family members.
Patient no. Age at last clinical Heart rate (bpm) PR (ms) QRS (ms) QTc (ms) ECG morphology Conduction PM (age)

examination
IV-5 (proband) 32 69 160 170 474 RBBB + LAHB Normal 32vy.0.
-1 85 63 138 126 439 RBBB Normal
-2 60 81 170 128 439 PB Normal
-3 50 35 200 120 336 RBBB + LAHB type 2 AVB 2° 50y.0.
111-4 51 55 188 158 439 RBBB + LAHB Normal
V-8 33 59 180 168 436 RBBB + LAHB Normal 31y.o.
V-9 25 76 170 166 504 RBBB + LAHB Normal
IV-25 40 74 200 130 434 RBBB + LAHB AVB 1°
V-16 8 45 148 398 RBBB + LAHB type 2 AVB 2° at birth
and AVB 3°

v-18" 12 35 LBBB AVB 3° at birth
V-21 11 73 136 123 441 RBBB Normal
VI-1 0 62 144 90 439 RBBB + LAHB type 2 AVB 2° 8-month-old

RBBB: Right Bundle Branch Block; LAHB: Left Anterior HemiBlock; PB: Parietal Block; LBBB: Left Bundle Branch Block; AVB: AtrioVentricular Block.

* This patient presented with a left ventricular non-compaction phenotype.

amino acid is located in a highly conserved region across vertebrates as
indicated by its Genomic Evolutionary Rate Profiling score [26] of 4.24
(Supplemental Fig. 2). It is predicted as deleterious (0.02) by SIFT [20]
but benign (0.323) by PolyPhen-2 (PPH-2) [21].

The TRPM4-p.R892H variant has been identified in the patient 10,
who presents with a complete AVB. We found that the same patient
also carries a rare missense variant in SCN5A (p.A572D), suggesting
that the TRPM4-p.R892H variant alone may not be responsible for the
observed cardiac conduction defects. Another substitution affecting
the same amino acid - TRPM4-p.R892C - was detected in a second pa-
tient (patient 3), but was also reported at an MAF below 1% in public da-
tabases (Table 1).

3.3. Familial recruitment

Patient nine carrying the TRPM4-p.I1376T variant (patient [V-5 in the
pedigree) was diagnosed with complete RBBB and LAHB (Fig. 2) and
was implanted with a PM for conduction disorders at the age of 32. Fa-
milial investigation has been undertaken for this patient, indicated as
the proband IV-5 on Fig. 1c.

A total of 96 family members could be identified, among which 57
have been recruited (Fig. 1c). Twelve patients were diagnosed with con-
duction defects, of which six (50%) were implanted with a PM (Table 2).
Ten of the 12 patients presented with RBBB, among which 8 showed
LAHB. The eleventh patient (V-18) exhibited an isolated LBBB; the last
one (IlI-2) PB (Table 2).

Two patients (V-16 and VI-1) exhibiting at birth 2:1 AVB with RBBB
and LAHB QRS morphology alternant with complete AVB were classified
as patients with a congenital AVB, as well as the patient V-18 who ex-
hibited a permanent complete AVB with a 30 bpm ventricular escape
rhythm with a complete LBBB QRS morphology. This patient also met
the magnetic resonance image diagnostic criteria for a left ventricular
non compaction while echocardiography had failed to identify this phe-
notype (Fig. 1c). Note that the patient IV-6 presented with minor con-
duction defects (QRS duration of 118 ms) and a slight left axis
deviation (— 14°), but was not considered as affected following our
criteria and thus was classified as ‘unknown’.

Age at last clinical evaluation (34 4 25 vs 22 4 16, ns), PR (169 +
24 msvs 138 &+ 20 ms, P <0.001), QRS (138 & 26 ms vs 88 & 13 ms,
P <1071%) and QTc (438 + 42 ms vs 417 & 22 ms, P < 0.05) durations
were higher in the affected members compared to non-affected
members while the heart rate was lower in the affected group (61 +
16 bpm vs 77 4 16 bpm, P < 0.01) (Table 3).

The novel TRPM4-¢.T1127C variant (TRPM4-p.I376T) was systemat-
ically assessed among family members (Fig. 1c). We were able to test 39
family members: 10 out of the 11 affected patients that we tested

¢

(90.9%) carried the TRPM4 variant versus only 1 out of 21 unaffected
family members (4.8%). The twelfth patient suffering from cardiac con-
duction disease (patient VI-1) was born in 2012 and thus was not geno-
typed given his young age. The two-point logarithm of the odds ratio
(LOD) score was estimated at 4.1182 for this locus - assuming a disease
allele frequency of 0.01%, a disease penetrance of 80% and a recombina-
tion fraction of 0%. These findings indicate a genotype-phenotype co-
segregation in an autosomal dominant manner in this large French fam-
ily affected by PFHBI. The patient [lI-2, while appearing as a phenocopy,
may show conduction defects caused by a previous anterior myocardial
infarct while the patient V-17 (born in 1994) was still young at recruit-
ment time (17 years old), which may explain the absence of conduc-
tance disturbance for this variant carrier. This patient will be subjected
to regular clinical follow-up since carrying the putative causal variant
may confer higher risk to develop PCCD with aging.

3.4. The p.I376T variant induces a gain-of-function of TRPM4 channel

To investigate the effect of the p.I376T variant on TRPM4 expression
levels, we performed Western blot and cell surface biotinylation exper-
iments. As previously published [27], we observed that the TRPM4
channel is expressed in fully and core glycosylated forms (Fig. 3). In
the presence of the p.I376T variant, we observed an increased expres-
sion of these two forms at the cell membrane (Fig. 3). The functional
consequences of the p.I376T variant were investigated using the
whole-cell configuration of the patch-clamp technique. As reported by
our group [28], TRPM4 currents recorded over time show two distinct
phases (Fig. 4a). After the membrane rupture, a fast transient phase is
observed; it is followed by a plateau phase in which the current ampli-
tude is stable (Fig. 4a). The functional characterization of the p.I376T
variant shows in this condition an increase of TRPM4 current densities
in both transient and plateau phases, (Table 4, Fig. 4b, c and d).

Table 3
Comparison of age at last clinical evaluation, heart rate, PR, QRS and QTc durations
between affected and unaffected members of the family.

Affected Unaffected p value (affected
vs unaffected)
Patients (N) 12 45
Age (years) 34425 24+ 16 NS
Heart rate (bpm) 61+ 16 75+ 17 <0.01
PR (ms) 169 + 24 140 + 21 <0.001
QRS (ms) 138+ 26 90 + 13 <1010
QTc (ms) 438 + 42 415124 <0.05
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Fig. 3. Expression of the WT and p.1376T TRPM4 channels. (A) Western blots showing the expression of TRPM4 at the total (left panel ) and surface levels (right panel) with white and black
arrowheads representing fully glycosylated and core-glycosylated forms of TRPM4, respectively. (B) Quantification of the Western blots is shown as relative intensity of protein bands for
both fully- and core-glycosylated forms of TRPM4 in each fraction. *P < 0.05, **P < 0.01.

4. Discussion with PCCD. Eleven of these variants were previously listed in at least one
of the used public databases. Two of them (p.A432T and p.G844D)
In the present study, thirteen variants in the TRPM4 gene were iden- ~ were previously reported in familial autosomal conduction block and

tified using NGS technologies upon screening of a cohort of 95 patients were shown as deleterious [7]. Five other variants (p.R252H, p.D561A,
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Fig. 4. Whole cell patch clamp recording for the WT and p.1376T TRPM4 channels. (A) Time course recording of the TRPM4 current. (B) Individual current traces of the WT and p.I376T
TRPM4 channels recorded as transient and plateau phases. (C) Quantification of current density of the WT and p.1376T TRPM4 channels for both phases. The current densities are
measured at the pic current at — 100 mV. (D) Current-voltage relationships of the WT and p.1376T TRPM4 channels. *P < 0.05, **P < 0.01, ***P < 0.001.

p.G582S, p.Q854R and p.P1204L) have been reported in sporadic cases
presenting with conduction disorders and/or Brugada syndrome [15,
16]. Of interest p.R252H was identified in 3 unrelated patients all of
which exhibiting a type 2 second-degree AVB (patients 35, 36 and
37). The four other variants (three missense variants. p.R442C,
p.G737R and p.R892C and one synonymous variant predicted to affect

Table 4
The functional characterization of the 1376T variant.
TRPM4 WT TRPM4 p.I376T
Current density —161 £ 31 —678 £ 113
of Transient Phase (pA/pF) n=12 n=9
Current density —772 £ 138 —1390 + 134
of plateau phase (pA/pF) n==8 n=7

splicing of the seventh intron p.T286T) have not been causally related
to conduction disorders and/or arrhythmia so far.

Another variant, TRPM4-p.R892H, is novel since absent from public
databases. However, as the patient carrying this variant also carries an
SCN5A-p.A572D variant, no conclusion could be drawn on the relative
pathogenicity of each of these two variants.

The last variant identified in TRPM4 (p.1376T) is also novel. Familial
investigations led to the identification of 96 members including 12 pa-
tients with conduction disorders. This is the third largest pedigree diag-
nosed with PFHBI in which a TRPM4 mutation significantly segregates in
an autosomal dominant manner with the pathology. Thus, this study
represents the first NGS-based detection of a TRPM4 variant that has
led to the recruitment of a large 4-generation pedigree from the pro-
band (patient IV-5 on Fig. 1¢) carrying the mutation p.1376T. Of interest,
the novel variant p.I376T is located in the same intracellular N-terminal
domain as the 2 causal variants previously identified in large pedigrees
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(Fig. 1a) [11,18]. Noteworthy, 6 out of the 11 low-frequency variants
identified in this study also reside in the same intracellular N-terminal
domain, thus suggesting that this domain could be a preferential site
for PFHBI causing mutations.

In the present family, a large majority of affected members present
with RBBB and anterior hemiblocks, without any LBBB. This pattern is
similar to the clinical descriptions of the families previously linked to
mutations in TRPM4 [6,7], which corresponds to the PFHB type [B defini-
tion. Our study, in combination with previously published works [6,7,
16] strongly support the prominent role of this cardiac TRP channel in
this subtype of conduction disease. The clinical onset of conduction
disturbances tends to occur at an early age among affected patients. In
particular, the presence of three cases of congenital AVB implanted
with a PM during the first year of life also suggests an important role
of heritability in disease severity. Furthermore, the observation that
these three congenital AVB patients are first- or second-degree relatives
suggests that additional genetic factors are strengthening the disease
susceptibility in these patients.

Expression and functional analyses were performed using
HEK293 cells, in whole-cell patch-clamp configuration and Western
blotting. The TRPM4 p.1376T results in an increased current density
that may be caused by an augmented TRPM4 channel expression at
the cell surface as previously described [6,7]. The underlying mecha-
nisms leading to conduction block caused by TRPM4 dysfunction
are not yet understood. It has been proposed [15,29] that gain-of-
function mutations may depolarize the cells of the conduction sys-
tem, reduce the availability of the cardiac sodium channels and cur-
rent and thereby alter the normal impulse propagation in Purkinje

_fibers. This model is consistent with the large QRS complexes ob-
served in PFHBI patients. Conversely, loss-of-function mutations of
TRPM4 may lead to a hyperpolarization of the membrane potential,
and so reduce cellular excitability and conduction. A detailed analy-
sis of the molecular mechanisms leading to the mutation-induced
gain of expression and function was out of the scope of the present
work. These findings, however, strongly support the role of TRPM4
gain-of-function in slowed cardiac impulse propagation.

5. Limitations

Next generation-based targeted resequencing such as HaloPlex™
System allows high-throughput genetic screening in a large number of
individuals but some target sequences may be uncovered due to biases
in DNA digestion by restriction enzymes. Thus some relevant variations
may be missed in small subsets of coding regions: this problem is inher-
ent to sequencing strategies based on DNA enrichment.

Furthermore this high-throughput candidate-gene approach was
used to screen 19 candidate genes in 95 unrelated patients. Except for
the patient carrying the TRPM4-p.1376T variant (patient 9) for which a
familial recruitment, segregation tests and a LOD score calculation
strongly suggest an association between this variant and the phenotype,
the implication of variants in other unknown involved genes cannot be
excluded in isolated PCCD cases.

6. Conclusion

In this study we identified one large family with 10 members diag-
nosed with PFHBI and carrying a TRPM4 gain-of-expression and func-
tion mutation. This represents the first NGS-based detection of a
TRPM4 variant that has led to the recruitment of a large PCCD pedigree.
This work confirms that gain-of-function mutations in the intracellular
N-terminal region of TRPM4 are responsible for PFHBI and further
underline the crucial role of TRPM4 channel in cardiac conduction
disorders.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijcard.2016.01.052.
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Distinct Gap Junction Protein Phenotypes in Cardiac Tissues With

Disparate Conduction Properties
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Saint Louis, Missouri

Objectives. We sought to characterize the connexin phenotypes
of selected regions of the canine heart with different conduction
properties to determine whether variations in connexin expression
wight contribute to the differences in intercellulur resistance and
conduction velocity that occur in different cardlac tissues.

Background, Gap Junctions connect cardiac myacytes, allowing
propagation of action potentials, Intercellular channels with different

electrophysiologic properties are formed by diferent connexin pro-
telns,

Methods. To determine which connexins were likely to be
expressed in the sinus node, atrioventricular (AV) node and atrial
and ventricular myocardium, messenger ribonucleic acids (RNAs)
from each of these sites were hybridized with probes for connexin26,
connexin3l, connexind2, connexind7, connexindd, connexind3, con-
nexindS, connexinds and connexin50. Immunostaining with mono-
specific antibodies to connexindd, connexin43 and connexindS was
used to delineate the distribution of connexins in frozen sections of
these different cardiac tissues,

Results. Only messenger RNAs coding for connexind0, con-
nexin43 and connexind$ were detected by Northern blot analysis.

-By immunohistochemical staining, junctions in the sinus and AV

nodes and proximal His bundle were virtually devoid of con-
nexind3 but contained both cennexind0 and connexindS. Gap
Jjunctions in the distal His bundle and the proximal bundle
branches stained intensely for connexind0 and connexind3 and to
a lesser extent for connexindS. Atrial gap junctions showed
abundant staining of connexind3, connexind® and connexindS.
Ventricular gap junctions were characterized by abundant stain-
ing of connexind3 and connexindS and much less staining of
cennexindd.

Conclusions. Although most cardiac gap junctions contain
connexind0, connexind3 and connexind5, the relative amounts of
each of these ceanexins vary considerably in cardiac tissues with
different conduction properties.

(J Am Coll Cardiol 1994;24:1124-32)

Gap junctions are specialized membrane structures containing
multiple intercellular channels that permit the passage of ions
and small molecules between cells. In the heart, they connect
cardiac myocytes and arc essential for rapid propagation of
action potentials (1).

Intercellular channels in gap junctions are formed by pro-
teins called connexins. At least 12 different connexins have
been identified in mammals (2). Several of these have been
shown to form channels with unique conductance and voltage
dependence properties (3). Cardiac gap junctions contain
several different connexins (4,5). The relative amounts and
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types of connexins appear to be different in cardiac tissues with
different clectraphysiologic properties. For example, we (5.6)
have shown previously in the canine heart that connexin40
messenger ribonucleic acid (RNA) is three to five times more
abundant in rapidly conducting Purkinje fibers than in more
stowly conducting ventricular myocardium in which con-
nexind3 is predominant. The composition of gap junctions in
other areas of the heart with different electrophysiologic
properties is not known. Immunostaining of connexind3 nas
been attempted in rabbit, rat and bovine nodal tissues with
conflicting results. Connexind3 has been identified in the rabbit
sinus nodes (7) but not in human or bovine sinus and atrio-
ventricular (AV) nodes (8,9). Some investigators (10) have
identified connexin43 in the rat sinus node, whereas others
(11) have not detected connexind3 in these tissues. It has not
been determined whether connexins other than connexind3 are
present in these cardiac tissues.

Because different connexins form channels with different
conductance and voltage dependence properties and connexin
phenotypes differ in some tissues with different electrophysi-
ologic properties, we hypothesized that variations in the num-
ber, size and connexin composition of gap junctions should
result in changes in intercellular resistance to current flow and,
hence, may be a major mechanism for regulating conduction
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velocity and the pattern of activation of normal and diseased
cardiac tissue. As a first step in examining this hypothesis, we
compared the protein composition of gap junctions in the
canine sinus and AV nodes, in which conduction is slow, with
that in the right atrium, the bundle of His and proximal bundle
branches and ventriculur myocardium, all of which conduct
more rapidly.

Methods

Tissue acquisition. The sinus and AV node regions were
dissected from the heasts of eight adult mongrel dogs under
deep anesthesia induced with sodium pentothal. For immuno-
staining experiments the sinus node was dissected in a tissue
block that contained the adjacent right atrium. For Northern
blot analyses, the sinus node was dissected as cleanly as
possible from the adjacent atrial muscle. The sinus node could
be seen grossly on the epicardial surface as a grayish strip of
tissue ~2 mm in width and 10 to 15 mm in length surrounding
the sinus node artery and adjacent to the atrial muscle of the
crista terminalis. This strip of tissue was dissected and used o
prepare RNA from the sinus node region. This sample con-
tained the entire sinus node as well as some adjacent atrial
myocytes and vascular smooth muscle and endothelium, neural
tissue and fibrous connective tissue. The atrial muscle that
remained after the sinus node region had been removed was
also used for preparation of RNA for Northern blot analysis.

The AV node samples used for preparation of total RNA
included all tissues within the posterior interatrial space. These
tissue samples were bounded superiorly by the tendon of
Todaro, inferiorly by the tricuspid and mitral valve annuli,
posteriorly by the coronary sinus and anteriorly by the central
fibrous body. Thus, these samples presumably included the
cntire AV node and most of the His bundle as well as contami-
nating myocardium and nonmyocytic cells from this region. The
entire tissue block from the posterior interatrial space from cight
canine hearts was used for RNA preparation and immunohisto-
chemical studies.

The protocol used in these studics was approved by the
Washington University Animal Studies Committee. All dog=
received humane care in accordance with the requirements oi
the National Academy of Science and National Institutes of
Health (NIH publication no. 86-23, vevised 1985).

Northern blot analyses. To determine which of the known
mammalian connexins are expressed in different cardiac tis-
sues, total cellular RNA was prepared from the sinus node
region, right atrial myocardium, AV node (triangle of Koch)
and the interventricular septum from two adult dog hearts
using the guanidinium isothiocyanate method of Chomczynski
and Sacchi (12). Ribonucleic acid samples were electropho-
resed through formaldehyde-agarose gels and transferred to
nylon membranes 1s described previously (4). Each lane was
loaded with 10 pg of RNA except for the membrane probed
with connexind$ in which each lane contained 40 ug of RNA.
The amount of RNA transferred onto cach lane of the nylon
membranes was determined by visual assessment under ultra-
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violet light of gels and membranes stained with cthidium
bromide and by subsequent hybridization of membranes with a
probe for 188 ribosomal RNA. Within each Northern blot
experiment, approximately similar amounts of RNA were
loaded and trunsferred as judged by the preceding criteria.

Membranes containing RNA from the sinus node region,
AV node region, right atrium and ventricular septum were
hybridized with phosphorus-32-labeled deoxyribonucleic acid
(DNA) probes corresponding to bases 1 1o 681 of rat coanexin26
DNA (13), bases 1 to 813 of rat connexin31 DNA (14), bases 1 to
1,494 of rat connexin32 DNA (15), bases 1 to 1501 of human
connexin37 DNA, (16), bases 667 to 1,391 of dog connexin40
DNA (4), bases 1 to 1,393 of rat connexind3 DNA (17), bases 408
to 1,191 of dog connexind5 DNA (4), bases 1 to 1,592 of rat
connexindd DNA (18) and bases 267 to 1,589 of mouse con-
nexinS DNA (19). Probes were labeled with phosphorus-32
using random hexanucleotide primers and the Klenow fragment
of DNA polymerase 1. Standard hybridization conditions with
stringent washes were used for all blots (4). Positive Northern blot
analyses were confirmed in two additional experiments by re-
peated hybridization of the same DNA probes with RNAs
isolated from tissues of two other canine hearts.

Anticonnexin antibodies. Connexind3 was detected with a
mouse monoclonal immunoglobulin G (IgG) antibody raised
against amino acids 252 to 270 of rat connexind3 (Chemicon
International Inc). Connexind0 was detected using affinity-
purified polyclonal rabbit antibodies raised against residues
316 te 329 of dog connexindl. Connexind5 was detected using
affinity-purified rabbit polyclonal antibodies raised :gainst
residues 285 to 298 of dog connexindS. We (4,5,20) have
previously described the preparation and characterization of
these monospecific antibodies. In brief, their specificity and
absence of cross-reactivity were demonstrated by inhibition of
immunostaining by coincubation of antibodies with their cor-
responding peptide immunogens, by immunoprecipitation ex-
periments in which the connexin40 and connexind5 antibodies
(and a connexind3 polyclonal antiserum that was raised against
a peptide of 20 amino acids, including the 19 used for the
connexind3 monoclonal antibody) precipitated only the rele-
vant connexin, and confirmation by electron microscopy that
these antibodies bind only to gap junctions rather than to other
membrane structures (4,5,20).

Tissue preparation and immunohistochelivical staining tech-
nique. Freshly dissected tissue was frozen immediately in liquid
nitrogen. In three dog hearts, the sinus node with the adjacent
right atrium and the AV node in the surrounding triangle of Koch
were cut into 12-um thick frozen sections. In threc additional
hearts frozen sections were prepared from regions containing the
proximal left and right bundle branches and distal His bundic.
Scctions were cut in a plane parallel to the long axes of the cells
of interest and mounted on gelatin-coated slides.

Sections were washed in phosphate-buffered saline solution
and then preincubated for 30 min in blocking buffer compased
of 3% normal goat serum, 0.4% nonfat dry milk, 2% lgG-free
bovine serum albumin (Sigma Chemical) and 0.3% Triton
X-100 in phosphate-buffered saline solution. Sections were
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incubated overnight with the respective primary antibody diluted
1:400- in blocking buffer. For double-labeling studies, sections
were incubated ovemight with a combination of antibodies
against connexind3 and either connexin0 or connexind3 in the
preceding blocking buffer. Nonimmune mouse serum, nonim-
.mune. rabbit serum. and a mixture of both sera were used as
negative controls: After washing in phosphate-buffered saline
solution, the single-label sections were incubated with a 1:800
ditution of the appropriate rabbit or mouse secondary antibody
conjugated to CY3 (Jackson Immunoresearch Laboratories). For
double-lzbel studies, sections were coincubated with a 1:800
dilution of CY3-labeled anti-rabbit IgG and a 1:200 dilution of
fluorescein isothiocyanate-labeled anti-mouse IgG (Bochringer
Mannheim). Double- and single-labeled sections were examined
by conventional fluorescence microscopy with filter sets appropri-
ate for the specific Aluorochromes.

Results

Northern blot analyses, Multiplc Northern blots of RNA
prepared from the canine sinus node, right atrium, triangle of
Koch {containing the AV node) and the interventricular
septum were hybridized with phosphorus-32 DNA probes that
specifically recognized messenger RNAs of connexin pheno-
types 26, 31, 32, 37, 40, 43, 45, 46 and 50. Bands corresponding
to connexind3, connexindd and connexind5 messenger RNAs
were detected in all tissues (Fig. 1), indicating that messenger
RNAs for these connexins were present in some or all of the
cells in cach of these regions. Although precise quantification
of the relative amounts of messenger RNA in different cardiac
tissues cannot be made because of the inability to cleanly
dissect out nodal tissue from surrounding atrial and ventricular
tissues, some differences were apparent. The probe for con-
nexind0 hybridized with three bands (4.5, 3.3 and 2.5 kilobases
[kb]) in' nodal tissues and:two bands (4.5 and 2.5 kb) in atrial
and ventricular muscle. Multiple connexindl) messenger RNAs
have also been observed in previous studies of dog myocar-
divm (4). Messenger RNAs for all the other tested connexins
{connexin phenotypes 26, 31, 32, 37, 46 and 50) were not
detected: in any tissues. Therefore, subsequent immunohisto-
chemical experiments were limited to examining expression of
only connexin 40, 43 and 45.

Imwunohistochemistry. The results of immunostaining ex-
periments are summarized in Table 1. Intercellular sites were
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Figure 1. Northern blots of connexin (Cx) messenger ribonucleic acids
(RNAs) in canine sinoatrial node region (SAN), atrioventricular node
region (AVN), interventricular scptum (Vent) and right atrium (RA).
Autoradiographs were developed after a 6-day exposure for con-
nexind0, an overnight film exposure for connexind3 and a 3-day film
exposure for connexind3, For the connexind0) and connexin43 hybrid-
izations, 10 pg of RNA was loaded in cach lane; for the connexind5
experiment, 40 pg of RNA was loaded in cach lane. The right panels
show the results of hybridizing the same membrancs with a probe for
188 ribosomal RNA.

judged visually to have abundant, moderate, scant or absent
immunostaining with antibodics to connexind0, connexin43
and connexind$. Similarly, the sizes of gap junctions were deter-
mined visually to be large, moderate or small. The numbers of gap
junctions were scored as many, moderate and few.

Conduction system. The sinus and AV nodes had the same
pattern of immunostaining (Fig. 2 and 3). Small, sparse areas
of immunofluorescence were observed with antibodies to
connexindd and connexind$ in a distribution consistent with
the knowa distribution of small gap junctions in these tissues.
No connexind3 immunostaining was observed in either the

Table 1. Characteristics of Canine Cardiac Gap Junctions Determined by Immunohistochemistry

Gap Junction Structure Connexin Phenotype
Cardiac Tissue Size Number 40 Lk} 45

Sinus noede Smalt Few Scant Absent Scant
Atrioventricular node and proximal Small Few Scant Absent Scant

His bundle
Distal His bundle and proximal Large Moderate Abundant Abundant Maderate

bundle branches
Right .:mium Large Many Abundant Abundant Moderate
Ventricle Moderate Many Scant Abundant Moderate
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Figure 2. Immunohistochemical delineation of connexin expression in
the canine sinus node. A, Low power view of the sinoatrial node region
stained with Masson’s trichrome. The sinoatrial node artery is sur-
rounded by nodal myocytes (arrows) and connective tissue. Atrial
myocardium (M) is present at the edges of the section. B, Low power
view of an adjacent section of the sinoatrial node region to A stained
with anticonnexin43 antibodies. Junctions in atrial muscle (M) above
and below the node region are prominently stained. The large un-
stained region in the center of the panel includes the sinoatrial node
artery, adjacent sinoatrial node myocytes and intervening perivascular
connective tissue. A group of sinoatrial node myocytes, located
between the arrows, exhibits no connexind3 immunoreactivity. C, High
power view of sinoatrial node cells stained with antibodies against
connexind5. Multiple areas of intense fluorescent signal are seen at
points of apparent contact between cells (some shown by arrows). The
less intense fluorescence in other areas of the tissue is due in part to
staining of junctional material out of the plane of focus in this high

sinus or the AV node. Connexin43 was detected in only a few
isolated atrial myocytes in the sinus node and some atrial
myocytes that infiltrated the edges of the AV node. Thus, the

) DAVIS ET AL,
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power micrograph of a 12-um thick section. D, High power view of
part of the sinoatrial node stained with Masson’s trichrome. A strand
of sinoatrial node cells is present in the center of the image surrounded
by abundant connective tissue. E and F, Double-labeled preparation of
a strand of sinoatrial node cells adjacent to the node artery taken from
an adjacent section to that shown in panel D. Junctions are clearly
stained with antibodics against connexind( (E) but when viewed under
conditions to visualize connexin43 immunorcactivity (F), only back-
ground level signal is scen. The unstained regions above and below the
strand of sinoatrial node myocytes shown in D and corresponding to
the regions of low intensity fluorescence in E contain adjacent connec-
tive tissue. The connexind3-stained preparation (E) was deliberately
overexposed to document the absence of connexind3 immunoreactivity
in the sinoatrial node myocytes. The region occupied by the node cells
(asterisks) shows no staining. Original magnification X80 (A), X100
(B), X500 (C to F); all reduced by 25%.

relatively weak connexind3 signals observed in Northern blots
of RNA extracted from the sinoatrial and AV node regions
were undoubtedly attributable to nonnodal cells unavoidably
included in these samples. The gap junctions in the sinus and
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AV nodes were smaller and stained less intensely for connexins
than those in the surrounding atrial and ventricular tissue.

In the proximal bundle of His, as in the nodal tissues,
intercellular arcas of immunostaining also were small and
reacted specifically with antibodics to connexindl) and con-
nexind5 but weakly or not at all to connexind3. The pattern of
immunostaining and the size of the gap junctions chunged in
the distal His bundle to become the same as those in the
bundle branches (Fig; 4). These gap junctions were large and
stained intensely with antibodies to conncxind0 and con-
nexind3 and to a lesser degree connexinds.

Atrial and ventricular myocardium. Antibodies to con-
nexind3, connexind0. and connexin45 bound to intercellular
membranes in a pattern consistent with the distribution of gap
junctions between right atrial myocytes and between ventricu-
lar myocytes (Fig. 4 and 5). Connexind0 staining was promi-
nent in right atrial gap junctions but considerably less intense
in ventricular muscle junctions. There was no apparent differ-
ence in the intensity of connexind3 or connexind$ staining in
ventricular and atrial muscle gap junctions.

Discussion

The results of this study demonstrate that gap junctions in
the canine sinus and AV nodes and the proximal bundle of His
contain connexind( and connexind5 but not connexin43, These
are the only known cardiac tissues that lack connexind3. In
contrast to the nodal tissues, most gap junctions in other
cardiac tissues contain connexind0, connexind3 and con-
nexin45. However, the relative amounts of these connexins

Figure 3. Atrioventricular (AV) node. A, Section of the AV node
region stained with Masson's trichrome. The small nodal cells (AVN)
are scparated from the adjacent ventricular myecardium (M) by the
tricuspid annulus. B and C, Scction of the AV node region adjacent to
A doublelabeled with antibodies against connexind) (B) and con-
nexind3 (C). Both the nodat cells and the adjacent myocardium (M)
stain with anticonnexind® antibodics. but connexindl staining is seen
only in the adjacent myocardium, D and E, Section of AV node 1egion
stained with anticonnexindd (D) and antconnexindd (E) antibudies.
Junctions in both the node and the adjacent myocardivm show
connexindS immunorcactivity, but only the myocardium stains for
connexind3, The unstained regions scen in the center of B and D
represent collagenous connective tissue separating nodal tissue from
the adjacent myocardium, Original magnification X150 (A), X100
(B to D); all reduced by 25%.

vary considerably in different arcas of the heart with different
conduction properties.

We have found no previous studies that delineate the multiple
connexin phenotypes of the mammalian cardiac conduction sys-
tem and myocardium. However, some data (6-11,15-17,26-29)
have been published on the presence of RNA coding for different
connexins in the ventricles and on the distribution of connexin43
determined by immunostaining in some parts of the heart. Most
of these studies are supportive of our findings.

Connexin messenger RNA in cardiac tissues. In the cur-
rent study, only messenger RNAs coding for connexin40,
connexind3 and connexind5 were detected. All these messen-
ger RNAs were present in each of the examined tissues.
However samples from nodal tissues were clearly contami-
nated by adjacent nonnodal myocardium, preventing any direct
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Figure 4. Immunohistochemical delineation of connexin expression in
the proximal bundle branches. A, Section of the proximal left bundle
and adjacent crest of the ventricular septum (M) stained with Masson's
trichrome. B and C, Adjacent section to A near the crest of the ventricular
septum including the proximal left bundle and adjacent ventricular muscle
(M) double-abeled with anticonnexind3 and anticonnexind() antibodies.
The location of the connective tissue septum separating the conduction
bundle from the ventricular muscle is indicated by the arrows. The large
junctions of the bundle stain prominently for both connexin43 (B) and
connexind0 (C). In contrast, the ventricular muscle exhibits abundant
connexind3 immunoreactivity (B) but much less apparent connexind0)
staining (C). D and E, Section of the proximal left bundle and adjacent
ventricular muscle (M) double-labeled with connexind3 and connexin45
antibodics. The fibrous tissue between the bundle and the ventricular
muscle is shown by arrows. Both the bundie and the ventricular muscle
stain for connexind3 (D) and connexind5 (E). Original magnification
X175 (A to E); all reduced by 25%.

comparison of the relative amounts of messenger RNA and
protein in these tissues. This same problem also probably
explains why significant amounts of messenger RNA coding for

connexind3 were detected in RNA derived from the nodal
regions even though connexin43 protein could not be detected
at these sites. These findings are in keeping with our previous
findings (6,2!) of mRNAs coding for connexin40, connexin43
and connexind3 in canine and human left ventricles. Others
have also reported the presence of RNA coding for connexin43
in rat, mouse and bovine ventricles but have not assayed for the
presence of connexind0 and connexindd (22,23). Although we
surveyed the heart with probes for the majority of the known
connexins, it is possible that low levels of some of these or of
other so far undiscovered proteins that form intercellular
channels also may contribute to intercellular conduction in the
dog heart. Because some of the probes were produced from
rodent, human or bovine DNA sequences, it is possible that
the canine homologs went undetected. However, in view of the
high degree of connexin sequence homology in mammals, this
possibility seems unlikely. We (16) have previously detected
low levels of RNA coding for connexin37 in mouse ventricle,
and Paul (15) has reported the presence of small amounts of
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connexind6 messenger RNA in rat ventricle, Gourdie et al.
(10) have detected material immunoreactive with an anti-
MPT70 antibody in rat cardiac valve tissues (although White et
al. [19] did not detect messenger RNA for connexinS0, which
may encade MP70 in mouse heart). However, RNA coding for
these connexins was not detected in any of the samples taken
from the dog heart. In addition, we did not examine con-
nexind0.3, connexin3l.1 and connexin33. So far these connex-
ins have been detected only in skin and testes (24,25).

The: probe for conngxindQ' hybridized' with multiple RNA
bands, a result we have observed in previous studies (4).
Because of the stringent hybridization conditions used, the
multiple connexind0 bands are likely to be closely related
messenger-RNA species, perhaps alternately processed con-
nexindd messenger RNAs. However, multiple splice forms of
messenger RNAs coding for connexind0 or any other connexin
have not been described. Further studies will be required to
determine whether this explanation is correct or whether the
multiple bands represent cross-hybridization with RNAs of
other closely related proteins.

Connexin phenotypes of gap junctions in the cardiac
conduction system. Previous immunostaining studies have
produced conflicting descriptions of the distribution con-
nexind3 in the cardiac conduction system. As in our study in
the canine heart, Van Kempen et al. (11) did not detect
connexin43 in the gap junctions of the rat and mouse sinus and
AV nodes. Oosthoek et al. (8,9) have made similar observa-
tions in the nodal tissues of human, rat and bovine hearts.

In contrast to these results, Gourdie et al. (10) and Anu-
monwo et al. (7) detected connexind3 in the rat AV node and

Figure 5, Sections of right atrium showing prominent staining of
junctions in preparations double labeled with anticonnexind3 (A) and
anticonnexinds {B) antibodies and anticonnexind3 (C) and anticon-
nexind0 (D) antibodies. Original magnification X500 (A to D); all
reduced by 25%.

the rabbit sinus node, respectively. Differences in antibody
specificities and immunostaining methods may explain some of
these conflicting results. The use of confocal microscopy by
Gourdie et al. (10) may have enhanced detection of weakly
staining gap junctions by reducing background artifact. How-
ever, we were unable to detect connexind3 in the nodal tissues
even when the preparations were viewed with confocal micro-
scopy. Interspecies variability in connexin expression may also
account for the differences in staining patterns found between
the rabbit and canine sinus nodes and may explain the absence
of connexind3 in the rat His and proximal bundles reported by
Gourdie et al. (10) and the presence of connexind3 in these
tissues in the canine heart in our study.

Connexin phenotypes in the right atrium and ventricle,
Our study demonstrates that canine right atrial gap junctions
contain mainly connexind0 and connexin43 and a lesser
amount of connexind5, whereas ventricular gap junctions are
composed predominantly of connexind3 and connexin4S.
These results confirm our previous observations (6) about the
composition of the gap junctions in the canine ventricle. In
contrast to our results, Bruzzone et al. (26) did not detect
connexind0 immunostaining in rat ventricular myocytes. These
disparate results may be due to technical differences in tissue
handling, the affinities and specificities of the different anti-
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bodies for connexind0 and the reagents used for immunostain-
ing. Further studies in which both connexind0 antibodies are
compared in the same tissues may resolve this discrepancy.

There is little controversy about the presence of connexin43
in both atrial and ventricular gap junctions. Abundant con-
nexind3 staining was shown in the rat heart by Van Kempen et
al. (11), in ventricular gap junctions of the dog heart by Dolber
et al. (27) and in ventricular junctions of the mouse heart by
Yancey et al. {28). Peters et al. (29) observed abundant
connexind3 staining in the human ventricle.

Functional implications. The biologic advantages of hav-
ing multiple distinct connexin phenotypes in different parts of
the heart and conduction system are not known. Although our
data allow only qualitative comparisons with the functional
data of others, some potential reasons for the diversity of
connexin phenotypes in the heart are apparent. Because
different connexins form channels with different conductances,
voltage sensitivities and ion permeabilities, changes in the
connexin phenotypes of tissue may influence intercellular
resistance, conduction velocity and clectrotonic interactions
between cells (30). This coneept is supported by the highly
variable distribution of connexins in cardiac tissues having
distinct electrophysiologic characteristics. Connexind( forms
channels with larger unitary conductances than connexind3
(3,31,32). Therefore, we had speculated previously that the
expression of large amounts of connexind0 might contribute to
the more rapid conduction in Purkinje fibers. However, our
current data present the puzziing results that connexind0 is
most abundant both in the most rapidly conducting and in
slowly conducting regions of the heart (6).

Perhaps this apparent paradox is explained by differential
regulation of connexind0 in different cardiac tissues. Although
there are no data to prove this hypothesis about connexind0,
Takens Kwak and Jongsma (33) recently demonstrated that
phosphorylating treatments produced three different single-
channel conductances in neonatal rat cardiac myocytes.
Moreno et al. (34) suggested that differential phosphorylation
produced different unitary conductances in cornexind3 trans-
fected cells. Furthermore, variations in connexin expression
are not the only determinant of intercellular resistance. Inter-
cellular resistance and conduction velocity are determined by
the total number and type of connexins, the regulation of the
opening and closing states of intercellular channels, the size
and spatial arrangement of gap junctions between cells, the
size and shape of adjoining cells as well as the active membrane
properties of cells. Many of these structural and molecular
features differ substantially in different parts of the cardiac
conduction system. For example, gap junctions in the sinus
node are smaller and occupy a smaller proportion of the cell
membrane than do those in the surrounding atria (35,36).
Anumonwo et al. (7) and Lorente et al. (37) have identified
different membrane resistances of cells in the sinus nodes
(1.1 GSY) and ventricle (28 MQ).

Differences in connexin phenotypes may also be important
in differential regulation of intercellular exchange of small
molecules that control differentiation. Although the ontogeny
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of the conduction system is incompletely understood, there is
some evidence to suggest that nodal tissues and the proximal
bundle branches arise from a common progenitor separate
from that of the atria and ventricles (38). Accordingly, it is not
surprising that nodal tissues have a unique connexin phenotype
distinct from that of atrial and ventricular myocardium. Nev-
ertheless, additional studies on the number, size and spatial
arrangement of gap junctions in each area of the conduction
system and on the effects of altering the connexin phenotypes
on cardiac development and function will be required before
definite conclusions on the functional significance of specific
connexin phenotypes can be reached.

Conclusions. Most cardiac gap junctions are formed by
connexin40, connexind3 and connexin45. The relative amounts
of each of the these connexins vary in different cardiac regions
with different conduction properties. In contrast to contractile
myocardium, junctions in the canine sinus and AV nodes are
formed by connexind0 and connexin45S and do not appear to
contain connexind3.

We thank Dana Abendschein, PhD and Pam Lundius, LAT for supplying the
caitine tissue.
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E1784K Mutation in SCN5A and Overlap Syndrome

Naokata Sumitomo, MD, PhD

by prolongation of the QT interval on the surface ECG

and may cause syncope and seizures; there is a cer-
tain risk of fatal ventricular arrhythmias, torsade de pointes or
ventricular fibrillation.! The QT interval is determined by the
cardiac action potential duration and is related to the many ion
channels in the myocardial cells. The most important state of
the ion currents for prolonging the QT interval is a decrease in
the outward K current, and increase of the inward Na or Ca
current. SCN5A is the gene encoding the most prevalent car-
diac Na channel & subunit, and an SCN5A mutation is respon-
sible for many hereditary arrhythmias including type 3 LQTS
(LQT3),2 Brugada syndrome (BrS),? progressive cardiac con-
duction disturbances (PCCD),* sick sinus syndrome (SSS),5¢
atrial fibrillation,%7 atrial standstill, and sudden infant death
syndrome (SIDS).8-10

C ongenital long QT syndrome (LQTS) is characterized

Article p?7??

The most common SCN5A mutation in LQT?3 causes a per-
sistent Na current during the action potential plateau because
of malfunctioning of the fast Na channel inactivation,? and this
delayed inactivation delays the repolarization of the myocar-
dial cells, and leads to prolongation of the QT interval (Table).

In contrast, a reduction in the initial opening of the Na chan-
nels in the right ventricular epicardial cells may cause ST el-
evation in the right precordial leads and lead to BrS (Table).

Some PCCD patients develop this phenotype with aging,
because the increased chance of fibrosis in association with
genetic defects may impair propagation of the impulse through

the conduction system. In some PCCD patients, a conduction
defect is documented from birth. Depending on the conse-
quence of the mutation on the sodium channels, the phenotype
may be progressive or congenital (Table).4

If the action potential generation and/or propagation is more
severely impaired in the atria than in the ventricles in SCN5A
mutation patients, the sinus node dysfunction caused by fail-
ure of the impulses to conduct into the adjacent atrial myocar-
dium (exit block) has been suggested as a cause of SSS, atrial
standstill, and atrial fibrillation (Table).?

Mutations of E1784K in SCN5A cause a persistent (late)
inward Na* current, and also cause a reduction in the peak Na*
current.*1112 Some LQT3 patients present with ECG findings
characteristic of BrS (overlap syndrome), and one of the causes
of this overlapping syndrome can be explained by E1784K,11.12
1795insD,1314 AKPQ,!215 and AK1500.%¢ However, several
other biophysical mechanisms may be related to the reduction
in the peak Na current.!”

Sodium-channel blockers are commonly used in patients
with LQT3 because of the blocking effect on persistent Na
currents.’$-20 However, in overlap syndrome, sodium-channel
blockers shorten the QT interval, possibly reducing the peak
Na current, and thus uncover a concealed BrS resulting in
typical ST segment elevation in the right precordial leads, and
may provoke malignant ventricular arrhythmias.!4

In this issue of the Journal, Takahashi et al report that the
E1784K mutation in SCN5A is the most prevalent mutation in
school children with LQTS in the Okinawa islands.?! The most
common mutation in LQTS is reported to be a KCNQI muta-
tion.2223 It is noteworthy that there is a high prevalence rate of

Syndrome Phenotype
LQT3 Prolonged QT
BrS RBBB type QRS, ST elevation in the nght
precordial leads
PCCD BBB, AVB
SSS Sinus bradycardia, SA block

Atrial standstill - Junctional rhythm without P waves
AF AF
Overlap syndrome LQT3,BrS, 8SS

Fibrosis and conduction disturbance of the conduction system -

Persistent Na current and reduction in the initial Na current

Possible cause of the syndrome
Persnstent Na current :

Reduction in the initial opening of the Na channels in the epicardial
right ventricular outflow tract cells

Failure of conduction from the sinus node (exit block), morphological
changes in the atrial cells

Failure of conduction in the atrium
Morphological changes of the atrial cells

AF, atrial fibrillation; AVB, AV block; BBB, bundle branch block; BrS, Brugada syndrome; LQT3, long QT type 3; PCCD, progressive cardiac
conduction system disturbance; RBBB, right bundle branch block; SA block, sino-atrial block; SSS, sick sinus syndrome.
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LQT3 (63%) in the Okinawa islands, and all the mutations are
E1784K in SCN5A.2! From this result, the ancestors of the
Okinawa islands may differ from those of the other islands in
Japan. As reported, BrS is much more prevalent in the Asian
region,? and we need to investigate the prevalence of LQT3
incidence and also E1784K mutations in SCN5A.

In the study by Takahashi et al,” one in 8 of the phenotypes
was revealed to have the BrS-type ST elevation while taking
mexiletine. Those patients may have an overlapping syndrome
of LQT3 and BrS. A closer look at the ST changes in the right
precordial leads and 3rd intercostal space right precordial lead
recording may be needed when an LQT3 gene anomaly is
found, especially an E1784K mutation in SCN5A. Further, great
care also must be taken when using sodium-channel blockers
and S-blockers in patients with LQT3.
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BACKGROUND Andersen-Tawil syndrome (ATS) is an autosomal dom-
inant genetic or sporadic disorder characterized by ventricular arrhyth-
mias (VAs), periodic paralyses, and dysmorphic features. The optimal

pharmacological treatment of VAs in patients with ATS remains unknown. -

OBJECTIVE We evaluated the efficacy and safety of flecainide for
VAs in patients with ATS with KCNJ2 mutations.

METHODS Ten ATS probands (7 females; mean age 27 + 11 years) were
enrolled from 6 institutions. All of them had bidirectional VAs in spite of
treatment with p-blockers (n = 6), but none of them had either aborted
cardiac arrest or family history of sudden cardiac death. Twenty-four-
hour Holter recording and treadmill exercise test (TMT) were performed
before (baseline) and after oral flecainide therapy (150 * 46 mg/d).

RESULTS Twenty-four-hour Holter recordings demonstrated that
oral flecainide treatment significantly reduced the total number of
VAs (from 38,407 *+ 19,956 to 11,196 = 14,773 per day; P = .003)
and the number of the longest ventricular salvos (23 £ 19to 5 = 5;
P = .01). At baseline, TMT induced nonsustained ventricular
tachycardia (n = 7) or couplets of premature ventricular complex
(n = 2); treatment with flecainide completely (n = 7) or partially
(n = 2) suppressed these exercise-induced VAs (P = .008). In

contrast, the QRS duration, QT interval, and U-wave amplitude of
the electrocardiogram were not altered by flecainide therapy.
During a mean follow-up of 23 = 11 months, no patients developed
syncope or cardiac arrest after oral flecainide treatment.

CONCLUSION This multicenter study suggests that oral flecainide
therapy is an effective and safe means of suppressing VAs in
patients with ATS with KCNJ2 mutations, though the U-wave
amplitude remained unchanged by flecainide.

KEYWORDS Andersen-Tawil syndrome; Long QT; Flecainide;
Ventricular arrhythmia; Mutation

ABBREVIATIONS APD = action potential duration; ATS = Andersen-
Tawil syndrome; CPVT = catecholaminergic polymorphic ventricular
tachycardia; ECG = electrocardiogram/electrocardiographic; Ix; =
inward rectifying K* current; QTc interval = corrected QT interval by
Bazett's formula; QUc interval = corrected QU interval by Bazett's
formula; RyR2 = ryanodine receptor 2; TMT = treadmill exercise test;
VA = ventricular arrhythmia; VT = ventricular tachycardia
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rights reserved.
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Introduction

Andersen-Tawil syndrome (ATS) is a heterogeneous, auto-
somal dominant genetic or sporadic disorder characterized
by ventricular arrhythmias (VAs), periodic paralyses, and
dysmorphic features.'? ATS is a channelopathy linked to
mutations in the KCNJ2 gene encoding the a subunit of
Kir2.1.>"® Patients with ATS often have a variety of VAs
such as premature ventricular complex, polymorphic ven-
tricular tachycardia (VT), and bidirectional VT. Although the
cycle length of VAs in patients with ATS is relatively long
and fatal cardiac event is rare, VAs often occur and lead to
symptoms such as syncope and palpitations.” Moreover,
sudden cardiac death and tachycardia-induced cardiomyop-
athy in patients with ATS have also been reported.®® Thus,
VA suppression is clinically important for patients
with ATS.

Although p-blockers and calcium channel blockers have
been used to treat VAs in patients with ATS,”'%'? these
drugs do not sufficiently suppress VAs. As an alternative,
empirical case reports7’8’13 have suggested that flecainide
might be effective for the suppression of VAs in patients
with ATS. To date, however, there are few systematic
evaluations of oral flecainide as a treatment of VAs in
patients with ATS. Accordingly, this study aimed to assess
the efficacy and safety of flecainide for VAs in patients with
ATS with KCNJ2 mutations.

Methods
Study population

The study population consisted of 10 unrelated ATS pro-

bands from 6 institutions in Japan who were treated with oral
flecainide. We prospectively enrolled patients with ATS who
were expected to use flecainide as a treatment of VAs.
Patients who could not perform treadmill exercise test
(TMT) and were more than 80 years old were excluded
from this study. ATS was diagnosed on the basis of clinical
features such as VAs, episodes of periodic paralysis, and/or
dysmorphic features as well as the presence of KCNJ2
genetic mutations. Cardiac involvement was determined on
the basis of the presence of VAs (premature ventricular
complex, polymorphic VT, and/or bidirectional VT), pro-
longation of the corrected QT (QU) interval (QTc [QUc]
interval), and/or enlargement of the U wave on a 12-lead
electrocardiogram (ECG)."® The periodic paralysis was
diagnosed according to the standard criteria.'* Dysmorphol-
ogy was defined as the presence of 2 or more of the
following: (1) low-set ears, (2) hypertelorism, (3) small
mandible, (4) clinodactyly, and (5) syndactyly.4

To evaluate the efficacy of flecainide, 24-hour Holter
recording and TMT were performed in all patients before
(baseline) and after flecainide therapy. Dose of flecainide
was determined by the physician who treated the patient in
this study. Physicians usually administered 2-3 mg/kg of
flecainide and titrated according to the result of Holter
recording, TMT, blood concentration of flecainide, and
patient intention. All participants provided written informed

consent according to the protocol approved by the institu-
tional review board (M24-028-2).

Twelve-lead ECG

A 12-lead ECG was recorded at a paper speed of 25 mm/s
during sinus rhythm in all patients in the supine resting state.
The R-R, PR, QT, QU, and Tpeak-Upeak intervals as well as
QRS duration were measured. The QT interval was defined
as the period from the onset of the QRS complex to the end
of the T wave. The U wave was defined as an early diastolic
deflection after the end of the T wave,"” and an enlarged U
wave was defined according to the following criteria: (1)
wave amplitude > 0.2 mV or (2) amplitude larger than the
preceding T wave. T-wave and U-wave durations were
defined as the periods from the onset of the T wave and U
wave to the end of the T wave and U wave, respectively.'”
The end of the T wave and that of the U wave were the points
at which tangents drawn to the steepest downslopes of the T
wave and U wave, respectively, crossed the isoelectric line.
T-wave and U-wave amplitudes and durations were also
measured. The QU interval was defined as the period from
the onset of the QRS complex to the end of the U wave. The
amplitude of the T wave or U wave was measured at each
highest amplitude lead, whereas the U/T-wave ratio was
calculated at the highest amplitude U-wave lead. The QT and
QU intervals were corrected by applying Bazett’s formula
(QTc and QUc intervals, respc::ctively).6 Polymorphic VT
was defined as a VT with an irregularly variable axis of the
QRS complex. Bidirectional VT was defined as a VT with a
beat-to-beat alternation of the QRS axis.'6

Mutation analysis

The protocol for genetic analysis was approved by the
institutional ethics committee and performed under its
guidelines (M24-031-4). All patients provided informed
consent before the genetic analysis. Genomic DNA was
isolated from whole blood using a DNA analyzer (QIAGEN
GmbH, Hilden, Germzmy).17 Genetic screening for KCNJ2
was performed by using the direct sequencing method (ABI
3730 DNA Analyzer, Life Technologies, Carlsbad, CA). The
complementary DNA sequence numbering was based on the
GenBank reference sequence NM_000891.2 for KCNJ2.

Holter recording

A 24-hour Holter recording was performed in all patients
before and after flecainide therapy. The following parameters
were used to assess the clinical efficacy and safety of
flecainide: (1) total number of VAs, (2) number of the
longest ventricular salvos and cycle length during the VT,
and (3) number of episodes of VT (>3 successive VAs).

™T

The TMT using a standard or modified Bruce protocol was
performed before and after the initiation of flecainide
therapy. The following parameters were used to assess the
clinical efficacy of flecainide: (1) number of the longest
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