',\' frontiers

Supplementary Material
Long QT Syndrome and Sinus Bradycardia — A Mini Review

Ronald Wilders, Arie O. Verkerk*

* Correspondence: Arie O. Verkerk: a.o.verkerk@amc.uva.nl

1 LQTS Mutations Associated with Sinus Bradycardia

Tables S1-S8 below provide a detailed overview of the various congenital long-QT syndrome
(LQTS) mutations known to date that are associated with sinus bradycardia, together with data on the
mutation-induced changes in expression and kinetics of the respective ion channels. Not included are
mutations associated with (often fetal or neonatal) bradycardia as a result of 2:1 or more advanced
atrioventricular block, as for example observed by Piippo et al. (2000), Lupoglazoff et al. (2004), and
Horigome et al. (2010). Also not included are data on autosomal recessive variants of congenital
LQTS that are caused by homozygous or compound heterozygous mutations, like the Jervell and
Lange-Nielsen syndrome (Schwartz et al., 2006).

(Continued on next page)



Table S1. Mutations in KCNQ! underlying both sinus bradycardia and LQTS type 1 (LQTI)
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Mutation Clinical observations Functional effects Source
c.387-5 T>A Sinus bradycardia in 5 out of 10 non- — Bdier et al. (2017)
symptomatic heterozygous mutation carriers
(family members of patients with familial
autosomal recessive LQTS); QTc
prolongation in one these 5 carriers
c.387-5 T>A — HEK-293 cells co-expressing wild-type and  Bhuiyan et al. (2008)
mutant subunits show Iks similar to wild-
type
R174H Neonatal bradycardia attributable to sinus — Lupoglazoff et al.
bradycardia in single male patient; QTc of (2004)
500 ms; asymptomatic at 7 y
R174H — Strongly reduced channel expression in Huang et al. (2018)
HEK-293 cells
L175fsX Neonatal bradycardia attributable to sinus Nonsense mutation; non-functional protein ~ Lupoglazoff et al.
(c.524 534dup) bradycardia in single male patient; QTc of (2004)

G179S

560 ms; asymptomatic at 3 y

Sinus bradycardia and QTc prolongation in
one of two non-symptomatic heterozygous
mutation carriers (family members of
patients with familial autosomal recessive
LQTS)

Bdier et al. (2017)

(Continued)
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Mutation Clinical observations Functional effects Source
G179S — Strong decrease in current density, as Vanoye et al. (2017)
compared to wild-type, when co-expressed
in CHO cells with wild-type KCNE1
R231C Fetal bradycardia, neonatal sinus — Lupoglazoff et al.
bradycardia and QTc prolongation in three (2004)
male patients; asymptomatic at 2 months, 2
y,and 8 y
R231C Overlap syndrome with neonatal sinus Faster activation and deactivation of Henrion et al. (2012)
bradycardia, AF, and LQTS in two families; homomeric KCNQ/! channels in Xenopus
no patients with both sinus bradycardia and  oocytes; higher potentials required to
LQTS activate the channels; altered interactions
with KCNE B-subunits
R231C Neonatal sinus bradycardia in a single male — Guerrier et al. (2013)
patient; QTc intervals on subsequent ECGs
ranging between 392 and 439 ms; AF, but
not sinus bradycardia, in two genotype-
positive family members
R231C — Significant decrease in current density, as Vanoye et al. (2017)
compared to wild-type, when co-expressed
in CHO cells with wild-type KCNE
R231C — Strongly reduced channel expression in Huang et al. (2018)

HEK-293 cells

(Continued)
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Mutation Clinical observations Functional effects Source
G325R Fetal bradycardia, neonatal sinus — Lupoglazoff et al.
bradycardia and QTc prolongation in single (2004)
female patient; asymptomatic at 2 y
G325R LQTS and/or syncope in several of 22 Heterozygous KCNQI channels in HEK-293  Burgess et al. (2012)
mutation carriers from 11 families cells show ~70% reduction in current
amplitude with only small changes in
activation gating
G325R LQTS in single patient Heterozygous KCNQ! channels in Xenopus  Aidery et al. (2012)
oocytes show >50% reduction in current
amplitude and +12-mV shift in voltage
dependence of activation
S338F Sinus bradycardia and profound QTc Dominant-negative effect on function of Hoosien et al. (2013)
prolongation in 7-year-old male; also carrier channels expressed in Xenopus oocytes
of the D85N variant in KCNE]
F339S Fetal bradycardia and prolonged QT interval Dominant-negative effect on function of Hoosien et al. (2013)
during the first month of life in a single male channels expressed in Xenopus oocytes
patient
F339del Sinus bradycardia and severe QTc Heterozygous KCNQI channels in Xenopus ~ Thomas et al. (2005)

prolongation in 26-year-old female patient;
regular heart rates in three family members
carrying the mutation

oocytes show >90% reduction in current
amplitude

(Continued)
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Mutation Clinical observations Functional effects Source
A341V Fetal or neonatal sinus bradycardia and QTc — Hamada et al.
prolongation in two male patients (1999); Horigome et
al. (2010)
A341V Baseline HR not different between mutation  Heterozygous KCNQ! channels in CHO Brink et al. (2005)
carriers and non-carriers cells show =50% reduction in current
amplitude
A341V — Dominant-negative suppression of cAMP- Heijman et al.
dependent Iks upregulation on top of a (2012)
dominant-negative reduction in basal current
in CHO cells
A344V Sinus bradycardia and QTc prolongation in ~ — Bdier et al. (2017)
one of two non-symptomatic heterozygous
mutation carriers (family members of
patients with familial autosomal recessive
LQTS)
A344V — Xenopus oocytes co-expressing wild-type Siebrands et al.
and mutant subunits show +15-mV shiftin  (2006)
voltage dependence of Iks activation
A344V — Strong decrease in current density, as Vanoye et al. (2017)

compared to wild-type, when co-expressed
in CHO cells with wild-type KCNE1

(Continued)
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Mutation Clinical observations Functional effects Source
K422fsX Fetal bradycardia, neonatal sinus Nonsense mutation; non-functional protein ~ Lupoglazoff et al.
(c.1258insA) bradycardia and mild QTc prolongation in (2004)

single female patient; asymptomatic at 4 y

T587M Fetal bradycardia, neonatal sinus — Horigome et al.
bradycardia, and QTc prolongation in male (2010)
neonate
T587M LQTS and syncope at 9 y in three non- No dominant-negative suppression of Ixs in ~ Yamashita et al.
familial patients COS-7 cells; trafficking deficiency of (2001)
T587M protein
T587M — Haploinsufficiency observed in CHO cells,  Biliczki et al. (2009)
reducing Iks by =50%; as opposed to wild-
type, T587M fails to increase membrane
localization of the KCNH2-encoded Kv11.1
protein, thus not only reducing Iks, but also
Ikr
A590T Neonatal bradycardia and mild QTc — Lupoglazoff et al.
prolongation in single male patient; (2004)
asymptomatic at 6 y
A590T — Heterozygous KCNQI channels in HEK-293 Kinoshita et al.
cells show Iks similar to wild-type (2014)
(Continued)
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Mutation Clinical observations Functional effects Source

D611Y Sinus bradycardia and QTc prolongation in ~ — Horigome et al.
male neonate; sinus bradycardia in female (2010)
neonate, but no data on QTc

D611Y Marked QTc prolongation in six out of 11 Mutant KCNQ1 channels in Xenopus Yamaguchi et al.

mutation carriers; one, a 2-year-old boy,
diagnosed at birth with bradycardia

oocytes show increased time constants of
current activation compared to wild-type;
no difference in current amplitude

(2005)




Table S2. Mutations in KCNH?2 underlying both sinus bradycardia and LQTS type 2 (LQT?2)
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Mutation Clinical observations Functional effects Source
R534C Sinus bradycardia (48 bpm) and marked QT — Omichi et al. (2010)
prolongation (QTc 477 ms) in a 60-year-old
male with a long history of epilepsy; same
mutation and prolonged QTc interval
subsequently identified in 57-year-old niece
R534C QT prolongation in a 19-year-old male (QTc Heterozygous expression in Xenopus Nakajima et al.
550 ms); QT prolongation in four genotype- oocytes revealed a —9-mV shift in voltage of (1999)
positive family members (QTc ranging from half-activation, accelerated activation and
460 to 680 ms) deactivation, and reduced steady-state
inactivation; no suppression of current
amplitude
A561V Sinus bradycardia and severe QT — Beery et al. (2007)
prolongation (QTc 637 ms) in a 4-day-old
girl
A561V — Dominant-negative current suppression in Ficker et al. (2000)

HEK-293 or COS-7 cells due to retention of
AS561V in the endoplasmic reticulum and
tagging wild-type channels for retention by
co-assembly with A561V subunits

(Continued)
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Mutation

Clinical observations

Functional effects

Source

AS561V

AS561V

AS561V

A561V

A561V

13-year-old male with a QTc of 584 ms

18-year-old male with QTc prolongation and
frequent episodes of syncope during
physical or emotional stress

Co-expression of wild-type and mutant
HERG in CHO cells reveals an ~85%
reduction in current amplitude and a —12-
mV shift in voltage of half-activation;
reduced abundance of co-expressed wild-
type HERG in cultured mammalian cells,
both by decreasing synthesis of full-length
protein and by increasing turnover

Co-expression of wild-type and mutant
HERG in COS-7 cells reveals an =70%
reduction in current amplitude, related to
impaired trafficking

Amplitude of peak and tail Ikr depressed by
80-90% in human induced pluripotent stem
cell-derived cardiomyocytes

Co-expression of wild-type and mutant
HERG in HEK-293 cells reveals a strong
reduction in current amplitude as well as
alterations in activation and inactivation

Co-expression of wild-type and mutant
HERG in HEK-293 cells reveals a 76%
reduction in current amplitude

Kagan et al. (2000)

Bellocq et al. (2000)

Mehta et al. (2014)

Lietal. (2016)

Wang et al. (2018)

(Continued)
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Mutation Clinical observations Functional effects Source
K638del Marked QT prolongation (QTc 597 ms) and — Ichikawa et al.
sinus bradycardia (51 bpm) in 56-year-old (2016a)

male; also marked QT prolongation and
sinus bradycardia in proband’s genotype-
positive daughter and granddaughter

10



Table S3. Mutations in SCN5A4 underlying both sinus bradycardia and LQTS type 3 (LQT3)
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Mutation

Clinical observations

Functional effects

Source

KPQ1505-1507del
(AKPQ)

KPQ1505-1507del
(AKPQ)

KPQ1505-1507del
(AKPQ)

KPQ1505-1507del
(AKPQ)

KPQ1505-1507del
(AKPQ)

Marked QTc prolongation and a history of
syncope or aborted sudden death in two
unrelated families

Marked QTc prolongation and significant
prolongation of RR interval in mutation
carriers as compared to unaffected family
members in two unrelated families

Faster inactivation of AKPQ channels
expressed in Xenopus oocytes; no change in
recovery from inactivation; —6-mV shift in
voltage of half-inactivation; substantial
persistent current

AKPQ channels expressed in Xenopus
oocytes reveal a persistent current at —10
mV of =1.7% of peak Ina, as compared to
~0.15% for wild-type

Faster inactivation and recovery from
inactivation of AKPQ channels expressed in
HEK-293/tsA201 cells; persistent current at
—20 mV of 2.57 + 0.27% of peak Ina; +6-
mV shift in voltage of half-activation

Wang et al. (1995)

Moss et al. (1995)

Bennett et al. (1995)

Dumaine et al.
(1996)

Wang et al. (1996)

(Continued)
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Mutation

Clinical observations

Functional effects

Source

KPQ1505-1507del
(AKPQ)

KPQ1505-1507del
(AKPQ)

KPQ1505-1507del
(AKPQ)

KPQ1505-1507del
(AKPQ)

Slowed atrial and ventricular conduction in
mutation carriers

Bradycardia and QT prolongation in
heterozygous mice carrying the AKPQ
mutation

Resting heart rate of 57 bpm and QTc
interval of 534 ms in six male mutation
carriers

Faster inactivation and recovery from
inactivation of AKPQ channels expressed in
HEK-293 cells; no shifts in voltage of half-
activation and voltage of half-inactivation;
substantial persistent current

Two-fold increase in Ina density, as
compared to wild-type, in ventricular
myocytes isolated from the heterozygous
AKPQ mice; large, slowly inactivating
persistent Ina; no differences in steady-state
activation and inactivation

Chandra et al. (1998)

Zareba et al. (2001)

Nuyens et al. (2001)

Moss et al. (2005)

KPQ1505-1507del  — AKPQ channels expressed in HEK-293 cells  Spencer (2009)
(AKPQ) reveal a +20-mV shift in voltage of half-
activation and a —10-mV shift in voltage of
half-inactivation as compared to wild-type
(Continued)
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Mutation

Clinical observations

Functional effects

Source

QKP1507-1509del

E1784K

E1784K

E1784K

41-year-old woman diagnosed with LQT3,
RR interval of 1240 ms and QTc of 576 ms;
12-year-old genotype-positive asymptomatic
son with RR interval of 1250 ms and QTc¢ of
595 ms

Sudden death at rest in 13-year-old girl
carrying the mutation; QT prolongation and
sinus bradycardia in four genotype-positive
family members

12-year-old boy with multiple syncopes, a
slow heart rate (42 bpm) and a prolonged
QT interval (QTc of 509 ms)

41 (heterozygous) mutation carriers from 15
families showed a prolonged QTc (mean +
SD of 485 = 30 ms versus 402 + 31 ms in
the non-carriers) with a penetrance of 93%;
sinus node dysfunction was present in 16 of
the mutation carriers and 4 of these 16 also
exhibited Brugada syndrome

Na' channels expressed in tsA201 cells
reveal a +12-mV shift in voltage of half-
activation, a slightly fastened recovery from
inactivation and a persistent Ina of =2% of
peak Ina at =30 mV

Na' channels expressed in Xenopus oocytes
reveal a —12-mV shift in steady-state
inactivation curve as compared to wild type;
currents of similar magnitude, but 2— 4%
residual current in E1784K and no residual
current in wild type

Na' channels expressed in tsA201 cells
reveal a +9-mV shift in voltage of half-
activation, a —14-mV shift in voltage of
half-inactivation, a persistent current of
~1.5% of peak Ina at =30 mV, and a faster
recovery from inactivation

Na' channels expressed in tsA201 cells
reveal an ~40% decrease in peak INa, a
+12.5-mV shift in the voltage of half-
activation, a —15.0-mV shift in the voltage
of half-inactivation, a 3.5-fold larger
persistent Ina than that of wild-type, and an
enhanced slow inactivation in absence of
changes in recovery from inactivation

Keller et al. (2003)

Wei et al. (1999)

Deschénes et al.
(2000)

Makita et al. (2008)

(Continued)
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Mutation Clinical observations Functional effects Source
1795insD ECG features of both LQTS and Brugada Na' channels expressed in Xenopus oocytes  Bezzina et al. (1999)
syndrome in the same mutation carriers from reveal a +8.1-mV shift in steady-state
a large family; sinus bradycardia; sudden activation curve, a —7.3-mV shift in steady-
death at rest state inactivation curve, and a 78% decrease
in peak current amplitude
1795insD Overlap syndrome in a large family; — Van den Berg et al.
mutation carriers showing ECG features of (2001); Van den
long-QT syndrome, Brugada syndrome, Berg et al. (2002);
conduction disease, and/or sinus bradycardia Postema et al. (2009)
1795insD — 17951insD channels expressed in HEK-293 Veldkamp et al.
cells reveal a persistent current of ~1.4% (2000); Veldkamp et
of peak current amplitude at —20 mV, as al. (2003)
compared to effectively zero for wild-type
1795insD Bradycardia, QT prolongation and right A 39% decreased peak Ina and a doubled Remme et al. (2006)

ventricular conduction slowing in
heterozygous mice carrying the ScnSa-
1798insD mutation (equivalent to human
1795insD)

persistent current in isolated heterozygous
ventricular myocytes compared to wild-type
ventricular myocytes

More data on E1784K are available, e.g. in studies by Takahashi et al. (2014) and Veltmann et al. (2016).

14



Table S4. Mutations in ANK?2 underlying both sinus bradycardia and LQTS in Ankyrin-B Syndrome (‘LQT4”)
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Mutation Clinical observations Functional effects Source
E1425G Severe sinus bradycardia and QTc — Schott et al. (1995)
prolongation in a four-generation family
E1425G Sinus bradycardia and QTc prolongation in ~ Reduced levels of Na/K pump, Na/Ca Mohler et al. (2003)
20 out of 23 genotype-positive family exchanger, inositol-1,4,5-trisphosphate
members; sinus bradycardia, QTc receptors (InsP3R), and elevated peak [Ca*];
prolongation, and sudden cardiac death in in isolated murine myocytes
AnkB*™ mice
E1425G Sinus bradycardia in a large family (56 + 15  Both Incx (=50%) and IcaL (>60%) reduced  Le Scouarnec et al.
bpm in mutation carriers vs. 85 + 24 bpmin  in SAN cells of AnkB*"~ mice; no significant  (2008)
non-carriers); prolonged QTU interval difference in Icar and If; expression of
Na/Ca exchanger and Na/K pump reduced
by 30—40% on immunoblots
R1788W Mild sinus bradycardia and QTc R1788W does not rescue abnormal Mohler et al. (2004)
prolongation in two unrelated adult females  expression or localization of Na/K pump,
Na/Ca exchanger, or InsP3Rs in ankyrin-
B*"~ neonatal mouse cardiomyocytes
I1855R Sinus bradycardia and QTc prolongation — Ichikawa et al.

in a 49-year-old man; bradycardia in his
mutation carrying sister

(2016b)
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Table SS. Mutations in KCNE underlying both sinus bradycardia and LQTS type 5 (LQTS5)
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Mutation

Clinical observations

Functional effects

Source

A8V

D85N

D85N

D85N

Prominent sinus bradycardia (46 bpm) and
marked QT prolongation (QTc 600 ms) in a
63-year-old female patient

Three adult females with sinus bradycardia
and QTc prolongation among 24 carriers of
the D85N mutation

Mild bradycardia and QTc interval of 470
ms in an 11-year-old female competitive
athlete

Sinus bradycardia and QTc prolongation
(515 ms) in a 20-year-old female (46 bpm)
and her younger sister (47 bpm; 532 ms)

No effect of A8V mutant compared to wild-
type KCNE]1 if co-expressed with wild-type
KCNQI in COS-7 cells; >40% reduction in
Ixr density compared to wild-type KCNE] if
co-expressed with wild-type KCNH2 in
CHO cells

Homozygous co-expression of the mutant
with wild-type KCNQI or KCNH?2 in CHO
cells reveals significant loss-of-function
effects on both Iks and Ikr

Homozygous co-expression of the mutant
with KCNH?2 in tsA201 cells reduced Ik tail
current by 85%, whereas heterozygous co-
expression reduced the current by 52%

Ohno et al. (2007)

Nishio et al. (2009)

Nofetal. (2011)

Nakajima et al.
(2010)

(Continued)
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Mutation Clinical observations Functional effects Source

R98W Sinus bradycardia (45 bpm) with mild QT ~50% reduction in Iks density and +16-mV ~ Ohno et al. (2007)
prolongation (QTc 460 ms) in a 19-year-old  shift in voltage of half-activation compared
female to wild-type KCNE1 if co-expressed with

wild-type KCNQ! in COS-7 cells; no effect
of R98W mutant compared to wild-type
KCNE]I if co-expressed with wild-type
KCNH?2 in CHO cells

D85N also observed in a carrier of the S338F mutation in KCNQ/! exhibiting sinus bradycardia and profound QTc prolongation (cf. Table
S1).
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Table S6. Mutations in KCNE?2 underlying both sinus bradycardia and LQTS type 6 (LQT6)
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Mutation

Clinical observations

Functional effects

Source

M54T

M54T

M54T

M54T

Sinus bradycardia (39 bpm) and QTc
prolongation (476 ms) in a 51-year-old male

38-year-old female who had VF while
jogging; atypical response to exercise with
QTec intervals ranging from 390 to 500 ms

Co-expression of HCN4 and M54T mutant
MiRP1 in cultured newborn rat ventricular
myocytes reduces HCN4 current (Ir)
amplitude by ~80% and slows activation by
a factor of 2 in comparison to co-expression
of HCN4 and wild-type MiRP1

Co-expression of KCNH2-encoded HERG
a-subunits and M54T mutant MiRP1 in
CHO cells forms Ikr channels that deactivate
twice as fast as upon co-expression with
wild-type MiRP1

Co-expression of KCNH2-encoded HERG
o-subunits and M54T mutant MiRP1 in
CHO cells reveals a 39% decrease in current

density as compared to co-expression with
wild-type MiRP1

+10-mV shift in voltage of half-activation
and —10-mV shift in voltage of half-
inactivation compared to wild-type MiRP1
if co-expressed with wild-type HERG in
CHO cells; slowing of deactivation at
physiological potentials

Nawathe et al.
(2013)

Abbott et al. (1999)

Sesti et al. (2000)

Lu et al. (2003)

(Continued)
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Mutation

Clinical observations

Functional effects

Source

V65M

QTec prolongation, but not sinus bradycardia,
observed in 17-year-old female; sinus
bradycardia (55 bpm), but not QTc
prolongation, observed in the genotype-
positive father

CHO cells co-expressing wild-type HERG
and wild-type or mutant MiRP1 reveal an
accelerated Ikr inactivation time course in
case of mutant MiRP1

Isbrandt et al. (2002)
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Table S7. Mutations in CACNA I C underlying both sinus bradycardia and LQTS type 8 (‘LQTS8’)?

Mutation Clinical observations Functional effects Source
A582D 12-year-old girl with significantly prolonged Expression of mutant channels in CHO cells Fukuyama et al.
QTec interval and sinus bradycardia (50 bpm) reveals a slower course of inactivation of (2014)

Ica,L as compared to wild-type

P857R Mild QT prolongation in 7 mutation carriers  Expression of mutant channels in HEK-293  Boczek et al. (2013)
from one family; sinus bradycardia and a cells results in a >100% increase in Ica,L
QTc of 454 ms in a male mutation carrier density as compared to wild-type;

biotinylation experiments show a 64%
increase in surface membrane expression of
mutant CACNAC relative to wild-type

R858H 15-year-old boy with a prolonged QT Expression of mutant channels in CHO cells Fukuyama et al.
interval and severe bradycardia (44 bpm) reveals a significant increase in IcaL density  (2014)
as compared to wild-type

2 Not taken into account are mutations associated with Timothy syndrome (G402S, G406R), which has been named LQTS, but above all is a
multisystem disorder, including bradycardia and extreme QT prolongation (Splawski et al., 2004; Splawski et al., 2005). Also, bradycardia
is caused by 2:1 atrioventricular block rather than sinus bradycardia. A table with clinical and genetic characteristics of Timothy syndrome
patients with proven genetic diagnosis reported in the literature is provided by Sepp et al. (2017).

20



Table S8. Mutations underlying both sinus bradycardia and one of LQTS types 9—16 (LQT9-LQT16)*
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LQTS type Mutation Clinical observations Functional effects Source

LQT9 CAV3-T78MP Sinus bradycardia in two unrelated — Vatta et al. (2006)
LQTS patients

LQTIO SCN4B-L179F Asymptomatic bradycardia and 3-fold increase in late sodium Medeiros-
profound QT prolongation in a 21- current, +3-mV shift in voltage of Domingo et al.
month-old girl half-inactivation, and slowed (2007)

recovery from inactivation (as
compared to wild-type Nav[4)

LQT14 CALMI-E105A 6-year-old male with sinus — Takahashi et al.
bradycardia and QT prolongation; (2016)
de novo mutation

LQT14 CALMI-F142L 14-year-old male with severe Impaired Ca®" binding by mutant Crotti et al.
cognitive disability, epilepsy, calmodulin C domains (2013)
markedly prolonged QTc, and
nocturnal bradycardia

LQT14 CALMI-F142L Bradycardia and QT prolongationin ~ — Boczek et al.
neonate male; de novo mutation; (2016)
sudden cardiac death at 1 year of age

LQT15 CALM2-D96V Female infant with sinus bradycardia ~ Impaired Ca*" binding by mutant Crotti et al.
and markedly prolonged QTc (690 calmodulin C domains (2013)
ms)

(Continued)
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LQTS type Mutation Clinical observations Functional effects Source
LQT15 CALM?2-N98I Sinus bradycardia and a prolonged Impaired Ca®" binding by mutant Makita et al.
QTec interval (555 ms) in 2-year-old calmodulin C domains as determined (2014)
boy by changes in intrinsic fluorescence
in Escherichia coli expressing wild-
type and mutant calmodulins
LQTI15 CALM2-D132H Profound sinus bradycardia and Human induced pluripotent stem Pipilas et al.
prolonged QT interval (QTc 651 ms)  cell-derived cardiomyocytes show (2016)
in 1-day-old infant impaired calcium-dependent
inactivation of the voltage-gated
calcium current; no changes in
voltage-dependent inactivation
LQTI16 CALM3-D96H Sinus bradycardia and extreme QTc — Chaix et al.
interval prolongation (627 ms) in 3- (2016)
day-old girl
LQTI16 CALM3-F142L Sinus bradycardia and extreme QTc — Chaix et al.
interval prolongation (645 ms) in 1- (2016)

day-old girl

# Mutations in AKAP9 (LQT11), encoding the anchoring protein yotiao, in SN7A1 (LQT12), encoding the scaffolding protein al-syntrophin,
and in KCNJ5 (LQT13), encoding the Kir3.4 (or GIRK4) subunit of the Ik ach channel, decrease Iks and inhibit its functional response to
cAMP (Chen et al., 2007), increase peak and late Ina (Ueda et al., 2008; Wu et al., 2008), and reduce Ik ach, respectively. No data on
simultaneous intrinsic sinus bradycardia have been reported.

>Mutations in C4AV3 may affect multiple ion currents, not only increasing late Ina (Vatta et al., 2006) and decreasing Ik (Vaidyanathan et al.,
2013), but also affecting Ir (Ye et al., 2008; Campostrini et al., 2017) and the ultrarapid delayed rectifier K" current (Ikur) (Campostrini et

al., 2017).
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2 Computer Simulations

To illustrate the action of the 1795insD mutation in SCN54, we used data from computer simulations
that we recently carried out during another study (Wilders, 2018). Effects of the 1795insD mutation
on the fast sodium current (Ina) were implemented in the CelIML code (Cuellar et al., 2003) of the
Fabbri-Severi computational model of a human SAN pacemaker cell (Fabbri et al., 2017). The
CellML code was edited and run in version 0.9.31.1409 of the Windows based Cellular Open
Resource (COR) environment (Garny et al., 2003). In some of the simulations, the control beating
rate of the model cell of 74 bpm was lowered to 49 bpm (vagal activity) through the simulated
administration of 20 nM acetylcholine (ACh), which acts through activation of the ACh-activated K*
current (Ik,acn) as well as inhibition of the hyperpolarization-activated ‘funny current’ (Ir), the L-type
calcium current (IcaL), and the sarco/endoplasmic reticulum Ca?*-ATPase (SERCA pump), as
detailed by Fabbri et al. (2017). All simulations were run for a simulated period of 200 s, which is a
sufficiently long time to reach steady-state behavior. Data from the final 10 s are shown.

To simulate the 1795insD mutation in SCN54, the model Ina was split into a wild-type and a mutant
component, thus representing the heterozygous nature of the mutation. The fully-activated
conductance of the wild-type component was set to 50% of the control value. The mutant component
differed from the wild-type component in several respects. First, the voltage dependence of the
equations governing the Ina activation and inactivation kinetics was shifted by +8.1 and —=7.3 mV,
respectively, to implement the experimentally observed +8.1 and —7.3 mV shifts in the steady-state
activation and inactivation curves (Bezzina et al., 1999). Second, the fully-activated conductance was
set to 25% of the control value, which was required to match the decrease in peak Ina that was
observed in voltage clamp experiments (Bezzina et al., 1999). Third, 0.6% of the mutant Ina channels
were made non-inactivating to introduce a late Ina current with an amplitude of 1.0-1.5% of the peak
Ina recorded in voltage clamp mode, in accordance with the late Ina that was observed experimentally
(Veldkamp et al., 2000; Veldkamp et al., 2003).

(Continued on next page)
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