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Abstract

Background—A portion of sudden cardiac deaths (SCD) can be attributed to structural heart
diseases such as hypertrophic cardiomyopathy (HCM) or cardiac channelopathies such as long QT
syndrome (LQTS); however, the underlying molecular mechanisms are quite distinct. Here, we
identify a novel CACNA1C missense mutation with mixed loss-of-function/gain-of-function
responsible for a complex phenotype of LQTS, HCM, SCD, and congenital heart defects (CHDs).

Methods and Results—Whole exome sequencing (WES) in combination with Ingenuity
Variant Analysis was completed on three affected individuals and one unaffected individual from a
large pedigree with concomitant LQTS, HCM, and CHDs and identified a novel CACNAIC
mutation, p.Arg518Cys, as the most likely candidate mutation. Mutational analysis of exon 12 of
CACNAIC was completed on 5 additional patients with a similar phenotype of LQTS plus a
personal or family history of HCM-like phenotypes, and identified two additional pedigrees with
mutations at the same position, p.Arg518Cys/His. Whole cell patch clamp technique was used to

Correspondence: Michael J. Ackerman, MD, PhD, Mayo Clinic Windland Smith Rice Sudden Death, Genomics Laboratory, Mayo
Clinic, Guggenheim 501, Rochester, MN 55905, Tel: 507-284-0101, Fax: 507-284-3757, ackerman.michael@mayo.edu.

Conflict of Interest Disclosures: Mayo Clinic and MJA receive sales based royalties from Transgenomic's FAMILION-LQTS and
FAMILION-CPVT genetic tests



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Boczek et al.

Page 2

assess the electrophysiological effects of the identified mutations in Cay/1.2, and revealed a
complex phenotype, including loss of current density and inactivation in combination with
increased window and late current.

Conclusions—Through WES and expanded cohort screening, we identified a novel genetic
substrate p.Arg518Cys/His-CACNALC, in patients with a complex phenotype including LQTS,
HCM, and CHDs annotated as cardiac-only Timothy syndrome. Our electrophysiological studies,
identification of mutations at the same amino acid position in multiple pedigrees, and co-
segregation with disease in these pedigrees provides evidence that p.Arg518Cys/His is the
pathogenic substrate for the observed phenotype.

Keywords

L-type calcium channels; long QT syndrome; hypertrophic cardiomyopathy; genetics; sudden
cardiac death; Cardiac-only Timothy syndrome

Introduction

Each year, more than 400,000 cases (>1,000 per day) of sudden cardiac death (SCD) are
reported in the United States.> Many of these deaths can be attributed to coronary artery
disease; however, a small portion are caused by inherited structural heart diseases, such as
hypertrophic cardiomyopathy (HCM) or structurally normal heart inherited arrhythmia
syndromes, such as long QT syndrome (LQTS).% 3 Although both HCM and LQTS can
cause sudden death due to cardiac arrhythmias, the pathophysiology, disease progression,
and underlying molecular/genetic substrates are thought to be distinct.

Largely considered a disorder of the cardiac sarcomere, HCM is defined by cardiac
hypertrophy, most commonly of the left ventricle, in the absence of a clinically identifiable
etiology, and often presents with fibrosis, myocyte disarray, ventricular septal
dysmorphology, coronary artery microvascular disease, and left ventricular outflow tract
obstruction.* 5 Conversely, LQTS is a disorder of delayed ventricular myocardial
repolarization that often manifests as prolongation of the QT interval on an ECG in the
setting of a structurally normal heart.% Although over 25 HCM-susceptibility genes (mostly
encoding for structural proteins)” and 17 LQTS-susceptibility genes (encoding for ion
channels or channel interacting proteins)® have been discovered, a significant number of
patients expressing these potentially lethal phenotypes remain genetically elusive.

Here, using next generation pedigree-based whole exome sequencing (WES) on a multi-
generational pedigree and a subsequent analysis of additional unrelated patients/pedigrees
presenting with a similar cardiac phenotype, we have identified a novel perturbation in the
CACNAIC-encoded Cay1.2 calcium channel that confers susceptibility for the concomitant
phenotypes of LQTS, HCM, congenital heart defects (CHDs), and SCD that are present in
these families.
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Methods

Study Subjects

An 11-member (6 affected) multigenerational pedigree presented with a multitude of cardiac
signs and symptoms, including marked QT prolongation, HCM, SCD, and CHDs. However,
none of the family members had syndactyly, cognitive impairments, facial dysmorphisms, or
any other non-cardiac clinical characteristics suggestive of Timothy syndrome (TS). The
proband, who was genotype-negative by commercially available LQTS genetic testing, was
referred to the Mayo Clinic Windland Smith Rice Sudden Death Genomics Laboratory for
further genetic testing. After written consent for this Institutional Review Board-approved
study, peripheral blood lymphocytes were obtained from 6 family members. Genomic DNA
was obtained using the Puregene DNA Isolation Kit (Qiagen Inc., Valencia, CA). The
symptomatic index case, unaffected mother, affected sister, and affected nephew were
selected for WES (Figure 1A, cases I11.1, 11.2, I11.4 and IV.1 respectively).

Whole Exome Sequencing

Expanded methods regarding the whole exome sequencing and subsequent bioinformatic
analysis are available in the supplemental materials.

CACNALC Mutational Analysis

Next, we examined our cohort of 37 unrelated patients with clinically robust but genetically
elusive LQTS for coexisting echocardiographic evidence of HCM, or family history of
HCM-like phenotypes; we found 5 cases with this phenotype (Table 1). These cases were
mutation negative after LQTS mutational analysis (by denaturing high performance liquid
chromatography and DNA sequencing) of the 3 major LQTS genes: KCNQ1, KCHNZ, and
SCN5A, and 8 minor LQTS genes: AKAPI, ANKB, CAV3, KCNE1, KCNEZ2, KCNJZ,
SCN4B, and SNTAL

For these 5 unrelated cases with LQTS and concomitant personal or familial HCM, genetic
analysis was performed on exon 12 of CACNA1C (NM_000719) using polymerase chain
reaction and DNA sequencing (ABI Prism 377, Applied Biosystems Inc., Foster City, CA).
Primer sequences and PCR conditions are available upon request.

We expanded the pedigrees to include additional blood samples from family members of two
of five of these patients to examine exon 12 of CACNAIC. All patients and family members
signed written consent for this IRB-approved study.

CACNA1C Mammalian Expression Vectors and Site-Directed Mutagenesis

The human wild-type (WT) CACNAIC cDNA with an N-terminal enhanced yellow
fluorescence protein (EYFP) tag [(EYFP) Nalc,77] in the pcDNA vector and the cDNA of
the CACNAZD1 gene cloned in pcDNA3.1 vector, and the CACNBZ2 cDNA were gifts from
Dr. Charles Antzelevitch, Masonic Medical Research Laboratory, Utica NY. The cDNA of
CACNBZb was subcloned into the bicistronic pIRES2-dsRED2 vector (Clontech, Mountain
View, CA). The p.Arg518Cys-CACNALC and p.Arg518His-CACNALC missense mutations
were engineered into pcDNA3-CACNAIC-WT-EYFP vector using primers containing the
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missense mutations (available upon request) in combination with the Quikchange 11 XL Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The integrity of all constructs was
verified by DNA sequencing.

HEK?293 Cell Culture and Transfection

Expanded methods regarding the HEK293 cell culture and transfection, as well as
subsequent electrophysiological measurements, data analysis, and confocal examination of
CACNAIC are available in the supplemental materials.

Statistical Analysis

All data points are shown as the mean value and error bars represent the standard error of the
mean. Statistics were completed used SigmaPlot 12.0 (San Jose, CA) and GraphPad Prism
(La Jolla, CA). Normality was tested by Shapiro-Wilk and constant variance was analyzed
for each comparison, and if normality failed, nonparametric methods were utilized. Student's
t-test or Mann-Whitney rank sum test was performed to determine statistical significance
between two groups, and a p< 0.05 was considered significant. One way ANOVA or
Kruskal-Wallis in combination with Dunn's method for multiple comparisons was performed
to determine statistical significance among our variants versus controls. After correction for
multiple comparisons, a p<0.05 was considered to be significant.

Results

Multigenerational Pedigree with LQTS, HCM, SCD, and CHDs

The index case is a 33-year-old female (I11.1, Figure 1A; Table 2) who presented at 25 years
of age with QT prolongation during pregnancy. Subsequent medical history revealed a
ventricular septal defect (VSD) and a family history of SCD. Her ECG exhibited a QTc of
500 ms, first degree AV block, and her medical therapy included the placement of an
implantable cardioverter defibrillator (ICD). She later experienced peripartum
cardiomyopathy after giving birth to triplets. Several years later, she had an abnormal
echocardiogram with ventricular septal hypertrophy with a maximum septal wall thickness
of 15 mm.

After reviewing her family history (Table 2), it was identified that her father (11.1) died at 36
years-of-age due to a cardiac arrhythmia secondary to HCM with cardiac hypertrophy and
fibrosis noted at autopsy. Her brother (111.2) died at 24 years-of-age, when first responders
found him in ventricular fibrillation and were unable to resuscitate him. His autopsy also
revealed underlying HCM with cardiomegaly and interstitial fibrosis. An ECG performed 2
years prior to his death revealed QT prolongation with a QTc of 490 ms. Her deceased
brother's son (1V.1) has marked QT prolongation (QTc, 522 ms) and has been treated with an
ICD. Her living brother (111.3) has normal QTc values. Her sister's (111.4) ECGs showed QT
prolongation with a QTc of 491 ms.

Overall, the family history is unique and atypical, with overt QT prolongation presenting in
some cases and cardiomyopathies including HCM, with or without CHDs, in an autosomal
dominant inheritance pattern. However, none of the patients have extra-cardiac phenotypes,
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such as those observed in Timothy syndrome (TS). Taken altogether, the phenotypic sequela
is representative of an autosomal dominant condition, with features consistent with cardiac
only Timothy syndrome (COTS).

WES for Novel Pathogenic Substrate Identification in a Large Multigenerational Pedigree

Utilizing WES, we genetically interrogated our index case (I11.1), her affected sister (111.4),
affected nephew (IV.1), and unaffected mother (11.2). Overall, 146,020 variants were
identified (Figure 1B). Utilizing Ingenuity Variant Analysis, we were able to filter our total
number of plausible candidate variants to 29 (Figure 1B). Utilizing genes that have been
associated previously with LQTS, cardiomyopathy, SCD, and diseases consistent with these
phenotypes, we identified one novel, ultra-rare variant, c.1552C>T in exon 12 of the
CACNAI1Cencoded Cay1.2 L-type calcium channel (LTCC), which leads to an arginine to
cysteine change at amino acid position 518 (p.Arg518Cys) in the I-11 cytoplasmic linker of
Cay1.2 (Figure 2).

Follow-Up Cohort Analysis

Based on the unique and novel phenotype identified within this pedigree, we examined our
cohort of 37 unrelated patients with clinically robust but genetically elusive LQTS for cases
with a personal or family history of phenotypes suggestive of HCM, and a total of 5 patients
met those criteria (Table 1). Using PCR amplification and Sanger-based DNA sequencing,
we interrogated exon 12 of CACNAIC. Interestingly, 2/5 (40%) had a variant in exon 12,
both at the 518t amino acid, one encoding for arginine to cysteine (p.Arg518Cys), like our
original pedigree, and the second encoding for arginine to histidine (p.Arg518His).

The index case (11.1) in pedigree 2 was diagnosed with LQTS with a QTc of 480 ms after a
screening ECG was performed because of his father's (1.2) diagnosis of HCM. (Table 2;
Figure 3, Pedigree 2). The index case (111.1) in pedigree 3 was diagnosed with LQTS with a
QTc of 500 ms. She was born with a cleft mitral valve and had surgical repair of an atrial
septal defect (ASD) at 19 months. During an unrelated hernia repair, she had intraoperative
torsades des pointes for 5-10 beats and was implanted subsequently with an ICD. Her sister
(111.2) was diagnosed with obstructive HCM at a young age, and she had two myectomies
before the age of 5. She also had QT prolongation which at the time was attributed to her
HCM. She died suddenly and unexpectedly at 30 years of age, and her autopsy reported
symmetrical hypertrophy, and fibrosis; cause of death was likely due to arrhythmia. Her
mother (I1.1) has an enlarged septum and QT prolongation, and she has a pacemaker. Her
maternal aunt (11.2) and maternal cousin (111.3) have been diagnosed with HCM. Family
member I11.3 had subaortic stenosis, had a left ventricular septal myectomy, has a history of
supraventricular tachycardia and first degree AV block, and has been treated with verapamil.
Her maternal grandfather (1.1) died suddenly and unexpectedly in the hospital at 64 years-of-
age (Table 2; Figure 3, Pedigree 3). Genetic interrogation using PCR and Sanger-based DNA
sequencing of exon 12 of CACNAIC in family members in all three pedigrees revealed that
p.Arg518Cys/His co-segregated with the abnormal cardiac phenotypes (Figure 3).
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In Vitro Functional Analysis of p.Arg518Cys/His-CACNA1C

To better understand the effect that p.Arg518Cys/His has on the Cay,1.2 channel, we utilized
whole cell patch clamp technique to determine whether there are electrophysiological
differences between these mutants and WT-Cay/1.2 channels in HEK293 cells. Typical I,
tracings of voltage-dependent activation from WT and p.Arg518Cys/His are shown in Figure
4A. Analysis of the current-voltage relationship shows that p.Arg518Cys/His mutants
dramatically decrease I, current density from —10 mV to +70 mV (p<0.05 vs. WT, Figure
4B). The peak current density was reduced by 55.6% and 63.2% respectively from —69.3

+ 7.0 pA/pF (WT, n=15) to —30.8 £ 5.2 pA/pF (p.Arg518Cys, n=14; p<0.0001) and to —25.5
+ 5.8 pA/pF (p.Arg518His, n=15; p<0.0001, Figure 4C).

Due to the reduction of current density observed with the p.Arg518Cys/His variants, we
utilized the EYFP-tag on CACNALC to examine the localization of mutant and WT-Cay1.2
proteins. Visual comparison highlights a centralized punctate pattern of fluorescence with
p.Arg518Cys, which is not observed in WT cells (Figure 4D). Using the confocal
microscopy images, we compared the peripheral (membrane):central (cytosol) ratio between
WT and p.Arg518Cys. We found that WT had a ratio of 0.97 + 0.05 (n=10), whereas
p.Arg518Cys had a ratio of 0.81 £ 0.04 (n=10; p=0.02; Figure 4E), suggesting that less
mutant channels are localized to the membrane and that p.Arg518Cys may affect trafficking.

Typical tracings of steady-state inactivation for WT and p.Arg518Cys/His are shown in
Figure 5A. Steady-state inactivation was assessed by a standard 2 pulse voltage-clamp
protocol (see inset Figure 5A and figure legend). A plot of the inactivation curves shows that
p.Arg518Cys and p.Arg518His shifted V1, of inactivation to more depolarized potentials by
+6.8 mV and +7.0 mV respectively from -20.9 + 0.4 mV (WT, n=15) to -14.1 + 0.5
(Arg518Cys, n=14, p<0.001) and to -13.9 + 0.7 mV (p.Arg518His, n=15, p<0.001; Figure
5B). The respective k (slope factor) showed a significant difference between the mutants and
WT from 5.6 £ 0.2 (WT, n=15) to 8.2 + 0.4 (p.Arg518Cys, n=14, p<0.001) and t0 8.6 + 0.6
(p.Arg518His, n=15, p<0.001). A plot of the activation curves shows that the p.Arg518His
mutation shifted V1, of activation to a more depolarized potential by +4.5 mV from +13.4
+ 1.1 mV (WT, n=15) to +17.9 + 0.8 mV (p.Arg518His, n=15, p = 0.004; Figure 5B).
However, p.Arg518Cys did not significantly shift activation. In addition, the respective &
(slope factor) showed no significant difference between the groups: 6.9 + 0.4 (WT, n=15),
7.7 £0.4 (p.Arg518Cys, n=14), 8.0 £ 0.4 (p.Arg518His, n=15). When voltage-dependent
activation and steady-state inactivation are plotted together, large increases in the window
current can be observed (Figure 5B).

Ic, decay after 90% of peak was best fit by two exponentials with two © values representing
fast and slow inactivation. From +40 to +50, p.Arg518Cys/His revealed slower inactivation t
in the fast component of decay time (corrected p < 0.05, Figure 5C). From +20 to +50 mV,
p.Arg518Cys/His revealed a slower inactivation < in the slow component of the decay time
(corrected p < 0.05, Figure 5D).

Finally, we examined late current of I, ; the typical traces can be seen in Figure 5E. In
addition, we normalized late current to the peak current, and compared the percent of each
group, and the mutations conferred an increased late current by 7.0 fold and 6.6 fold
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respectively from 2.6% + 0.5 (WT, n=15) to 20.9% + 2.5 (p.Arg518Cys, n=14, p<0.001) and
t0 19.7% + 1.9 (p.Arg518His, n=15, p<0.001; Figure 5F).

In Vitro Functional Analysis of p.Arg518Cys-CACNA1C with or without BaCl, perfusion

Ica CACNA1C-WT and p.Arg518Cys reached peak at +30 mV, whereas g CACNA1C-WT
and p.Arg518Cys reached peak at +10 mV. Both WT and p.Arg518Cys mutant displayed
robust Ig, currents at +10 mV compared with I, currents. The p.Arg518Cys mutation
exhibited slower inactivation kinetics than WT under both CaCl, and BaCl, perfusion.
Typical Cay1.2 CACNALC-WT and p.Arg518Cys I, and Ig;, tracings of voltage-dependent
activation at +10 mV and +30 mV are shown in Figure 6A. Voltage-dependent inactivation
(\VDI) was presented as fraction of current remaining after 500 ms depolarization
normalized to peak current (rsqo) across various voltages. The extent of Ca?*-dependent
inactivation (CDI) was calculated as f5o0= (rs00/8a-T500/ca)/f500/8a. The p.Arg518Cys
mutation significantly decelerated VDI from +10 mV to +30 mV under both BaCl, and
CacCls, perfusion (Figure 6B). However, p.Arg518Cys did not change CDI of Cay/1.2 channel
at +30 mV significantly with fg9 = 0.62 £ 0.07 (p.Arg518Cys, n = 5) compared to fggg =
0.55 £0.09 (WT, n =5).

Discussion

Familial WES is a powerful tool for identifying the underlying genetic substrate in novel
disorders. In this study, we identified a pedigree with multiple cardiac abnormalities,
including LQTS, HCM, CHDs, and SCD. WES of three affected and one unaffected family
member in combination with Ingenuity Variant Analysis suggested a novel mutation
p.Arg518Cys-CACNALC as the probable pathogenic substrate for the COTS phenotype
observed in this pedigree. Follow-up cohort analysis revealed two additional pedigrees, with
very similar phenotypes, having mutations at the exact same amino acid position
(p.Arg518Cys and p.Arg518His).

CACNAIC encodes for the a-subunit of the Cay1.2 LTCC, which is critical for the plateau
phase of the cardiac action potential, cellular excitability, excitation-contraction coupling,
and regulation of gene expression.20: 21 Perturbations of CACNAIC have been associated
with several different cardiac arrhythmia disorders, which can be differentiated into two
groups, loss-of-function CACNA1C-mediated disease leading to Brugada syndrome (BrS),°
and gain-of-function CACNA1C-mediated disease leading to either Timothy syndrome
(TS)0 or LQTS.1?

Of the gain-of-function CACNA1C-mediated diseases, TS, is an extremely rare, sporadic
disorder, characterized by a myriad of multisystem abnormalities, including a cardiac
phenotype of QT prolongation, HCM, CHDs, premature SCD and an extra-cardiac
phenotype of syndactyly, facial dysmorphisms, and neurological symptoms including autism
and intellectual disability.22 Although it was speculated initially that gain-of-function
mutations within CACANIC would lead to this complex multisystem phenotype of TS,
CACNAIC mutations were described recently in cases of pure congenital LQTS devoid of
other cardiac or other organ system abnormalities.11 Conversely, concomitant QT-
prolongation is common in patients with HCM, although the exact pathophysiology of this
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electrocardiographic finding remains unclear.2® Interestingly, the pedigrees identified within
this study seem to have a phenotype that lies between TS and LQTS, representing a
“cardiac-only” TS (COTS) phenotype of LQTS, HCM, CHDs, and SCD. Akin to patients
with CACNA1C-mediated LQTS, none of the individuals within the three pedigrees have
any of the extra-cardiac phenotypes associated with TS.

In order to confirm the disease-causing nature of the p.Arg518Cys/His mutations and to
attempt to better understand the resultant COTS phenotype, heterologous expression of the
Cay1.2 was used to elucidate the functional perturbation of p.Arg518Cys/His. Interestingly,
unlike the previously reported LQTS-associated mutations which produced an overall gain
of current density,11: 12 p Arg518Cys/His led to an overall loss of current density by ~59%.
Confocal imaging provided evidence that there was a higher proportion of CACNA1C
mutant channels in the center versus the periphery of the cell, highlighting the possibility of
a trafficking defect, which may explain the overall reduction in current density. The
p.Arg518Cys/His variant lies within the I-11 linker of CACNALC, and within this linker is
the AID (a-interaction domain), in which the B-subunit binds (Figure 2). Although
p.Arg518Cys/His does not fall within the AID, the B-subunit is known to aid in a.-subunit
trafficking and regulation of channel kinetics,2425 therefore one could hypothesize that the
p.Arg518Cys/His may disrupt folding of the I-11 linker, altering the normal interaction
between the AID and p-subunit, leading to significant changes in trafficking and channel
Kinetics.

In addition, p.Arg518Cys/His also caused a gain-of-function shift in the inactivation curves
to more depolarized potentials, leading to a significant increase in the window current.
Increases in window current, due to gain-of-function shifts in activation were identified
recently in p.lle1166 Thr-CACNAZLC, a mutation attributed to TS.13 Finally,
p.Arg518Cys/His elicited a ~7 fold increase in the overall late current due to slower
inactivation of Cay/1.2 mutant channels, and led to decelerating VDI. Similarly, the original
TS-mutations p.Gly406Arg and p.Gly402Ser (also in the I-11 linker) lead to almost complete
loss of inactivation of Cay/1.2 and alterations in \VVDI.10. 14, 26

Although a mixed phenotype including loss of current density in combination with an
increased window current and loss of inactivation was shown, we believe that the
p.Arg518Cys/His mutations are capable of producing prolonged QT intervals. Modeling
studies of the TS-associated mutations, p.Gly406Arg1? and p.1le1166Thr,13 with the
electrophysiological phenotypes including loss of inactivation and increased window current
with loss of current density, respectively, have shown action potential prolongation and
spontaneous delayed afterdepolarizations (DADs; p.Gly406Arg) or early
afterdepolarizations (EADs; p.1lell66Thr). Both DADs and EADs are capable of leading to
ventricular fibrillation and sudden death. The modeling studies completed on p.Gly406Arg
were further validated in induced pluripotent stem cell (iPSC) models, in which prolonged
action potentials were observed.2” The similarities in the electrophysiological phenotypes of
our identified variants and those previously described in TS provides evidence that the
p.Arg518Cys/His mutations can cause action potential prolongation at the myocyte level and
QT prolongation clinically.
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However, it is less well understood why these mutations would lead to a HCM phenotype or
CHDs, as observed in our pedigrees. Interestingly, TS has clinical manifestations including
HCM and CHDs. In fact, as many as 61% of TS cases have some form of CHDs including
HCM:22 therefore, it may not be that surprising that the patients within our identified
pedigrees similarly manifest with cardiac hypertrophy and CHDs including VSD and ASD.

The exact pathophysiology of HCM and CHDs in TS is yet to be established. However, it
has been suggested previously that protein expression in pathways regulating Ca2* within
cardiac tissue may be perturbed in patients with CHDs and may result in hypertrophy.28
Those studies, in combination with what has been observed in our pedigrees and TS, suggest
that proper regulation of Ca2* and potentially the LTCC are crucial for cardiac development,
and perturbation of Ca2* handling could lead to developmental abnormalities leading to
CHDs.

Abnormal calcium handling has also been described in various models of cardiac
hypertrophy. What has been unclear in the past is whether this Ca2* irregularity is secondary
to hypertrophy or related to the primary pathogenesis of disease.2? Recently, Lan and
colleagues examined Ca2* handling in an iPSC model of HCM and found irregular Ca2*
transients and elevated diastolic [Ca2*]; before overt phenotypic expression of cardiac
hypertrophy as seen in HCM. This finding, in combination with their finding that LTCC
blockers, such as verapamil, mitigated cellular hypertrophy, suggest that dysregulation of
Ca?* may be a central mechanism for disease development.3? The phenotypes observed
within our pedigrees also support the findings of Lan and colleagues, suggesting that Ca2*
handling could be a primary cause for hypertrophy. As shown in our electrophysiological
studies, the p.Arg518Cys/His leads to Ca2* mishandling, through constitutively active
LTCC, and over time, many of the patients within the pedigrees who are mutation positive
acquire left ventricular hypertrophy.

CACNA1C-Mediated Clinical Phenotypes

A large paradox emerges in the context of CACNAIC mutations in the human heart as to
why some gain-of-function mutations cause a multiple organ-system phenotype like TS,
some a LQTS-only phenotype, and some a cardiac-only TS (COTS) phenotype such as the
one described within this study. Initially, analyzing electrophysiological phenotypes of each
of these diseases as described above, it was easy to distinguish CACNA1C-mediated LQTS.
Based on our original findings, the major electrophysiological phenotype of CACNA1C-
associated LQTS was marked gain in Cay/1.2 current density,}1 whereas TS10:20 and
p.Arg518Cys/His alter the kinetic properties of the channel. It also seemed as if TS-
associated mutations localized to specific channel regions, at the S6/interdomain linker
boundaries,® whereas the COTS- and LQTS- associated mutations primarily localize to
intracellular linker loops, and the N-and C-terminus (Figure 2). Therefore, it could have
been hypothesized that the mechanism for pure LQTS is largely due to location and the
electrophysiological perturbation caused by the mutation.

However, since the initial discovery of CACNA1C-mediated LQTS, the spectrum and
prevalence of mutations within CACNALC has expanded greatly. Two novel case reports
identified the previously TS-associated p.Gly402Ser mutation in patients without the

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2016 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Boczek et al. Page 10

neurological phenotypes associated with TS, rather these patients presented primarily with
QT prolongation and ventricular fibrillation. In addition, these case reports suggest that the
neurological phenotype observed with p.Gly402Ser may stem from the cardiac insults that
had taken place early in development, rather than be due to the p.Gly402Ser mutation
itself. 15 16 |n a similar fashion, Wemhoner and colleagues found an individual with
phenotypes consistent with TS with a p.1le1166Thr mutation,1’ matching previous reports.13
However, they found a second mutation, p.lle1166Val in a patient exhibiting a LQTS-only
phenotype. Although the electrophysiological characteristics between p.l1le1166Thr and
p.1le1166Val were distinct, this finding, along with the novel case reports surrounding
p.Gly402Ser, begin to highlight that mutation location may not be the final determinant of
disease manifestation.

After the identification of more CACNALC mutations in LQTS and TS, a more
comprehensive comparison of the electrophysiological characteristics could be made. Taken
altogether, there are LQTS-associated mutations that present with only increases in peak
current density (p.Pro857Arg, p.llell66Val), there are mutations that affect only channel
kinetics (p.Arg860Gly, p.1le1475Met, p.Glu1496Lys), and there are mutations that affect
both (p.Ala28Thr, p.Ala582Asp, p.Arg858His). In addition to our CACNA1C-mediated
LQTS, we have TS mutations (p.Gly406Arg exon 8/8A, p.Gly402Ser exon 8, p.1le1166Thr)
that affect kinetics and in some cases current density. And finally, we have the COTS-
associated mutations (p.Arg518Cys/His), that affect both current density and channel
kinetics. Therefore, these variants cannot easily be separated by the electrophysiological
characteristics.

Collectively, it seems as if the disease phenotypes observed with mutations in the calcium
channel are more complex than the location of the mutation within the channel and the
underlying electrophysiological perturbations that the particular mutation causes. There are
several different unexplored explanations that may determine the disease pathogenesis. It
may be possible that the amino acid change itself, for instance p.1le1166Thr causes TS,
whereas p.lle1166Val causes LQTS, confers disease phenotype. It is also possible that the
binding of partner proteins leading to complex signaling cascades may also be important to
disease manifestation. For example, Krey and colleagues found that the location of the
p.Gly406Arg mutation may be critical for the neurological phenotypes seen in TS. The
p.Gly406Arg mutation leads to more dendritic retraction than WT cells regardless of the
presence of pore mutations eliminating Ca2* influx, highlighting the independence of this
function from proper Cay/1.2 electrophysiology. They identified that p.Gly406Arg mutation
disrupted binding between Gem and Cay/1.2, altering signaling cascades regulated by Gem
and RhoA, providing evidence that this interaction is essential to prevent dendritic retraction,
and highlighting that binding partners and signaling cascades may be critical for disease
presentation.3! Finally, it also may be possible that there are other genetic or epigenetic
factors may play a role in the disease pathogenesis causing different CACNA1C mutations
to lead to different phenotypic manifestations in each patient.

Only one conclusion can be made for certain; there definitely are regions within CACNALC
that seem to resemble genetic “hotspots” which lead to cardiac disease. The S6/interdomain
linker loop regions are capable of leading to severe LQTS or TS phenotypes,
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p.Arg518Cys/His lead to a COTS phenotype, the I1-111 linker has a multitude of LQTS-
associated CACNALC mutations. Future studies will be necessary to unravel the differences
between these mutations, and why, despite their location and electrophysiological
similarities, these regions are capable of producing distinct clinical phenotypes ranging the
spectrum of TS, COTS, and LQTS.

Conclusions

Through WES and expanded cohort screening, we identified a novel genetic substrate,
p.Arg518Cys/His-CACNALC, in patients with a complex phenotype including LQTS, HCM,
CHDs, and SCD here referred to as cardiac-only Timothy syndrome (COTS). Our
electrophysiological studies identified a complex phenotype, including loss of current
density in combination with increased window current and late current, and decelerating
VDI. Based on the functional studies, the identification of mutations at the same amino acid
position, and co-segregation with disease in three different pedigrees, these two novel, ultra-
rare missense mutations, p.Arg518Cys and p.Arg518His, cause COTS.
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Pedigree and WES Filtering Strategy. (A) Pedigree with LQTS, SCD, cardiomyopathy, and

CHD:s (see key to right) that was utilized for WES. Individuals who underwent WES are
highlighted with grey, red, yellow, and blue circles. (B) The filtering strategy utilized on this
pedigree, showing the number of variants eliminated at each step.
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Topology of CACNALC. Shown is the topology of CACNA1C-encoded Cay/1.2 in the
membrane. The location of the p.Arg518Cys/His mutations, associated with cardiac-only
Timothy syndrome, as identified in the pedigrees, are highlighted in red circles. In addition,
other published CACNALC mutations in Brugada syndrome (BrS)/Brugada syndrome +
short QT syndrome (BrS+SQTS; black diamonds),® 18 long QT syndrome (LQTS; black
circles),11: 12, 15-17 and Timothy syndrome (TS; white circles),10: 13-16. 19 gre highlighted.
Shown in green is the AID (a-interaction domain; amino acids 428-445), the domain in
which the B-subunit is known to bind. Variants with asterisks represent those that have been
functionally characterized.
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phenotypic status of each patient (key on right). In addition, each individual with a red circle
is p.Arg518Cys/His positive, dotted red circles represent obligate positive p.Arg518Cys/His
individuals, those who have been tested and are negative for p.Arg518Cys/His are
demarcated with “neg”, and NA represents samples that were not available.
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Figure 4.

p.irgSl8Cys/His Reduced I, Current Density in Heterologous Cells. (A) Whole cell ey
current representative tracings from HEK?293 cells expressing WT or mutant
p.Arg518Cys/His determined from a holding potential of —90 mV to testing potential of +70
mV in 10 mV increments with 500 ms duration. (B) Current-voltage relationship for WT
(n=15), and mutant p.Arg518Cys (n=14) and p.Arg518His (n=15) missense mutations. (C)
Bar graph representing peak current density for WT (n=15), p.Arg518Cys (n=14), and
p.Arg518His (n=15). All values represent mean £ SEM. *p<0.05 vs. CACNA1C-WT. (D)
Confocal studies examining WT and mutant expression of N-terminally tagged CACNA1C
with EYFP. The upper left corner of each image represents the DAPI nuclear stain, the upper
right corner represents EYFP-CACNALC, and the lower left corner shows the merged
image. (E) Bar graph representing the peripheral:central fluorescence of WT (n=10) and
p.Arg518Cys (n=10) cells. Bars represent mean + SEM. *p<0.05 vs. CACNA1C-WT for
Student's t-tests; *p<0.05 after ANOVA/Kruskal-Wallis with Dunn's correction for multiple
comparisons.
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Figure 5.

CACNA1C-Arg518Cys/His Negatively Shifted Ica V12 Inactivation. (A) Representative
tracings of steady-state I, inactivation representing WT, p.Arg518Cys, and p.Arg518His
determined from a holding potential of =90 mV to pre-pulse of 20 mV in 10 mV increments
with 10 s duration followed by a test pulse of 30 mV with 500 ms duration. (B) Inactivation
curves of Icg. WT (n=15), p.Arg518Cys (n=14), and p.Arg518His (n=15), determined from
a holding potential of —90 mV to pre-pulse of 20 mV in 10 mV increments with 10 s
duration followed by a test pulse of 30 mV with 500 ms duration. I/Imax represent
normalized calcium current fitted with a Boltzmann function. Activation curves of Ic;. WT
(n=15), p.Arg518Cys (n=14), and p.Arg518His (n=15). G/Gmax represents normalized
conductance fitted with a Boltzmann function. (C) Inactivation time constants (<) for the fast
phase of I, decay time of WT (n=11), p.Arg518Cys (n=10), and p.Arg518His (n=6) as a
function of voltage. Time constants for each voltage step were determined by fitting a
biexponential function to current decay. (D) Inactivation time constants (t) for the slow
phase of I, decay time of WT (n=11), p.Arg518Cys (n=10), and p.Arg518His (n=6) as a
function of voltage. (E) Representative tracings of late current representing WT,
p.Arg518Cys, and p.Arg518His measured at the end of 500 ms long depolarization of. (F)
Normalized late current to peak current shown as percentages in a bar graph for WT,
p.Arg518Cys, and p.Arg518His. All values represent mean + SEM. *p<0.05 vs. CACNALC-
WT for Student's t-tests; *p<0.05 after ANOVA/Kruskal-Wallis with Dunn's correction for
multiple comparisons.
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Figure 6.
Deceleration of VDI by p.Arg518Cys-CACNALC. (A) Whole cell I, and Ig, current

representative tracings from HEK293 cells expressing WT or mutant p.Arg518Cys
determined from a holding potential of -90 mV to testing potential of +10 mV and +30 mV
with 500 ms duration. (B) Voltage-dependent inactivation of 1, and Ig, currents for WT and
p.Arg518Cys channels (n=5 for each group, red *p<0.05 vs. WT lg,, black *p<0.05 vs. WT
Ic,; statisticscompleted for each of the 10 voltages). rsgq represented fraction of current
remaining after 500 ms depolarization normalized to peak current (r500).
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Patients with LQTS with Personal or Family History of HCM-Like Phenotype

Patient# | Sex Age at Dx QTc (ms) Symptomatic HCM-Like Phenotype
(years)
1* M 10 480 No Father with HCM
2 13 493 No SCD in two cousins with reported increased left
ventricular wall thickness on autopsy
3* F 25 558 Yes — torsades de pointes Sister, aunt, and cousin with HCM
during surgery
4 F 28 513 Yes — syncope Cardiomyopathy with septal wall motion abnormalities
5 F 46 493 Yes — cardiac arrest Postpartum cardiomyopathy

p.Arg518Cys/His Mutation Positive
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Table 2
Summary of Pedigrees 1, 2, and 3
Pedigree  Patient Symptoms QTc(ms) R518 Status
1 1.1 Died unexpectedly at age of 67 — heart attack NA NA
1 1.2 Died unexpectedly at age of 66 — heart attack NA NA
1 1.3 Died at age of 52 during heart surgery NA NA
1 1.1 SCD at 36 years due to cardiac arrhythmia secondary to primary cardiomyopathy and ~ NA Obligate Positive
hypertrophy
17 1.2 Asymptomatic NA Negative
1 %7 1.1 LQTS, VSD, peripartum cardiomyopathy, HCM, 1t degree AV block 500 Positive
1 111.2 SCD at 24 years, prolonged QT, autopsy revealed HCM-like phenotype of 490 Obligate Positive
cardiomegaly and interstitial fibrosis
1 1.3 Asymptomatic 405 Negative
17 1.4 LQTS 491 Positive
17 V.1 LQTS - syncope 522 Positive
1 V.2 Asymptomatic NA Negative
2 1.1 Asymptomatic NA Negative
2 1.2 HCM NA Positive
2 1.3 Died at 23 years of age during single motor vehicle accident NA NA
2% 1.1 LQTS, sinoatrial node dysfunction 480 Positive
2 1.2 Asymptomatic NA NA
3 1.1 SCD at 64 years while in the hospital NA NA
3 1.2 Asymptomatic NA NA
3 1.1 Septal hypertrophy and QT prolongation NA Obligate Positive
3 11.2 HCM NA Obligate Positive
3% .1 LQTS, cleft mitral valve, ASD, torsades de pointes during surgery, premature 500 Positive
atrial complexes
3 111.2 SCD at 30 years, previous history of HCM and QT prolongation NA Positive
3 1.3 HCM, subaortic stenosis, 1%t degree AV block 444 Positive

NA signifies not available

*
Index Cases
t

Whole exome sequenced
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