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Abstract

CANACIC encodes for the main cardiac L-type calcium channel and mutations on it lead to a prolonged
QT interval in Timothy Syndrome (TS). We provide a new de novo constitutional heterozygote missense
variation in CACNAIC in a living adult woman, also carrier of the known c.2146-1G>C heterozygous
variation of PKP2 inherited from her father. To our knowledge, this patient is the first to have the two
variations in these genes. Theses clinical and molecular findings expand the clinical and molecular
spectrum of TS and show the interest of next generation sequencing or whole exome sequencing in rare

disorders, atypical or novel phenotype.

Introduction

Timothy syndrome 1 (TS1) is a rare genetic disorder characterized by associated features such as

prolonged QT interval, cardiopathy, hand and foot syndactyly, variable facial dysmorphism, immune
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deficiency, intermittent hypoglycemia and neurocognitive trouble. This autosomal dominant syndrome
is recurrently caused by a heterozygous p.Gly406Arg mutation, in the alternative spliced exon 8A of the
CACNAIC gene, encoding for the main cardiac L-type calcium channel. Along with p.Gly402Ser,
p-Gly406Arg is also responsible for Timothy Syndrome 2 (TS2) with usually absence of syndactyly
[1,2,3,4,5]. Other rare mutations have been reported: p.Alal473Gly and p.lle1166thr in TS1 [6,7,8].
Usually, life expectancy is very short due to the severity of this syndrome for the patients who carry the
homogeneous constitutional mutation [9,10]. One of the oldest patients alive published with TS is 24
years old and carries the canonic p.Gly406Arg mutation. She presented very mild TS1 with prolonged
QTc and mild learning difficulties [11]. Attenuated phenotype has been exposed in mosaic form of TS
[9,12,13,14]. We describe a novel de novo heterozygous variant p.Glu407Ala in CACNAIC identified
by the analysis of genes implicated in heart rhythm diseases, on a patient suffering of an first-degree
atrioventricular block, ventricular tachycardia and important QT prolongation at 640ms. Phenotypical
revision of the proband allowed to classify her in TS1. This case reports the natural history of an adult
TS with novel de novo heterozygous CACNAIC variation and expands the clinical and molecular
spectrum of TS. It also shows the significant contribution of targeted NGS in diagnosing rare or atypical
diseases and the importance of clinicobiologic discussion leading to classify a variant, in order to

conclude on its pathogenicity.

Keyswords
Timothy; CACNAIC; adult; c.1220A>C; PKP2

Clinical report

The proband is 22-year-old girl. She was born as a first of three children to a healthy young Caucasian
couple. There was neither report of consanguinity nor premature sudden cardiac death nor arrhythmic
disorders nor neurocognitive disorders in the medical family history. She was born eutrophic at term
following good pregnancy. The neonatal follow-up was uncomplicated. At 6 months she presented
sudden collapse several times a day, more or less associated with convulsive movements. At first, the
diagnostic of epilepsy was retained and treatment with Depakine was instituted. However, the sudden
collapses persisted and she was addressed to a cardiologist at three years old. Echocardiogram revealed

normal cardiac structure and function. ECG identified: a corrected QT interval slightly prolonged to 440
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ms and reaching 640 ms on Holter monitoring at night, an atrioventricular block and ventricular
tachycardia episodes. Long QT syndrome (LQTS) was concluded. Beta-blockers were then prescribed.
The treatment was not completely effective with the persistence of syncopes. ECGs performed on both
her brothers and parents were normal. Sanger sequencing of all introns close to the coding regions of
KCNQI, HERG (KCNH2) and SCN5A was negative. Because of the persistence of syncopes, an internal
pacemaker was implanted at six and an automated internal cardioverter defibrillator (AICD) at seven

years old.

Ethics statement

This study analysis was conducted according to the Declaration of Helsinki with written consent to use

clinical data and photographs for research purposes obtained from the patient and her parents.

Genetic analysis

A rythmologic genes panel (CASQ2, CALM1, DSC2, DSG2, DSP, KCNEI, KCNE2, KCNQ1, KCNH2,
KCNJ2, LMNA, NKX2-5, PKP2, RYR2, SCN5A, TRDN, CACNAIC genes) using next generation
sequencing techniques on MiSeq (Illumina, San Diego CA), was performed on genomic DNA extracted
from leucocyte of peripheral blood using standard techniques. It studied all exons and flanking intronic
region of all genes and identified two heterozygous variations on CACNAIC (NM_199460.3) and PKP2
(NM_004572.3) genes. In the CACNAIC gene, a missense variant ¢.1220A>C in exon 9 was found,
predicting an amino acid substitution of an alanine (hydrophilic amino acid) for a glutamine
(hydrophobic amino acid with loss of a negative charge) at codon 407 (p.Glu407Ala). This mutation
had never been reported before and was missing from the gnomAD exomes database. Assessments of
pathogenicity obtained with PolyPhen indicated 100% probability of damaging (1 out of 1). It is the
same with other sites (Varsome). Multiple sequence alignments of the mutated region of Cav1.2 protein
(OMIM: Q13936- 12) showed a high conservation in many available species. The mutation affects the
first codon of the constitutive splicing exon 9 meaning the amino acid downstreams from the one
involved in the recurrent mutation p.Gly406Arg. The topological position of the variation in channel
architecture is very similar to the position of the original TS mutation. Indeed, the two variation

p-Gly406arg and p.Glu407Ala are located in the cytoplasmic DI-DII loop of the channel. p.Glu407Ala
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leads to structural modifications in channel architecture with an additional alpha helix in the ion
transport domain (Figure 1). The patient’s mother and father did not carry the variant, indicating a de
novo variant occurrence. In the PKP2 gene, c.2146-1G>C variation known as responsible for
arrhythmogenic right ventricular dysplasia was found, inherited from her father (Figure 2). The two
variations were validated by Sanger sequencing (Supplemental data, Figure 1). According to the
American College of Medical Genetics 2015 guidelines, CACNAIC variation was classified as likely

pathogenic (LP) and PKP2 variation as pathogenic.

A posteriori, clinical history was marked by mild learning difficulties requiring adapted school
orientation with speech therapy and an history of seizures. Cerebral tomodensitometry was normal. To
date, there are no signs of a psychiatric disorder. Her physical examination showed cutaneous syndactyly
on both hands with hypermobility and partial syndactyly of the 2"-3" toes bilaterally. She does not
suffer from other musculoskeletal abnormalities and does not have specific craniofacial dysmorphism.
Furthermore, laboratory finding did not reveal hypoglycemia and neither hypocalcemia, hypothyroidism
nor abnormal immunity. Fragile X testing and Array Comparative Genomic Hybridization were
negative. The variant was interpreted as causing the disease and the patient was given the diagnosis of

TS.

Discussion

We report an unusual case of homogeneous adult Timothy syndrome with de novo novel heterozygous
CACNAIC variation. She presented severe cardiac phenotype with incomplete TS1 features and the
known ¢.2146-1G>C heterozygous inherited variation of PKP2. The fact that the rythmologic genes
panel was not targeted on the known deleterious regions of CACNAIC allowed us to diagnose this

disease.

Next generation sequencing is useful for genetic etiology in patients with rare non-classic phenotypes
but results could be difficult to analyze. The assessment of the pathogenicity of the variant on several
sites (gnomAD exomes database, PolyPhen, Varsome), the neomutation and the topography of the
variation in front of p.Gly406Arg are in favor of very high probability of a damaging effect of the

mutation. However, functional expressional studies are required to definitively confirm the disease-
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causing effect of the p.Glu407Ala mutation. Moreover physical examination and the patient medical

history helped to classify the disease as an atypical TS1 rather than a TS2.

To our knowledge, it is the first description of a variation in exon 9 of CACNAIC in TS. Another
variation in exon 9 of CACNAIC (c.1368G>A, p.Met456lle) had been detected in a patient with
diagnosed long QT syndrome [15]. Exon 9 is not alternatively spliced and is therefore C (likely
constitutively expressed. It has multi-organic expression in multiple adult and fetal tissues including
heart and brain. p.Alal473Gly in exon 38 is also constitutively expressed, that may likely be in favor of
the more severe phenotype seen in their patient who manifested prolonged QT interval, polymorphic
ventricular tachycardia, dysmorphic facial features, syndactyly of the hands and feet, joint contractures,
seizures and developmental delay [6]. p.Ile1166Thr in exon 27 was found by whole exome sequencing
in case with severe atypical TS who exhibited QT prolongation, patent ductus arteriosis, seizures, facial
dysmorphism, joint hypermobility, hypotonia, hand anomalies (clinodactyly and short thumbs),
intellectual impairment and tooth decay [8]. Our case seems less severe, especially in musculoskeletal
manifestations and development delay. Interestingly, functional analyses of Boczek et al. identified a
novel mechanism of TS-mediated disease through increased window current [8]. They hypothesize it
could be linked in signaling cascades in the cytoskeleton and dendrite behavior, which could be
important for neuronal and skeletal phenotypes [8]. Despite the canonical mutation, TS1 cardiac and
extracardiac features are not identical from one patient to another [16]. Further analyses are necessary
to explain the phenotype variability, which is not explained by alternatively splicing or mosaicism

[1,12,13,14]. This variability could be due to modifying genetic factors that remain to be identified.

The ¢.2146-1G>C heterozygous variation of PKP2 is a known splice acceptor site mutation responsible
for arrhythmogenic right ventricular cardiomyopathy [17]. Usually, palpitations or ventricular
tachyarrhythmias are the common clinical manifestations of the disease [18]. Low-penetrance in family
members is also described [19]. Our patient had an echocardiogram, echocardiography and isotopic
ventriculography. No data were disponible for her father. These examinations did not show anything in
favor of this disease. However, we do not know the effect of this mutation associated with the one in
CACNAIC. Cerrone et al. reported that PKP2 knock-out led to decrease the rate of L-type calcium

channel inactivation and prolong L-type calcium current decay. This suggests that if the splicing
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variation PKP2 of the proband affects clinical expression, it may worsen the phenotype of Timothy
syndrome. Unfortunately, further tests would be needed to show if the PKP2 variation could affect the

phenotype or not [20].

Theses clinical and molecular findings expand the clinical and molecular spectrum of TS and show the
interest of next generation sequencing or whole exome sequencing in rare disorders, atypical or novel
phenotype. Further studies are needed to delineate the role of CACNAIC and to look for modifying

genetic factors that could explain the phenotype variability of TS.
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Figure 1 : The tri-dimentional graphical model of the human CACNA1C protein. A : wild type protein, B : mutated
protein, p.Glu407Ala with loss of alpha helix indicated by numbered arrows 1 and loss of beta sheet by numbered
arrows 2.
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Figure 2 : Pedigree chart of the family : in black : PKP2 (c.2146-1G>C) and in gray : CACNA1C, c.1220A>C; +:
presence of the variation, - : absence of the variation





