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Abstract: Background: CACNA1C gene encodes the alpha 1 subunit of the CaV1.2 L-type Ca2+
channel. Pathogenic variants in this gene have been associated with cardiac rhythm disorders such
as long QT syndrome, Brugada syndrome and Timothy syndrome. Recent evidence has suggested
the possible association between CACNA1C mutations and neurologically-isolated (in absence of
cardiac involvement) phenotypes in children, giving birth to a wider spectrum of CACNA1C-related
clinical presentations. However, to date, little is known about the variety of both neurological and
non-neurological signs/symptoms in the neurologically-predominant phenotypes. Methods and
Results: We conducted a systematic review of neurologically-predominant presentations without
cardiac conduction defects, associated with CACNA1C mutations. We also reported a novel de
novo missense pathogenic variant in the CACNA1C gene of a children patient presenting with
constructional, dressing and oro-buccal apraxia associated with behavioral abnormalities, mild
intellectual disability, dental anomalies, gingival hyperplasia and mild musculoskeletal defects,
without cardiac conduction defects. Conclusions: The present study highlights the importance of
considering the investigation of the CACNA1C gene in children’s neurological isolated syndromes,
and expands the phenotype of the CACNA1C related conditions. In addition, the present study
highlights that, even in absence of cardiac conduction defects, nuanced clinical manifestations of the
Timothy syndrome (e.g., dental and gingival defects) could be found. These findings suggest the high
variable expressivity of the CACNA1C gene and remark that the absence of cardiac involvement
should not mislead the diagnosis of a CACNA1C related disorder.

Keywords: Timothy syndrome; CACNA1C gene; intellectual disability

1. Introduction

L-type calcium channels are widely expressed in the human body and contribute to the
physiological functioning of numerous systems such as heart, brain, smooth muscle, and
the immune system [1]. The main function of these channels is to control the calcium transit
through the cell membrane, performing the function of modulating the action potential and
handling several secondary signaling pathways. To date, four different subtypes of L-type
channels have been described: CaV1.1, CaV1.2, CaV1.3 and CaV1.4. Of them, CaV1.2 shows
the largest expression across multiple tissues including the heart, brain, smooth muscle,
endocrine and immune system [2]. Therefore, the disruption of this channel (and, in general,
of the L-type channels) have a relevant consequence on multiple systems and tissues. In the
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heart, CaV1.2 channels activate the ryanodine receptor, promoting the calcium release from
the sarcoplasmic reticulum [3] and shaping the cardiac action potential [4]. In the brain,
CaV1.2 channels are highly expressed, representing around 90% of all the L-type calcium
channels [5], and are located in multiple cerebral regions (especially in the hippocampus)
and in the cerebellar cortex. The high expression in some of these regions explain the
important role of CaV1.2 channels in neuronal plasticity and long-term potentiation (and,
therefore, in learning and memory) [6,7]. CaV1.2 channels are also highly expressed in
chondrocytes and osteoblasts, being essential for normal mandibular development [8,9],
probably explaining some peculiar phenotypical features in patients affected by CaV1.2
channel dysfunction (e.g., dental malformations and other musculoskeletal anomalies).

L-type calcium channels are encoded by CACNA1S, -C, -D and -F genes; the CACNA1C
gene encodes the alpha 1 subunit of the CaV1.2 L-type Ca2+ channel. Pathogenic variants
in the CACNA1C gene have been historically related to cardiac rhythm disorders. In detail,
the three principal cardiac (or mainly cardiac) phenotypes are long QT syndrome, Brugada
syndrome and Timothy syndrome, a complex association of heart structural and conduction
defects with dysmorphic facial features, syndactyly, intellectual disability, epilepsy and
autism [8]. However, in the last few years a growing number of studies have described
the association between CACNA1C mutations and brain impairment, even in absence
of cardiac involvement, both in pediatrics and adults patient [10,11]. Indeed, pathogenic
variants in this gene have been related to psychiatric disorders such as schizophrenia,
bipolar disorder and major depressive disorder [12] as well as to several neurological
features including ataxia, epilepsy, intellectual disability, hypotonia [10]. In particular, in
genome-wide association studies, CACNA1C emerged as the most robustly replicated psy-
chiatric risk gene in major depression, bipolar disorder, schizophrenia, and autism [13–19].
Individuals with selected CACNA1c single nucleotide polymorphisms (mainly rs1006737)
showed an increase in multiple traits including psychiatric features such as depression,
anxiety and startle reactivity, and also neurological as decreased verbal fluency [20–22].
In a recent study, Levy et al. found that CACNA1C-related disorders (mainly Timothy
syndrome 1 and 2) showed an increased prevalence of neuropsychiatric symptoms as
compared to healthy controls [23]. In detail, they showed a high prevalence of neurological
and/or psychiatric symptoms such developmental delay (in 92% of cases), incoordination
(in 71% of cases), autism spectrum disorder (in 50% of cases) and also seizures (in 37.5%).
Considering the neurologically isolated presentation, CACNA1C mutation were recently
found in a family with ataxia [24].

As a consequence, there is a now an increased interest for neurologic and psychiatric
signs and symptoms in the common phenotype of the CACNA1C related disorders.. How-
ever, a lot it remains to know about the behavioural and neurological impairment in non
cardiac CACNA1C related disorders in children, such as the spectrum of neurological man-
ifestations associated with CACNA1C mutations, and still it is unknown if a dysmorphic
features typical of the Timothy syndrome can be associated.

In the view of answering these questions, this study aims to perform a system-
atic review of published data concerning CACNA1C mutations associated with psychi-
atric/neurological isolated presentations in children and adults patients. We also describe
a novel de novo missense CACNA1C variant associated with predominant psychiatric and
neurological features, in absence of cardiac conduction defects.

2. Methods
2.1. Systematic Review

We conducted a systematic review of neurologically-predominant presentations with-
out cardiac conduction defects, associated with CACNA1C mutations. The study was
performed according to the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [25].

The eligible studies were identified through a comprehensive literature search in
PubMed from 1 January 1900 to 8 February 2024. Cohort, case-control and cross-sectional
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studies as well as case series and single case reports were all included. The search strategy
encompassed the use of Boolean operators on the following terms “CACNA1C”, “neurol-
ogy”, “neurological”, “psychiatric”, “neuropsychiatric”, “ataxia”, “intellectual disability”,
“epilepsy” “development”, “schizophrenia”, “bipolar disorder”, “depression”, “anxiety”,
“autism”, “ADHD”, “hypotonia” and “apraxia”. We also screened the references listed in all
the relevant studies including research articles, meta-analyses, and reviews. Two reviewers
(LC and CP) assessed the eligibility of the identified studies. The process was divided in
two phases. The first part consisted of a screening of titles and abstracts of the selected
articles. The second step was characterized by a full-text review. The reviewers (LC and CP)
performed both the steps independently. In case of disagreements on study selection the
choice of retaining or not including the article was based on the opinion of a third reviewer
(RP). The following inclusion criteria were considered for the present study: (1) studies
performed on human subjects only; (2) cohort, case-control, and cross-sectional studies, case
reports, case series and literature review including CACNA1C mutations; (3) studies that
provided detailed genotype information; (4) studies that provided extensive information
about phenotype; (5) studies published in english language only. Exclusion criteria were:
(1) studies that provided insufficient information about the mutation type and/or a minimal
amount of information about the demographic and clinical presentation characteristics;
(2) studies including Copy number variation (CNV) involving more genes than CACNA1C;
(3) studies including CACNA1C pathogenic variants associated with documented cardiac
conduction defects. The extracted data included the details about the CACNA1C variant,
including type (missense/truncating) and inheritance (de novo/inherited), neurologic and
psychiatric characteristics and all the other relevant clinical features including all the typical
signs or symptoms commonly associated with the Timothy syndrome.

The risk of bias was assessed through the Critical Appraisal Checklist for both case
reports and case series, developed and validated by the Joanna Briggs Institute (JBI, Sup-
plementary Table S1). The JBI checklist for case reports include a total of eight questions
evaluating the precision and the reliability of the case report description and presentation
on the basis of the information provided by the authors (demographic characteristics, fa-
milial and personal history, respect for diagnostic criteria, treatment etc.). The JBI checklist
for case series is comparable with the checklist for case reports with a greater interest in
inclusion criteria and statistical analyses, for a total of ten questions. The researchers can
answer ‘yes’, ‘no’, ‘unclear’ or ‘not applicable’ in response to each item. The greater the
number of ‘no’ or ‘unclear’ selected, the greater the risk of bias in each category and in
each study. This step was also carried out by the two reviewers (LC and CP) independently,
always in reliance on the opinion of a third researcher (RP) in case of disagreements.

A spreadsheet was adopted as a data extraction tool. Statistical analyses were not
performed due to the small sample size and the frequency of each clinical feature was
calculated through the R software (http://www.rstudio.com, version 4.3.2, accessed on
2 February 2024).

2.2. Genetics/Materials and Methods (Clinical Exome)

Clinical investigations and genetic analyses were conducted in accordance with the
Helsinki Declaration. After obtaining informed consent from the patient’s parents for
the genetic testing, peripheral blood samples were collected from the affected subject
and the unaffected parents and genomic DNA was extracted from circulating leukocytes.
Enrichment and parallel sequencing were then performed utilizing a custom clinical exome
panel, containing more than 8500 genes. Library preparation was carried out by using the
Twist enrichment kit, according to the manufacture’s protocol (Twist Bioscience, South
San Francisco, CA, USA), and sequenced on a NovaSeq 6000 (Illumina, Inc., San Diego,
CA, USA) platform. The BaseSpace pipeline (Illumina, https://basespace.illumina.com/)
and the Geneyx software (LifeMap Sciences, https://geneyx.com/) were used for the
variant calling and annotating variants, respectively. Sequencing data were aligned to the
hg19 human reference genome, with an average alignment coverage over target region
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of the custom clinical exome panel (Twist enrichment kit) of 289.21X and of 281X for the
c.4513G>A variant in the CACNA1C gene. All the identified variants were analyzed in
silico by using Combined Annotation Dependent Depletion (CADD) V.1.3, Scale-Invariant
Feature Transform (SIFT), Polymorphism Phenotyping v2 (PolyPhen-2) and Mutation Taster
for the prediction of deleterious non-synonymous SNVs for human diseases. Variants were
examined for coverage and Qscore (minimum threshold of 30), and visualized by the
Integrative Genome Viewer (IGV). DRAGEN (Dynamic Read Analysis for GENomics)
(Illumina, Inc., San Diego, CA, USA) and the TGex software (LifeMap Sciences, http://tgex.
genecards.org/) were used for the variant calling and annotating variants, respectively.

Clinical exome sequencing performed on the patient and his parents enabled to identify
a novel heterozygous de novo variant c.4513G>A in the CACNA1C gene (NM_000719.7),
causing the amino acidic change p.Asp1505Asn. The variant was confirmed by sanger
sequencing. It has never been described before, and can be classified as a likely pathogenic
variant (class 4) according to the ACMG criteria PM2 (absent from controls in Exome
Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium, variant
allele frequency: 0), PP3 (multiple lines of computational evidence support a deleterious
effect on the gene or gene product, CADD score 27.3), PP2 (missense variant in a gene that
has a low rate of benign missense variation and in which missense variants are a common
mechanism of disease, Z-score: 7.27, https://gnomad.broadinstitute.org/gene/CACNA1C,
accessed on 2 February 2024), PS2 (de novo in a patient with the disease and no family
history, de novo) and according to the Combined Annotation Dependent Depletion score
(CADD score 27.3). This variant is not present in any database (dbSNP) [http://www.
ncbi.nlm.nih.gov/projects/SNP] (accessed on 2 February 2024), 1000 Genomes Project,
Geno2MP [https://geno2mp.gs.washington.edu/Geno2MP] (accessed on 2 February 2024),
gnomAD [https://gnomad.broadinstitute.org] and can be considered as a private variant.

3. Results
3.1. Systematic Review

A total of 660 studies from the PubMed database were found. All the studies were
screened on the basis of their titles and abstracts, and 22 were retained for full-text analysis,
according to our inclusion and exclusion criteria. The reasons for article exclusion are
summarized in the PRISMA flowchart (Figure 1). The main reason was an incomplete
clinical description. Two articles were excluded due to the involvement of more genes
than the only CACNA1C. Five adjunctive studies were added through a cross-referencing
process. Of the 27 selected studies for full-text analysis only six were included in our
review [10,11,24,26–28].

Clinical and genetics features of a total of 35 patients (from five studies) with CACNA1C
associated neurological impairment without documented conduction defects were ex-
tracted. The cohort was extended with an adjunctive case (a patient with CACNA1C
associated neurological predominant phenotype and clinical features of Timothy syndrome
without conduction defects) from our genetic department.

All the selected articles were case series, with extremely variable sample size (the
main features of the included articles are summarized in the Table 1). The largest casuistry
was the one reported by Rodan et al. that included a total of 25 patients from 22 families
with heterozygous variants in CACNA1C [10]. According to the previously specified
inclusion and exclusion criteria, 22 individuals of this cohort were included, and their
characteristics were extracted. The other studies reported small cohorts (up to 5 individuals)
with different types of mutations, ranging from the truncating/non-truncating mutations
to CNVs, passing by intronic variants. This contributed to the high heterogeneity of the
sample, making the investigation of some aspects (e.g., genotype-phenotype correlations)
difficult. All the included individuals had heterozygous variants in the CACNA1C gene.
Most of the cases presented a de novo variant whereas in a small fraction of them the
pathogenic variant was paternally inherited.

http://tgex.genecards.org/
http://tgex.genecards.org/
https://gnomad.broadinstitute.org/gene/CACNA1C
http://www.ncbi.nlm.nih.gov/projects/SNP
http://www.ncbi.nlm.nih.gov/projects/SNP
https://geno2mp.gs.washington.edu/Geno2MP
https://gnomad.broadinstitute.org
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Table 1. Main features of the included studies.

Author, Year Study
Type

Sample
Size *

Gender
M/F Mutation Type Zygosity Inheritance ID (tot.) Seizure

(tot.)
Ataxia
(tot.)

our patient CR 1 1/0 missense Het dn 1 (1) 0 (1) 0 (1)

[9] CS 3 2/1 missense Het dn 3 (3) 0 (3) 0 (3)

[11] CS 22 12/10 missense (11)/Truncating (11) Het 15dn/4pat 18 (22) 9 (22) 8 (22)

[24] CS 5 5/0 intronic Het pat 0 (5) 0 (5) 5 (5)

[26] CS 3 1/2 missense/intronic Het 1dn/1pat 1 (3) 2 (3) 0 (3)

[27] CS 1 1/0 CNV Het unk 1 (1) 0 (1) 0 (1)

[28] CS 1 1/0 CNV Het dn 1 (1) 0 (1) 0 (1)

Abbreviations: ID: intellectual disability; CNV: copy number variant; CR: case report; CS: case series; dn: de
novo; pat: paternal; unk: unknown; tot.: total. * patients with CACNA1C mutation selected according to
inclusion/exclusion criteria.

The most frequent neurologic characteristic was a variable aucase of intellectual
disability that was found in 89% of the cases (Figure 2), followed by hypotonia (55.5%),
ataxia (52%), seizures (37.9%) and a clinical diagnosis of autism (29.2%).
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Missense variants were the most represented (44%). Two cases described a CNV (a du-
plication and a deletion, respectively, [27,28]), including only exons of the CACNA1C gene.

3.2. Case Description

The proband was a 11-years old aucasian male. He was a full term infant with
parameters (weight, length, head circumference and Apgar score) at birth in the normal
range. His family history was unremarkable. Since the age of 3 years, he was diagnosed
with a speech delay associated with abnormal behaviors such as stereotypes and obsessive-
compulsive aspects. Ophthalmologic evaluations, auditory evoked potential, brain MRI,
abdomen ultrasound exam and blood routine tests were performed; all these investigations
were normal. An extensive cardiological evaluation performed at 10 years old, revealed
a bicuspid aortic valve and fossa ovalis aneurysm without any heart conduction defect.
In terms of neurodevelopmental features, he showed (mainly in the first years of life)
repetitive behavior and stereotypy following sensory stimuli, receiving a diagnosis of
mild autism spectrum disorder (ADOS-2 score = 8). On the clinical evaluation he was
noted hypertelorism with mild bilateral ptosis, flat nasal bridge with upturned and large
tip, gingival hyperplasia with abnormal shaped teeth (conical) and diastema, teletelia,
pectus carinatum, thoracic kyphosis, prominent fingertip pads, clinodactyly of the fourth
and fifth toe, bilaterally, right first toenail dystrophy, bilateral pes planovalgus and joint
laxity (Figure 3). The neurological evaluation showed bilateral clonus at lower limbs, oro-
buccal-facial hypotonia, constructional, dressing and oro-buccal apraxia and a mild ataxia.
Although he never suffered from clinical seizures, the sleep EEGs showed epileptogenic
anomalies in the left temporal lobe.
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In terms of social interaction, he showed important anxiety and emotional difficulties.
He performed well at the Raven’s Progressive Matrices (97◦ centile), showing a high grade
of non-verbal fluid intelligence.

In the suspicion of a genetic cause of the presented disorder, we performed an extensive
genetic investigation. The first genetic examination included a traditional karyotype and
FMR1 repeat expansion analysis that did not evidence pathologies. So, an SNP-array
was performed without identifying causative CNVs (arr(1-22)x2,(X,Y)x1). Therefore, the
little patient and his parents underwent a clinical exome sequencing. This investigation
was able to identify a novel heterozygous de novo variant c.4513G>A in the CACNA1C
gene (NM_000719.7), causing the amino acidic change p.Asp1505Asn. This variant, never
described before, was classified as a likely pathogenic variant (class 4) according to the
ACMG criteria (PM2, PS2, PP2 and PP3) and according to the Combined Annotation
Dependent Depletion score (CADD score 27.3). Also, the variant is not present in any
database (dbSNP) [http://www.ncbi.nlm.nih.gov/projects/SNP] (accessed on 2 February
2024), 1000 Genomes Project, Geno2MP [https://geno2mp.gs.washington.edu/Geno2MP]
(accessed on 2 February 2024)], gnomAD [https://gnomad.broadinstitute.org] and can be
considered as a private variant. The clinical exome sequencing also revealed a maternally
inherited c.3154C>T (p.Arg1052Ter) variant in the MYH6 gene. This variant was classified,
according to the ACMG, as likely pathogenic.

4. Discussion

We conducted a systematic review of the literature on CACNA1C reported cases with
brain impairment in absence of cardiac conduction defects. We also expanded the resultant
cohort with a description of a novel de novo missense variant in the CACNA1C gene in a
patient with predominant psychiatric and neurological manifestations.

Intellectual disability was the clinical feature with the highest prevalence (89.2% of
the cases). However, it should be pointed out that the degree of intellectual disability
appeared quite variable (in a large range from mild to severe) and only few studies [10,24]
reported detailed evaluation of cognitive functions. The high prevalence of intellectual
disability in CACNA1C related disorders is explained with the role played by the calcium
ion channels in both prenatal and postnatal brain development. In fact, the calcium-
facilitated depolarization regulates neural proliferation, migration, and differentiation
during the formation of the cerebral cortex and, postnatally, it contribute to the modeling
of the synapses and sensory neural circuits [29,30].

Ataxia, a neurological sign defined as impaired coordination of voluntary muscle
movements, is mainly due to abnormalities in cerebellar efferent and afferent pathways.
The role of the calcium channels in cerebellar pathways has been widely described [31] as
well as it is commonly agreed the association between calcium channelopathies, mainly N
and T calcium channels (respectively encoded by the genes CACNA1A and CACNA1G-
H-I), and cerebellar ataxia [32]. Moreover, mRNA of L-type CaV1.2 channels are highly
expressed in the cerebral cortex, the pituitary gland, the amygdala, the basal ganglia,
and also in the cerebellum [8].In mouse models of ataxia and epilepsy, cerebellar calcium
channels such as Cav1.2 were significantly reduced in number [33]. To date, only one case
describing an isolated ataxic syndrome associated with a CACNA1C mutation, has been
reported in humans [24].

Calcium channels are also involved in epilepsy and numerous drugs, commonly used
in epilepsy treatment, exert their function in controlling or preventing seizures through their
action on calcium channels. Although T-type channels are the most frequently associated
with seizures, the relationship between L-type CaV1.2 and febrile seizures has also been
reported [34].

Concerning the abnormal behaviors as well as the impaired social communication and
interaction, Liao et al. recently highlighted the crucial role of the genetic variants encoding
voltage-gated calcium channels in the pathogenesis of autism spectrum disorders [35].

http://www.ncbi.nlm.nih.gov/projects/SNP
https://geno2mp.gs.washington.edu/Geno2MP
https://gnomad.broadinstitute.org
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Our patient presented dressing, constructional and speech apraxia, mild intellectual
disability, EEG abnormalities and bilateral ankle clonus. Apraxia is a neurological disorder
that affects the ability to perform everyday movements due to defects in motor skill,
planning, conceptualization and use of tools and/or knowledge of actions/series of actions,
in the absence of relevant damage to motor or sensory pathways. The type of apraxia can
usually address the clinician to a specific neuroanatomical correlation. Dressing apraxia is
due to damage of the dorsal visual association cortex and pathways in the parietal lobe
that impair attentional, spatial and kinesthetic analyses [36]. It is usually associated with
right parietal lesions. Constructional apraxia is the inability to copy the spatial pattern
in which things are arranged; it has been linked to parietal lesions in the left and right
parietal hemisphere [37]. Apraxia of speech affects the motor programming system for
speech production with a resultant inability to translate conscious speech plans into motor
plans; it has been associated with left frontal lobe dysfunction [36]. The contemporaneous
presence of multiple apraxia types makes it impossible to identify a unique neuroanatomical
correlation. This complex apraxic phenotype is probably the result of a global dysfunction
in brain development and function.

Apraxia of speech has been previously described in only one case of a 5-years old male
patient with a 2.3 Mb de novo 12p13.33-p13.32 deletion, the patient also showed intellectual
disability and behavioural problems [38]. However, this 12p13.33-p13.32 deletion encom-
passed more than the only CACNA1C gene. In general, apraxia is not commonly included
in the CACNA1C-related neurologic features, even in the most recent descriptions of the
CACNA1C-associated disorders.

The current literature provides little information about the role of the mutation type
(missense or truncating) in the genesis of the neurological and psychiatric disturbances.
Rodan et al., showed an apparent phenotypic difference between individuals with nontrun-
cating and truncating variants in their cohort [10]. They found that nontruncating variants
mainly occurred de novo and showed a more severe neurological impairment, especially in
terms of intellectual disability and epilepsy. The truncating variants were more commonly
(as compared to the non-truncating ones) familial and showed milder neurological pheno-
types, usually characterized by expressive language defects, autism spectrum disorders
and an overall less severe developmental delay. The reason for these differences remains
unexplained and also patch clamping studies were not able to clarify these aspects [10].
Our variant in the CACNA1C gene is located in the S6 transmembrane domain (of the IV
domain) of the protein and its position suggests a possible implication in modulating the
calcium current. A previously reported (and also studied with patch clamping methods)
CACNA1C variant, near our variant (located in the S5 transmembrane domain of the IV
domain) showed a clear effect on channel activity determining a reduction in calcium
current [10]. In general, both CACNA1C gain and loss of function can determine severe
neurological and psychiatric symptoms [10] whereas Timothy syndrome is commonly a
result of a gain of function [39]. So, one might speculate that reduction in calcium con-
ductance, determined by some missense variants, can cause neurological and psychiatric
characteristics commonly found in the Timothy syndrome without cardiac involvement
whereas a gain of function with increased calcium conductance could determine the associ-
ation of neurological and cardiac impairment typical of the Timothy syndrome. Concerning
the difference in neurological phenotype severity between truncating and non-truncating
proteins, a possible explanation could reside in the fine equilibrium between excitation and
inhibition that the brain needs for a proper functioning. In fact, both gain and reduction
in calcium conductance can easily dysregulate the imbalance of neuronal excitation and
inhibition that could favor seizure and hinder long-term potentiation (the basis of learning,
memory and in general the high cognitive functions). This could also explain why the
haploinsufficiency determined by the truncating mutations seems to be better tolerated
whereas missense variants altering channel conductance show more frequently a dominant
negative effect.



Children 2024, 11, 541 9 of 12

Concerning the non neurological clinical features, commonly reported in the Timothy
syndrome, syndactyly was the most frequently described (9.7% of the cases). Our case
showed a gingival hyperplasia and abnormal tooth shape. Although dental defects as well
as gingival hyperplasia have been reported in few previous CACNA1C case descriptions,
these clinical characteristics have been found only in association with Timothy syndrome
phenotype [40–42]. Ion channels are well known for being involved in tooth formation [43],
additionally, defects in gene encoding L-type calcium channels have been associated
with abnormal dentition [44,45]. To the best of our knowledge, in the present study
we describe for the first time dental and gingival defects associated with a neurological
isolated CACNA1C disorder.

Gingival overgrowth is a frequently reported complication of calcium channel blocker.
Our mutation, located in proximity to a previously described variant inducing reduction in
calcium conductance [10], may determine a decrease in calcium transit and so, favor the
gingival growth. Why these dental and gingival anomalies are reported only in association
with the typical Timothy syndrome and have never been described in the neurologically
isolated CACNA1C disorders is still unexplained. This could represent a real difference
(e.g., based on the hyperactivation/hypoactivation of the channel according to the mutation
type, i.e., gain or loss of function) or a detection bias (i.e., less attention was paid on this
defect). Future studies on larger samples of neurologically isolated CACNA1C-related
presentation are needed to solve this dilemma.

The wide variability of these clinical presentations could depend on the CACNA1C
gene and its property. In fact, CACNA1C gene undergoes alternative splicing and some
of its transcripts are subjected to additional RNA editing, so determining more than
200 unique CACNA1C transcripts in the human brain, that can possibly encode L-type
calcium channels with different function and kinetics [46]. The differences in the abun-
dance of CACNA1C transcripts between brain regions could explain the heterogeneity in
CACNA1C-related neurological presentations. It is noteworthy that the splicing profile
varies between the different brain areas and, in particular, across the different regions of
the cerebellum; this could influence the prevalence and the severity of the ataxic symptoms
in the affected patients [46]. Also the severity of intellectual disability and the presence
or not of seizures could be affected by this aspect. In fact, not all the brain regions (and
the resultant networks) are equally important for superior cognitive functions as well as
a small fraction of the brain cortex is composed of eloquent areas (where epileptic focus
translates in clinically evident seizures).

The patient also carried a likely pathogenic variant in the MYH6 gene, inherited from
his mother. Likely pathogenic and pathogenic variants in this gene have been associated
with structural cardiac defects including dilated or hypertrophic cardiomyopathy and atrial
septal defect. Our patient presented a bicuspid aortic valve and a fossa ovalis aneurysm;
both these conditions are not compatible with the MYH6-associated phenotypes. An
extensive cardiac evaluation, comprehensive of cardiac ultrasound, has been suggested to
the mother to better interpret the pathogenic role of the variant.

The present work is not exempt from limitations. Firstly, few cases of neurologically
isolated CACNA1C gene mutations have been described in literature and only some of
them were considered eligible for the systematic review. So, the sample size represents the
major limit of the current study. The small sample also made senseless approaches with
statistical analyses. Secondly, shortcomings are the possible biases related to the systematic
review process; one of them could be considered the bias in detecting specific neurological
and non-neurological signs and symptoms. Although clinical features reported in each
article were found and described by physicians, it cannot be excluded a different expertise
influencing the sensitivity in recognizing some neurological characteristics. Part of the
included studies were small case series contributing to a lower homogeneity in the clinical
evaluation of the patients. In addition, we did not provide a functional validation of the
identified variant. Additionally, without patch clamping studies, we were not able to define
the exact role of the variant in the calcium channel conductance.
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In summary, the current work expands the phenotype of the CACNA1C neurologically
isolated conditions. We included apraxia in the landscape of the neurological signs and
symptoms associated with CACNA1C mutations. We also reported the high frequency of
ataxia and epilepsy in both children and adult patients. This is an interesting aspect because
it motivated the search for CACNA1C mutations in case of clinical presentation of apraxia,
ataxia and/or epilepsy, isolated or associated with each other. Identifying a CACNA1C
gene mutation could open to new possibilities in terms of precision medicine. In this
perspective, L-type calcium channels could be adequate drug targets in CACNA1C-related
neurological and psychiatric disorders [47,48].

5. Conclusions

This review summarizes all the known neurological CACNA1C associated mani-
festations and expands the related phenotype through a case report of a novel de novo
mutation that shows additional neurological manifestations (i.e., apraxia). The study also
highlights that not always the neurological symptoms without cardiac conduction defects
are completely isolated. In fact, other common manifestations of the Timothy syndrome
(e.g., dental and gingival defects) may be present in absence of cardiac involvement.
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mdpi.com/article/10.3390/children11050541/s1, Supplementary Table S1.

Author Contributions: Concept and design: C.P. and L.C. Data collection, analysis and interpretation:
C.P. and L.C. Drafting of the manuscript: L.C. and C.P. Critical revision of the manuscript for
important intellectual content: L.C., R.P., C.A., A.N., C.P. and A.I. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All procedures performed were in accordance with the
ethical standards of the institutional research committee and with the ethical standards laid down in
the 1964 Declaration of Helsinki and its later amendments.

Informed Consent Statement: Written informed consent has been obtained from all participants.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, C.P., upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Channelopathies, C.; Herold, K.G.; Hussey, J.W.; Dick, I.E. CACNA1C-Related Channelopathies. In Voltage-Gated Ca2+ Channels:

Pharmacology, Modulation and Their Role in Human Disease; Springer: Cham, Switzerland, 2023; pp. 159–181.
2. Zamponi, G.W.; Striessnig, J.; Koschak, A.; Dolphin, A.C. The Physiology, Pathology, and Pharmacology of Voltage-Gated Calcium

Channels and Their Future Therapeutic Potential. Pharmacol. Rev. 2015, 67, 821–870. [CrossRef] [PubMed]
3. Lederer, W.J.; Berlin, J.R.; Cohen, N.M.; Hadley, R.W.; Bers, D.M.; Cannell, M.B. Excitation-Contraction Coupling in Heart Cells:

Roles of the Sodium-Calcium Exchange, the Calcium Current, and the Sarcoplasmic Reticulum. Ann. N. Y. Acad. Sci. 1990, 588,
190–206. [CrossRef] [PubMed]

4. Nerbonne, J.M.; Kass, R.S. Molecular Physiology of Cardiac Repolarization. Physiol. Rev. 2005, 85, 1205–1253. [CrossRef]
[PubMed]

5. Sinnegger-Brauns, M.J.; Huber, I.G.; Koschak, A.; Wild, C.; Obermair, G.J.; Einzinger, U.; Hoda, J.C.; Sartori, S.B.; Striessnig, J.
Expression and 1,4-Dihydropyridine-Binding Properties of Brain L-Type Calcium Channel Isoforms. Mol. Pharmacol. 2009, 75,
407–414. [CrossRef] [PubMed]

6. Moosmang, S.; Haider, N.; Klugbauer, N.; Adelsberger, H.; Langwieser, N.; Müller, J.; Stiess, M.; Marais, E.; Schulla, V.; Lacinova,
L.; et al. Role of Hippocampal Cav1.2 Ca2+ Channels in NMDA Receptor-Independent Synaptic Plasticity and Spatial Memory. J.
Neurosci. 2005, 25, 9883–9892. [CrossRef]

7. Striessnig, J.; Pinggera, A.; Kaur, G.; Bock, G.; Tuluc, P. L-Type Ca2+ Channels in Heart and Brain. Wiley Interdiscip. Rev. Membr.
Transp. Signal. 2014, 3, 15–38. [CrossRef] [PubMed]

8. Splawski, I.; Timothy, K.W.; Sharpe, L.M.; Decher, N.; Kumar, P.; Bloise, R.; Napolitano, C.; Schwartz, P.J.; Joseph, R.M.;
Condouris, K.; et al. Ca V 1.2 Calcium Channel Dysfunction Causes a Multisystem Disorder Including Arrhythmia and Autism.
Cell 2004, 119, 19–31. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/children11050541/s1
https://www.mdpi.com/article/10.3390/children11050541/s1
https://doi.org/10.1124/pr.114.009654
https://www.ncbi.nlm.nih.gov/pubmed/26362469
https://doi.org/10.1111/j.1749-6632.1990.tb13210.x
https://www.ncbi.nlm.nih.gov/pubmed/2357018
https://doi.org/10.1152/physrev.00002.2005
https://www.ncbi.nlm.nih.gov/pubmed/16183911
https://doi.org/10.1124/mol.108.049981
https://www.ncbi.nlm.nih.gov/pubmed/19029287
https://doi.org/10.1523/JNEUROSCI.1531-05.2005
https://doi.org/10.1002/wmts.102
https://www.ncbi.nlm.nih.gov/pubmed/24683526
https://doi.org/10.1016/j.cell.2004.09.011
https://www.ncbi.nlm.nih.gov/pubmed/15454078


Children 2024, 11, 541 11 of 12

9. Pitt, G.S.; Matsui, M.; Cao, C. Voltage-Gated Calcium Channels in Nonexcitable Tissues. Annu. Rev. Physiol. 2021, 83, 183–203.
[CrossRef]

10. Rodan, L.H.; Spillmann, R.C.; Kurata, H.T.; Lamothe, S.M.; Maghera, J.; Jamra, R.A.; Alkelai, A.; Antonarakis, S.E.; Atallah, I.;
Bar-Yosef, O.; et al. Phenotypic Expansion of CACNA1C-Associated Disorders to Include Isolated Neurological Manifestations.
Genet. Med. 2021, 23, 1922–1932. [CrossRef]

11. Ehtesham, N.; Mosallaei, M.; Beheshtian, M.; Khoshbakht, S.; Fadaee, M.; Vazehan, R.; Zonooz, M.F.; Karimzadeh, P.; Kahrizi, K.;
Najmabadi, H. Characterizing Genotypes and Phenotypes Associated with Dysfunction of Channel-Encoding Genes in a Cohort
of Patients with Intellectual Disability. Arch. Iran. Med. 2022, 25, 788–797. [CrossRef]

12. Moon, A.L.; Haan, N.; Wilkinson, L.S.; Thomas, K.L.; Hall, J. CACNA1C: Association with Psychiatric Disorders, Behavior, and
Neurogenesis. Schizophr. Bull. 2018, 44, 958–965. [CrossRef] [PubMed]

13. Craddock, N.; Sklar, P. Bipolar Disorder 1—Genetics of Bipolar Disorder. Lancet 2013, 381, 1654–1662. [CrossRef] [PubMed]
14. Green, E.K.; Grozeva, D.; Jones, I.; Jones, L.; Kirov, G.; Caesar, S.; Gordon-Smith, K.; Fraser, C.; Forty, L.; Russell, E.; et al. The

Bipolar Disorder Risk Allele at CACNA1C Also Confers Risk of Recurrent Major Depression and of Schizophrenia. Mol. Psychiatry
2010, 15, 1016–1022. [CrossRef] [PubMed]

15. Green, E.K.; Hamshere, M.; Forty, L.; Gordon-Smith, K.; Fraser, C.; Russell, E.; Grozeva, D.; Kirov, G.; Holmans, P.; Moran, J.L.; et al.
Replication of Bipolar Disorder Susceptibility Alleles and Identification of Two Novel Genome-Wide Significant Associations in a
New Bipolar Disorder Case-Control Sample. Mol. Psychiatry 2013, 18, 1302–1307. [CrossRef] [PubMed]

16. Casamassima, F.; Hay, A.C.; Benedetti, A.; Lattanzi, L.; Cassano, G.B.; Perlis, R.H. L-Type Calcium Channels and Psychiatric
Disorders: A Brief Review. Am. J. Med. Genet. Part B Neuropsychiatr. Genet. 2010, 153, 1373–1390. [CrossRef] [PubMed]

17. Sullivan, P.F.; De Geus, E.J.C.; Willemsen, G.; James, M.R.; Smit, J.H.; Zandbelt, T.; Arolt, V.; Baune, B.T.; Blackwood, D.;
Cichon, S.; et al. Genome-Wide Association for Major Depressive Disorder: A Possible Role for the Presynaptic Protein Piccolo.
Mol. Psychiatry 2009, 14, 359–375. [CrossRef]

18. Li, J.; Zhao, L.; You, Y.; Lu, T.; Jia, M.; Yu, H.; Ruan, Y.; Yue, W.; Liu, J.; Lu, L.; et al. Schizophrenia Related Variants in CACNA1C
Also Confer Risk of Autism. PLoS ONE 2015, 10, e0133247. [CrossRef]

19. Sayad, A.; Ghafouri-Fard, S.; Noroozi, R.; Omrani, M.D.; Ganji, M.; Dastmalchi, R.; Glassy, M.; Taheri, M. Association Study of
Sequence Variants in Voltage-Gated Ca2+ Channel Subunit Alpha-1C and Autism Spectrum Disorders. Rep. Biochem. Mol. Biol.
2019, 8, 3–9.

20. Erk, S.; Meyer-Lindenberg, A.; Schmierer, P.; Mohnke, S.; Grimm, O.; Garbusow, M.; Haddad, L.; Poehland, L.; Mühleisen, T.W.;
Witt, S.H.; et al. Hippocampal and Frontolimbic Function as Intermediate Phenotype for Psychosis: Evidence from Healthy
Relatives and a Common Risk Variant in Cacna1c. Biol. Psychiatry 2014, 76, 466–475. [CrossRef] [PubMed]

21. Roussos, P.; Giakoumaki, S.G.; Georgakopoulos, A.; Robakis, N.K.; Bitsios, P. The CACNA1C and ANK3 Risk Alleles Impact
on Affective Personality Traits and Startle Reactivity but Not on Cognition or Gating in Healthy Males. Bipolar Disord. 2011, 13,
250–259. [CrossRef]

22. Krug, A.; Nieratschker, V.; Markov, V.; Krach, S.; Jansen, A.; Zerres, K.; Eggermann, T.; Stöcker, T.; Shah, N.J.; Treutlein, J.; et al.
Effect of CACNA1C Rs1006737 on Neural Correlates of Verbal Fluency in Healthy Individuals. Neuroimage 2010, 49, 1831–1836.
[CrossRef]

23. Levy, R.J.; Timothy, K.W.; Underwood, J.F.G.; Hall, J.; Bernstein, J.A.; Pas, ca, S.P. A Cross-Sectional Study of the Neuropsychiatric
Phenotype of CACNA1C-Related Disorder. Pediatr. Neurol. 2023, 138, 101–106. [CrossRef]

24. Chen, J.; Sun, Y.; Liu, X.; Li, J. Identification of a Novel Mutation in the CACNA1C Gene in a Chinese Family with Autosomal
Dominant Cerebellar Ataxia. BMC Neurol. 2019, 19, 157. [CrossRef] [PubMed]

25. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BMJ 2021, 372, n71.
[CrossRef] [PubMed]

26. Bozarth, X.; Dines, J.N.; Cong, Q.; Mirzaa, G.M.; Foss, K.; Lawrence Merritt, J.; Thies, J.; Mefford, H.C.; Novotny, E. Expanding
Clinical Phenotype in CACNA1C Related Disorders: From Neonatal Onset Severe Epileptic Encephalopathy to Late-Onset
Epilepsy. Am. J. Med. Genet. Part A 2018, 176, 2733–2739. [CrossRef] [PubMed]

27. Quintela, I.; Eirís, J.; Gómez-lado, C.; Pérez-gay, L.; Dacruz, D.; Cruz, R.; Castro-gago, M.; Míguez, L.; Carracedo, Á.; Barros, F.
Copy Number Variation Analysis of Patients with Intellectual Disability from North-West Spain. Gene 2017, 626, 189–199.
[CrossRef] [PubMed]

28. Roberts, J.L.; Hovanes, K.; Dasouki, M.; Manzardo, A.M.; Butler, M.G. Chromosomal Microarray Analysis of Consecutive
Individuals with Autism Spectrum Disorders or Learning Disability Presenting for Genetic Services. Gene 2014, 535, 70–78.
[CrossRef] [PubMed]

29. Simms, B.A.; Zamponi, G.W. Neuronal Voltage-Gated Calcium Channels: Structure, Function, and Dysfunction. Neuron 2014, 82,
24–45. [CrossRef] [PubMed]

30. Smith, R.S.; Walsh, C.A. Ion Channel Functions in Early Brain Development. Trends Neurosci. 2020, 43, 103–114. [CrossRef]
31. Gruol, D.; Manto, M.; Haines, D. Ca2+ Signaling in Cerebellar Purkinje Neurons—Editorial. Cerebellum 2012, 11, 605–608.

[CrossRef]
32. Lanzetti, S.; Di Biase, V. Small Molecules as Modulators of Voltage-Gated Calcium Channels in Neurological Disorders: State of

the Art and Perspectives. Molecules 2022, 27, 1312. [CrossRef] [PubMed]

https://doi.org/10.1146/annurev-physiol-031620-091043
https://doi.org/10.1038/s41436-021-01232-8
https://doi.org/10.34172/aim.2022.124
https://doi.org/10.1093/schbul/sby096
https://www.ncbi.nlm.nih.gov/pubmed/29982775
https://doi.org/10.1016/S0140-6736(13)60855-7
https://www.ncbi.nlm.nih.gov/pubmed/23663951
https://doi.org/10.1038/mp.2009.49
https://www.ncbi.nlm.nih.gov/pubmed/19621016
https://doi.org/10.1038/mp.2012.142
https://www.ncbi.nlm.nih.gov/pubmed/23070075
https://doi.org/10.1002/ajmg.b.31122
https://www.ncbi.nlm.nih.gov/pubmed/20886543
https://doi.org/10.1038/mp.2008.125
https://doi.org/10.1371/journal.pone.0133247
https://doi.org/10.1016/j.biopsych.2013.11.025
https://www.ncbi.nlm.nih.gov/pubmed/24411473
https://doi.org/10.1111/j.1399-5618.2011.00924.x
https://doi.org/10.1016/j.neuroimage.2009.09.028
https://doi.org/10.1016/j.pediatrneurol.2022.10.013
https://doi.org/10.1186/s12883-019-1381-8
https://www.ncbi.nlm.nih.gov/pubmed/31291898
https://doi.org/10.1136/bmj.n71
https://www.ncbi.nlm.nih.gov/pubmed/33782057
https://doi.org/10.1002/ajmg.a.40657
https://www.ncbi.nlm.nih.gov/pubmed/30513141
https://doi.org/10.1016/j.gene.2017.05.032
https://www.ncbi.nlm.nih.gov/pubmed/28506748
https://doi.org/10.1016/j.gene.2013.10.020
https://www.ncbi.nlm.nih.gov/pubmed/24188901
https://doi.org/10.1016/j.neuron.2014.03.016
https://www.ncbi.nlm.nih.gov/pubmed/24698266
https://doi.org/10.1016/j.tins.2019.12.004
https://doi.org/10.1007/s12311-012-0404-4
https://doi.org/10.3390/molecules27041312
https://www.ncbi.nlm.nih.gov/pubmed/35209100


Children 2024, 11, 541 12 of 12

33. Leitch, B.; Shevtsova, O.; Guévremont, D.; Williams, J. Loss of Calcium Channels in the Cerebellum of the Ataxic and Epileptic
Stargazer Mutant Mouse. Brain Res. 2009, 1279, 156–167. [CrossRef] [PubMed]

34. Radzicki, D.; Yau, H.J.; Pollema-Mays, S.L.; Mlsna, L.; Cho, K.; Koh, S.; Martina, M. Temperature-Sensitive Cav1.2 Calcium
Channels Support Intrinsic Firing of Pyramidal Neurons and Provide a Target for the Treatment of Febrile Seizures. J. Neurosci.
2013, 33, 9920–9931. [CrossRef] [PubMed]

35. Liao, X.; Liao, X.; Li, Y. Genetic Associations between Voltage-Gated Calcium Channels and Autism Spectrum Disorder:
A Systematic Review. Mol. Brain 2020, 13, 96. [CrossRef] [PubMed]

36. Park, J.E. Apraxia: Review and Update. J. Clin. Neurol. 2017, 13, 317–324. [CrossRef] [PubMed]
37. Gainotti, G.; Trojano, L. Constructional Apraxia, 1st ed.; Elsevier B.V.: Amsterdam, The Netherlands, 2018; Volume 151;

ISBN 9780444636225.
38. Fanizza, I.; Bertuzzo, S.; Beri, S.; Scalera, E.; Massagli, A.; Sali, M.E.; Giorda, R.; Bonaglia, M.C. Genotype-Phenotype Relationship

in a Child with 2.3Mb de Novo Interstitial 12p13.33-P13.32 Deletion. Eur. J. Med. Genet. 2014, 57, 334–338. [CrossRef] [PubMed]
39. Bauer, R.; Timothy, K.W.; Golden, A.; Golden, A. Update on the Molecular Genetics of Timothy Syndrome. Front. Pediatr. 2021,

9, 668546. [CrossRef] [PubMed]
40. Delinière, A.; Haddad, C.; Herrera-Siklódy, C.; Hermida, A.; Pruvot, E.; Bressieux-Degueldre, S.; Millat, G.; Janin, A.; Hermida,

J.S.; Asatryan, B.; et al. Phenotypic Characterization of Timothy Syndrome Caused by the CACNA1C p.Gly402Ser Variant. Circ.
Genom. Precis. Med. 2023, 16, 280–282. [CrossRef] [PubMed]

41. Hermida, A.; Jedraszak, G.; Kubala, M.; Mathiron, A.; Berna, P.; Bennis, Y.; Hermida, J.S. Long-Term Follow-up of a Patient with
Type 2 Timothy Syndrome and the Partial Efficacy of Mexiletine. Gene 2021, 777, 145465. [CrossRef]

42. Endres, D.; Decher, N.; Röhr, I.; Vowinkel, K.; Domschke, K.; Komlosi, K.; Tzschach, A.; Gläser, B.; Schiele, M.A.; Runge, K.; et al.
New CaV1.2 Channelopathy with High-Functioning Autism, Affective Disorder, Severe Dental Enamel Defects, a Short QT
Interval, and a Novel Cacna1c Loss-of-Function Mutation. Int. J. Mol. Sci. 2020, 21, 8611. [CrossRef]

43. Duan, X. Ion Channels, Channelopathies, and Tooth Formation. J. Dent. Res. 2014, 93, 117–125. [CrossRef] [PubMed]
44. Kantaputra, P.; Butali, A.; Eliason, S.; Chalkley, C.; Nakornchai, S.; Bongkochwilawan, C.; Kawasaki, K.; Kumchiang, A.;

Ngamphiw, C.; Tongsima, S.; et al. CACNA1S Mutation-Associated Dental Anomalies: A Calcium Channelopathy. Oral Dis. 2023,
1–10. [CrossRef] [PubMed]

45. Laugel-Haushalter, V.; Morkmued, S.; Stoetzel, C.; Geoffroy, V.; Muller, J.; Boland, A.; Deleuze, J.F.; Chennen, K.; Pitiphat, W.;
Dollfus, H.; et al. Genetic Evidence Supporting the Role of the Calcium Channel, CACNA1S, in Tooth Cusp and Root Patterning.
Front. Physiol. 2018, 9, 1329. [CrossRef] [PubMed]

46. Clark, M.B.; Wrzesinski, T.; Garcia, A.B.; Hall, N.A.L.; Kleinman, J.E.; Hyde, T.; Weinberger, D.R.; Harrison, P.J.; Haerty, W.;
Tunbridge, E.M. Long-Read Sequencing Reveals the Complex Splicing Profile of the Psychiatric Risk Gene CACNA1C in Human
Brain. Mol. Psychiatry 2020, 25, 37–47. [CrossRef] [PubMed]

47. Ortner, N.J. L-Type Calcium Channels as Drug Targets in CNS Disorders. Channels 2016, 10, 7–13. [CrossRef]
48. Colbourne, L.; Harrison, P.J. Brain-Penetrant Calcium Channel Blockers Are Associated with a Reduced Incidence of Neuropsy-

chiatric Disorders. Mol. Psychiatry 2022, 27, 3904–3912. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.brainres.2009.04.051
https://www.ncbi.nlm.nih.gov/pubmed/19422811
https://doi.org/10.1523/JNEUROSCI.5482-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23761887
https://doi.org/10.1186/s13041-020-00634-0
https://www.ncbi.nlm.nih.gov/pubmed/32571372
https://doi.org/10.3988/jcn.2017.13.4.317
https://www.ncbi.nlm.nih.gov/pubmed/29057628
https://doi.org/10.1016/j.ejmg.2014.04.009
https://www.ncbi.nlm.nih.gov/pubmed/24780630
https://doi.org/10.3389/fped.2021.668546
https://www.ncbi.nlm.nih.gov/pubmed/34079780
https://doi.org/10.1161/CIRCGEN.122.004010
https://www.ncbi.nlm.nih.gov/pubmed/37009738
https://doi.org/10.1016/j.gene.2021.145465
https://doi.org/10.3390/ijms21228611
https://doi.org/10.1177/0022034513507066
https://www.ncbi.nlm.nih.gov/pubmed/24076519
https://doi.org/10.1111/odi.14551
https://www.ncbi.nlm.nih.gov/pubmed/36825457
https://doi.org/10.3389/fphys.2018.01329
https://www.ncbi.nlm.nih.gov/pubmed/30319441
https://doi.org/10.1038/s41380-019-0583-1
https://www.ncbi.nlm.nih.gov/pubmed/31695164
https://doi.org/10.1080/19336950.2015.1048936
https://doi.org/10.1038/s41380-022-01615-6

	Introduction 
	Methods 
	Systematic Review 
	Genetics/Materials and Methods (Clinical Exome) 

	Results 
	Systematic Review 
	Case Description 

	Discussion 
	Conclusions 
	References

