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Abstract

The CACNA1C gene encodes the pore-forming subunit of the CaV1.2 L-type Ca2+ channel, 

a critical component of membrane physiology in multiple tissues, including the heart, brain 

and immune system. As such, mutations altering the function of these channels have the 

potential to impact a wide array of cellular functions. The first mutations identified within 

CACNA1C were shown to cause a severe, multisystem disorder known as Timothy syndrome 

(TS), which is characterized by neurodevelopmental deficits, long QT syndrome, life-threatening 

cardiac arrhythmias, craniofacial abnormalities and immune deficits. Since this initial description, 

the number and variety of disease-associated mutations identified in CACNA1C has grown 

tremendously, expanding the range of phenotypes observed in affected patients. CACNA1C 
channelopathies are now known to encompass multisystem phenotypes as described in TS, as well 

as more selective phenotypes where patients may exhibit predominantly cardiac or neurological 

symptoms. Here, we review the impact of genetic mutations on CaV1.2 function and the resultant 

physiological consequences.

Introduction

L-type calcium channels (LTCCs) are expressed throughout the body, where they play 

critical roles in the physiological function of numerous systems, including the heart, brain, 

smooth muscle, and the immune system(1, 2). Activation of these channels controls the 

entry of Ca2+ into the cell, which both shapes the morphology of the action potential and 

initiates numerous downstream signaling processes. Of the four L-type channel subtypes, 

CaV1.2 exhibits the widest expression across multiple tissues including the heart, brain, 

smooth muscle, endocrine and immune systems (3). Thus, disruption of these channels 

has the potential to impact a myriad of cellular functions across multiple organ systems. 

Advancements in genomic technologies have resulted in strong associations between CaV1.2 

variants and clinical phenotypes, and have identified an increasing number and variety of 

genetic mutations affecting the functionality of these channels.
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CaV1.2 in Cellular Physiology

LTCCs play a major role in excitation-contraction coupling in all muscle tissues. CaV1.2 

is renowned for its role in the heart, where Ca2+ entry through the channel activates the 

ryanodine receptor (RyR2), thereby triggering the release of calcium from the sarcoplasmic 

reticulum (SR) in a process known as Ca2+-induced Ca2+ release (CICR)(4, 5). In addition, 

CaV1.2 plays a major role in shaping the cardiac action potential (AP)(6). Acting largely 

during the plateau phase, CaV1.2 channels are a major determinant of the duration of the 

duration of the cardiac AP (2, 7). In smooth muscle, the CaV1.2 channel triggers contraction 

of the muscle, making it a primary element in blood-pressure control.

In the brain, CaV1.2 comprise nearly 90% of all LTCCs(8). They are highly expressed within 

the hippocampus, cerebral cortex, and cerebellum, and are often detected in postsynaptic 

dendrites. CaV1.2 channels play a role in excitation-transcription coupling (9) as well as 

neuronal plasticity, and have been shown to play a critical role in long term potentiation and 

memory(10, 11) In addition, mouse models have described a role for CaV1.2 in anxiety(12).

LTCCs, including CaV1.2, have also been found to play a role in the immune system, 

although their role is less well understood. CaV1.2 has been shown to be highly expressed 

in T lymphocytes, and has been shown to play a role in B cells and dendritic cells(13, 

14). While the precise role of CaV1.2 in these cells remains ambiguous, genetic mutations 

which disrupt the function of the channel result in a clear immune phenotype, demonstrating 

the importance of the channel in immune function(15). Moreover, CaV1.2 is expressed 

in chondrocytes and osteoblasts, and has been shown to be a requirement for normal 

mandibular development. Interestingly, this role for CaV1.2 in non-excitable cell types 

represents a relatively new avenue of research, which was preceded by identification of 

CaV1.2 mutations which caused marked phenotypes in non-excitable tissues(15, 16). As 

such, the function of these voltage-gated channels in non-excitable cells remains under 

investigation and promises new mechanisms for CaV1.2 function(16).

Concurrent with this idea of CaV1.2 function in non-excitable tissues, it has been 

increasingly recognized that the channel is capable of multiple cellular functions beyond 

directly controlling Ca2+ entry. In neurons, it has been shown that a voltage-dependent 

conformational change is required to initiate excitation-transcription coupling, and is 

required for normal synaptic function(17). Moreover, a cryptic promotor has been identified 

in the CACNA1C gene which results in expression of a C-terminal portion of the channel, 

which acts as a transcription regulator(18, 19). Thus, the role of CaV1.2 in normal and 

patho-physiology continues to expand.

CaV1.2 Regulation

In order to function across a broad distribution of different cell types, CaV1.2 channels 

can be tuned by multiple processes, including feedback regulation, alternative splicing, and 

subunit composition. To precisely control Ca2+ influx in various tissues and in response 

to a diverse array of stimuli, CaV1.2 channels utilize two major forms of feedback 

regulation: voltage-dependent inactivation (VDI) and Ca2+-dependent inactivation (CDI). 
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VDI is thought to proceed through a hinged-lid mechanism(20), where the I-II linker docks 

with residues within the distal S6 regions, thus occluding the channel. CDI, on the other 

hand, represents as allosteric process, where channels open with a reduced open probability 

in response a rise in cytosolic Ca2+. The Ca2+ sensor for CaV1.2 CDI is calmodulin 

(CaM), a modulatory protein which is bound to the C-tail of the channel in its Ca2+ free 

state (apoCaM). Upon channel opening, Ca2+ binds to the resident CaM, resulting in a 

conformational rearrangement leading to reduced opening and CDI.

CaV1.2 channels can further be modified by alternative splicing. Sequencing has revealed 

90 distinct CACNA1C transcript variants within the brain, with variable splicing profiles 

across different regions and tissues (21). Biophysical evaluation of many of the major splice 

variants has revealed substantial effects on channel gating and regulation, illustrating unique 

channel properties tailored to tissue expression or developmental state (22–25).

Finally, subunit composition can impact channel function. Like other voltage-gated calcium 

channels, CaV1.2 is generally expressed as a multi-subunit protein(26). The CACNA1C 
gene encodes the pore-forming alpha subunit, which typically associates with an auxiliary 

β subunit and an α2δ subunit. These subunits are known to modulate multiple channel 

properties, including trafficking, gating and second messenger regulation(27). These 

channels are also associated with a γ subunit in select tissues, which is capable of 

modulating channel function(28, 29). Disruption of any of these auxiliary proteins can result 

in significant disease(30–34). Here, we focus on the role of the pore-forming alpha subunit 

in the pathogenesis of CaV1.2 channelopathies.

Association with Neuropsychiatric Disorders

Multiple genome wide association studies (GWAS) studies have found that CACNA1C is 

highly associated with several psychiatric disorders(35). CACNA1C is commonly identified 

in GWAS studies of schizophrenia (SCZ) and bipolar disorder (BP) (36–38) (39). Further, 

polymorphisms in CACNA1C have been associated with additional psychiatric diseases, 

such as major depression(40, 41) and autism spectrum disorder (ASD)(42, 43). Cross-

association of CACNA1C with multiple psychiatric diseases has identified commonalities 

across BP, major depression, attention deficit hyperactivity disorder, SCZ, and autism 

spectrum disorder (ASD)(1, 44), with CACNA1C identified as having a high association 

with BP, SCZ and major depression. Moreover, pathway analysis identified numerous Ca2+ 

channel activity genes within association for five major psychiatric diseases(44).

The most common neuropsychiatric-associated single nucleotide polymorphism (SNP) 

within CACNA1C has been identified as rs1006737 within intron 3 of the channel. This 

risk allele has been associated with BP (45–47), SCZ(48) and major depression(39), making 

it one to the most consistent associations in neuropsychiatric GWAS studies(49). This risk 

allele has been evaluated for impact on brain structure, where healthy individuals harboring 

the allele demonstrated an increase in multiple traits including depression, anxiety, startle 

reactivity and decreased verbal fluency (50–52). Moreover, rs1006737 has been associated 

with structural changes in the amygdala and prefrontal cortical regions(53–55), as well 

as changes in brain connectivity and grey matter structure and function(56). Interestingly, 
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evidence exists for both gain(57, 58) or loss(59, 60) of function effects on CACNA1C 
in psychiatric disorders. Recent analysis of postmortem brain from schizophrenia patients 

identified a decrease in gene expression of CaV1.2(61). Thus, the pathogenic mechanism for 

CaV1.2 in neuropsychiatric disorders remains to be elucidated. Interestingly, the rs1006737 

risk allele is also associated with changes in other systems where CaV1.2 is known to play 

a critical role, including blood pressure(62), demonstrating a potential wider impact of the 

allele outside the brain.

Timothy Syndrome

Timothy syndrome (TS) was initially identified in the early 1990s as a severe form of 

long-QT syndrome, comorbid with syndactyly(63, 64, 65). This rare clinical disorder would 

eventually be the first documented CaV1.2 channelopathy, and has been designated as 

long QT type 8 (LQT8). TS is a debilitating disease characterized by pronounced cardiac 

deficits, syndactyly, immune deficiencies, craniofacial abnormalities, and neurological 

symptoms(15, 66). Of particular clinical concern are the cardiac symptoms, which include 

early afterdepolarizations, AV block, torsades de pointes, ventricular tachycardia, ventricular 

fibrillation, and long-QT syndrome (LQTS)(66, 67). The prolongation of the QT interval 

(615-690 ms) makes LQT8 amongst the most severe type of LQTS yet described. This 

severe prolongation is largely responsible for the highly lethal nature of TS, which has an 

average age of mortality of approximately two and half years.

The genetic mechanisms underlying TS are informed by splice variations of the CACNA1C 
gene. Mature CaV1.2 channels can take the form of a multitude of CACNA1C spice 

isoforms, and of particular relevance to TS are the mutually exclusive exons 8 and 8A. 

Some ambiguity has arisen in the literature regarding the identity of these exons, as different 

groups have used different terminology(15, 23, 68). For the sake of clarity, the convention 

of using “exon 8” to refer to the upstream exon, and “exon 8a” to refer to the downstream 

one, will be used. The first causative mutation for TS was identified as G406R within 

exon 8a of CaV1.2, which places the mutation near the intracellular end of the domain I 

S6 transmembrane domain(15) (Fig. 1). In cardiac tissue, the ratio of exon 8 to exon 8a 

is approximately 4:1, and exon 8a is also expressed throughout other tissues that contain 

CaV1.2, a fact that contributes to the multisystem nature of TS.

Biophysical studies revealed that channels containing the G406R mutation show a loss of 

VDI (Fig. 2a), decreased CDI(Fig. 2b) and a hyperpolarizing shift in the voltage dependance 

of channel activation (Fig. 2c) (15, 66, 69–71), all relatively clear components of a gain-

of-function (GOF) phenotype. This channel behavior helps explain the effect of G406R 

on cardiac tissues, as the plateau phase of the cardiac action potential is enhanced by 

the excess entry of Ca2+ during depolarization. This, in turn, results in the characteristic 

prolongation of the QT interval observed in TS patients. Further, a mouse overexpressing 

rabbit CaV1.2 channels harboring the mutation indicated that even proportionally small 

amounts of the mutated channel were sufficient to cause large alterations to intracellular 

calcium concentrations, with increased SR Ca2+ leak and SR Ca2+ load, higher diastolic 

calcium, and increased Ca2+ spark activity in ventricular myocytes(72). The vast majority 

of patients harboring a G406R mutation in exon 8a (sometimes referred to as TS type 1 or 
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TS1) suffer from the full range of characteristic symptoms of TS, but this is not universally 

true(73).

Shortly following the initial characterization of the G406R mutation in exon 8a of 

CaV1.2, two more mutations in CACNA1C were observed in patients suffering similar 

symptoms(66). In 2005, a patient was observed to harbor a G406R mutation not in exon 8a, 

but in the more highly expressed alternative exon 8(66). Concurrently, a second mutation, 

G402S, was also identified within exon 8. Both mutations produced similar cardiac deficits, 

with QT intervals reaching as high as 730 ms, however they lacked the syndactyly 

characteristic of the original TS patients. This form of LQT8 therefore was designated as TS 

type 2 (TS2). TS2 patients harboring the G406R mutations generally present with a more 

severe cardiac pathology, with an earlier age of lethality as compared to TS1. This is likely 

due to the greater abundance of exon 8 in cardiac as compared to exon 8a.

In the case of the patient harboring the G402S mutation in exon 8, a similar but somewhat 

less severe LQT phenotype was observed, and similar neurological symptoms were 

described(66). However, the patient suffered from a cardiac arrest, which could somewhat 

complicate the understanding of the underlying effects of the mutation on neuronal function 

and development. Subsequent patients harboring the G402S mutation in exon 8 have been 

shown to lack the neurological phenotypes typically associated with TS. In one case, a child 

harboring the G402S mutation exhibited neurological impairments, however the patient’s 

affected sibling was neurologically healthy despite harboring the same mutation(74). This 

scenario points out two important features of TS. First, while most TS mutations have 

been described as de-novo, mosaicism can complicate the phenotype. In this case, a mosaic 

parent exhibited minimal symptoms, but passed the mutation onto two children. Second, the 

severe cardiac defects of TS can complicate identification of a causative link to neurological 

phenotypes, as the first sibling in this study likely displayed neurological deficits as a 

result of hypoxic injury rather than direct impact of the mutation. Further complicating 

the understanding of the pathology of the G402S mutation in exon 8 is a case report 

showing a patient with LQT, but no other syndromic features of TS(75), fitting with this 

mutation causing a less severe form of the disease. When examined for its biophysical 

properties, G402S, much like G406R, causes a loss of VDI (Fig. 2a) and a disruption 

of CDI (Fig. 2b)(66, 71). However, the voltage-dependance of activation exhibited a shift 

towards depolarized potentials, opposite of the hyperpolarizing shift seen in G406R (Fig. 

2c)(71). The G402S mutation therefore combines a GOF phenotype shown in the effects 

on channel inactivation with an apparent loss-of-function (LOF) phenotype in channel 

activation, illustrating the limitations of characterizing mutations as solely enhancing or 

diminishing channel activity.

In terms of the neurological symptoms observed in patients, TS presents one of the most 

penetrant forms of autism spectrum disorder (ASD) yet observed, thus making CaV1.2 

channels containing TS mutations the subject of much interest for researchers seeking 

to uncover molecular mechanisms that contribute to this often-debilitating neurological 

disorder(15). The first mice generated harboring the G406R mutation in exon 8a were 

engineered to contain a neomycin cassette to ensure survival to maturity(76). Behavioral 

evaluation revealed traits analogous to those seen to be at the core of ASD, including social 
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and learning impairments, repetitive behavior patterns, and altered vocalizations(76). Brain 

tissue from this TS mouse model demonstrated increased development and myelination 

of cortical oligodendrocyte progenitor cells (OPCs) from these mice(77). Notably, altered 

myelination patterns and increased white matter volume have been noted in human cases 

of ASD(78, 79). Additionally, cortical neurons isolated from these mice showed activity-

dependent dendritic retraction, a result which was replicated in neurons differentiated from 

induced pluripotent stem cell (iPSCs) derived from a TS patient(80). The G406R mutation 

was also shown to result in abnormal coupling of AKAP150 to the channel(81), and 

AKAP150’s association with the channel is thought to play a role in mediating the ability of 

CaV1.2 channels to couple cellular excitation to gene transcription(82).

Following the initial description of TS1 and TS2 mutations, an ever-growing number of 

mutations have been identified in CaV1.2, often within constitutively expressed exons. While 

a number of these mutations have been shown to alter channel properties and are observed 

in patients suffering from symptoms observed in TS, many of these mutations do not 

recapitulate the full multisystem TS disease phenotype. Mutations such as A1473G(83), 

I1166T(84), I1166V(85), and E407A(86) all occupy positions in or adjacent to S6 domains 

(Fig. 1), much like the originally described G406R and G402S mutations, but notably, 

I1166V and A407A appear to have primarily or exclusively cardiac symptoms (see below). 

Other mutations, such as S643F, appear to cause both cardiac and neurological symptoms 

but without syndactyly(87). Moreover, R1024G appears to cause neurological symptoms 

and syndactyly, but not LQTS(88). The expanding array of disease-associated mutations 

observed in CaV1.2 and the heterogeneity in clinical outcomes presents a challenge to 

researchers attempting to fully characterize the scope and pattern of these channelopathic 

impairments.

The multisystem nature of TS symptoms suggests that CaV1.2 functionality extends beyond 

its well-described role in excitable tissues, and indeed, RNA-seq data shows that the channel 

is widely expressed throughout the body(89). Prior to the implementation of molecular 

techniques that could identify the genetic identity of particular calcium channels, calcium 

currents and calcium dynamics were shown to influence the activity of T lymphocytes(90). 

Additionally, functional CaV1.2 channels were identified in oseteoblasts(91, 92), and 

exposure of these cells to the LTCC agonist BAY K 8644 stimulated the secretion of 

the bone matrix protein, osteocalcin, with evidence suggesting a role of the channels in 

bone remodeling(93). One of the symptoms of TS is mandibular malformation, and mice 

expressing CaV1.2 channels harboring TS mutations show enlarged mandibles as compared 

to those expressing wildtype channels(94). Evidence from mice and zebrafish indicates that 

CaV1.2 acts on mandibular development through calcineurin signaling. Thus the phenotype 

observed in TS patients has increased our understanding of the role of CaV1.2 in physiology, 

demonstrating a clear importance for the channel in non-excitable tissues(16).

Cardiac-selective CACNA1C Mutations

As the variety of known mutations in CACNA1C has continued to expand, so too does 

the spectrum of phenotypes associated with these mutations. While TS was first described 

as a multisystem disorder, it was not long before CACNA1C mutations were identified 
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as causative of cardiac-selective phenotypes(32, 95). Mutations in CACNA1C (Fig. 1) 

have been identified among patients with Brugada syndrome (BrS), idiopathic ventricular 

fibrillation (IVF), short-QT syndrome (SQT) and early repolarization syndrome (ERS)(32, 

96, 97). Unlike the full TS phenotype, these patients do not exhibit extra-cardiac symptoms. 

Moreover, these syndromes appear to result from a loss of function of the CaV1.2 channel. 

Lack of Ca2+ entry during the cardiac AP readily explains the decreased AP duration 

identified in ERS. In addition, when BrS is the result of a CACNA1C mutation, it often 

includes overlapping features of SQT(32, 96, 97), consistent with a loss of CaV1.2 current. 

Thus, a loss of CaV1.2 current can impact the morphology of the cardiac AP, resulting in 

arrhythmia via similar mechanisms as the gain-of-function mutations, but with opposing 

direction. While these loss-of-function mutations can manifest as several overlapping 

syndromes, the mechanism of pathogenesis does not appear to significantly affect other 

tissues where CaV1.2 is highly expressed.

The cardiac-selectivity of CACNA1C mutations, however, is not specific only to loss-of-

function mutations. Even for gain-of-function mutations in CACNA1C, the multisystem 

effects described for canonical TS are not always present. Mutations in CACNA1C have 

increasingly been described in patients exhibiting cardiac-selective phenotype, sometimes 

called cardiac-only TS(95) or atypical TS(74, 98). Initially these patients were described 

to exhibit severe LQTS (LQT8), in complex with additional cardiac deficits including 

hypertrophic cardiomyopathy (HCM) or congenital heart defects(95, 99). Later, atrial 

fibrillation and sick sinus syndrome have also been described as occurring in cardiac-only 

TS patients, further expanding the spectrum of cardiac disorders in the absence of the 

full multisystem phenotype(100). In fact, since the first description of TS, more mutations 

in CACNA1C have been identified with cardiac-selective LQTS as compared to the full 

multisystem TS phenotype (Fig. 1). The pathogenesis of these LQT8 mutations is in line 

with other forms of LQTS, where a genetic mutation altering the function of an ion channel 

results in an abnormal prolongation of the action potential due to an excess entry of a 

depolarizing ion. However, like in the full multisystem manifestation, the QT prolongation 

of LQT8 patients often exceeds that of other LQTS phenotypes, making these patients 

highly susceptible to cardiac arrhythmia and sudden death.

CACNA1C mutations have been increasingly associated with sudden cardiac death (SCD) 

(96, 101, 102). This finding is often explained by the severe LQTS phenotype produced 

by gain-of-function mutations(15, 66, 95, 103), or as a result of BrS/SQT resulting from 

loss-of-function mutations(32, 96). Multiple postmortem studies of sudden cardiac death 

have identified mutations in the CACNA1C gene(104, 105). These studies have identified 

CACNA1C as associated with sudden cardiac death both in young and adult patients (101, 

104), making it a strong risk factor for SCD. Thus, while CACNA1C mutations remain rare, 

their potential for severe pathological consequences is very high.

Neurological Phenotypes

The role of the CaV1.2 channel in the heart has long been known to be critical. It is therefore 

not surprising that the majority of CACNA1C mutations described thus-far have been 

associated with significant cardiac effects, sometimes with concurrent neurological features. 
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However, as more pathogenic mutations in CACNA1C are being identified, this cardiac-

inclusive phenotype has begun to change, and mutations have been identified as causative 

of primarily neurological phenotypes. While it is surprising that significant changes in 

CaV1.2 channel gating may spare cardiac function in some cases, this finding is consistent 

with the numerous studies which have identified a strong association of CACNA1C with 

schizophrenia, major depressive disorder, bipolar disorder and autism(39), generally in the 

absence of a described cardiac phenotype.

CACNA1C variants (V1363M and splice site variant c.3717+1_3717+2insA) have been 

reported in individuals with epilepsy in the form of Neonatal onset epileptic encephalopathy 

and late-onset epilepsy (Fig. 1) ((106). The individual with the V1363M had a normal 

ECG, but displayed hypotonia, syndactyly, and dysmorphic facial features. The patients 

with the splice variant in the described study exhibited learning disabilities, congenital 

cardiac anomalies, and dysmorphic facial features in addition to epilepsy, also without overt 

cardiac symptoms. Furthermore, a mutation in a CACNA1C intron (rs779393130) has been 

described as being associated with autosomal dominant cerebellar ataxia(107). In 2018, the 

mutation R1024G (Fig. 1) was described as associated with developmental and speech delay 

but no QT prolongation(88). This mutation results in the neutralization of the one of the 

gating charges in the IIIS4 voltage sensor. Though it has not been functionally characterized, 

it has been suggested that it may destabilize the VSD leading to a gating pore current(108). 

Thus, the pathogenic mechanism leading to a neuro-specific effect may be distinct from 

those underlying LQT8.

This class of CACNA1C mutations with predominantly neurological phenotypes is 

continuing to grow, with identification of patients with both neurodevelopmental phenotypes 

as well as epilepsy and/or ataxia. A recent study describes a number novel CACNA1C 
variants in which individuals display a predominantly neurological phenotype which 

includes developmental delay, intellectual disability, ASD, hypotonia, epilepsy and ataxia 

(109). Interestingly, the phenotypic differences among this cohort of patients could be 

broadly separated into those stemming from non-truncating vs. truncating mutations (Fig. 

1). The non-truncating mutations in the study all occurred de novo and included both 

missense variants and in-frame deletions. All individuals with such mutations displayed 

severe global developmental delay/intellectual disability and impaired motor function. The 

majority of these patients also had a spectrum of epileptic phenotypes; from medically 

refractory infantile epileptic encephalopathy, to later onset focal or generalized seizures. 

Furthermore, most exhibited ataxia, orthopedic abnormalities and hypotonia. Only a single 

individual in showed mild QT prolongation.

Four missense mutations identified in this study (L614P, L614R, L657F, L1408V) were 

functionally characterized using whole-cell patch clamp electrophysiology. The L1408V 

mutation is located within the IVS5 region, near the cytosolic side of the channel (Fig. 1), 

and causes a decrease in current density and no change in activation kinetics. L657F is 

located in IIS5 (Fig. 1) and causes an increase in current density and a hyperpolarizing shift 

in the voltage dependent activation. In addition, L657F was associated with higher protein 

expression levels as seen via western blot, which could explain the increase in current 

density. Residue L614 is located in the IIS4 VSD (Fig. 1) and mutations L614R and L614P 
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did not result in any detectable differences in the patch-clamp experiments, though L614P 

appeared to show a non-statistically significant increase in current.

Patients within this study identified as harboring truncation mutations exhibited distinct 

features. While the majority of these mutations were also de novo, a small fraction 

were paternally inherited. In addition, these patients were reported to have more selective 

developmental abnormalities involving expressive language. Except for a single individual, 

none of these patients showed aberrant early motor development, and one-third were 

described as having poor balance or coordination. ASD was also found to be more common 

in this subset of patients, and only a single individual had a history of seizures. None of the 

individuals who were tested with an ECG showed any cardiac abnormalities.

Finally, the mutation K800T appears to contradict the concurrence of LQTS and ASD 

described in TS(110). This mutation was associated with ASD and severe psychiatric 

symptoms including depressive and hypomanic episodes in a single patient. However, unlike 

in typical TS, a short QT phenotype accompanied the neurological symptoms. Thus, as more 

mutations are identified within CACNA1C, the spectrum of phenotypes continues to expand.

Beyond Loss-of-function/Gain-of-function

Numerous studies have evaluated the impact of a variety of CaV1.2 mutations on channel 

function, identifying changes in current amplitude, activation, and inactivation(15, 66, 69, 

71, 84, 85, 95, 105, 111). In the heart, the impact of these gating changes correlates well 

with disease(15, 66, 71). For loss-of-function mutations, most studies identified an overall 

decrease in current amplitude(32, 96, 105, 112, 113), which can either be attributed to a 

loss of channels at the membrane surface, or a decrease in current though the channel. This 

decrease in Ca2+ influx through CaV1.2 is sufficient to explain the shortening of the AP and 

resulting arrhythmia within these patients. For gain-of-function mutations, it has been shown 

that mutations can increase CaV1.2 current either through a shift in the voltage-dependence 

of activation of the channel, a decrease in VDI or a decrease in CDI(71). Notably, the 

canonical G406R TS mutation exhibited all three of these gating changes (Fig. 2), resulting 

in a marked excess entry of Ca2+ through the channel during the cardiac AP, despite the 

fact that the mutant channel is expected to only account for ~10% of CaV1.2 channels in 

a typical human ventricle due to alternative splicing(15). Importantly, a loss of either form 

of inactivation, or a depolarizing shift in channel activation is predicted to be sufficient to 

explain the AP prolongation caused by these LQT8 mutations(114, 115). Even the G402S 

mutation, which exhibits a gain-of-function effect on CDI and VDI but a loss-of-function 

effect on channel activation (Fig. 2), is predicted to result in an overall increase in Ca2+ entry 

during the cardiac AP, explaining the LQTS phenotype of the mutation(71). However, while 

the cardiac features of CACANA1C mutations are well explained by the gating changes in 

the channel, the same cannot be said for the neurological phenotypes exhibited by these 

patients.

TS represents one of the most penetrant forms of ASD(116), and various mutations in 

CaV1.2 have been strongly associated with neurodevelopmental delay and epilepsy. Further, 

GWAS studies have identified a strong association with the CACNA1C gene, yet associating 
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these neurological phenotypes with gain or loss of function effects has not been successful. 

One explanation includes the likelihood that neurological deficits can occur in response to 

either a decrease or increase in CaV1.2 current(109). However, if we consider just the strong 

neurodevelopmental phenotype associated with the gain-of-function TS mutations, it appears 

that the ASD identified in these patients does, indeed, associate with mutations shown to 

cause excess Ca2+ entry(111). Unfortunately, this observation does not explain why many 

CaV1.2 mutations which have been shown to produce similar gain-of-function effects on the 

channel result in a cardiac, but not neuronal, phenotypes. It seems likely that consideration 

of the distinct mechanisms of channel disruption are required, and simple gain-of-function 

descriptions are not sufficient to explain the unique impact of CaV1.2 mutations on neuronal 

function. This lack of clear correlation between excess Ca2+ entry through CaV1.2 and ASD 

has led to the consideration that some neurological deficits may result from mechanisms 

that are independent from Ca2+ influx through the channel(17, 117). However, the strong 

impact of these mutations on channel gating and the known importance of CaV1.2 channel 

function in the normal function of neurons makes it difficult to dismiss the likely impact of 

significant CaV1.2 gating changes in the brain.

The canonical G406R TS mutation caused a hyperpolarizing shift in the voltage dependence 

of CaV1.2 activation and deficits in both VDI and CDI (Fig. 2), and is causative of ASD in 

all patients. The G402S mutation caused a similar deficient in both CDI and VDI, however 

the effect of this mutation on channel activation was in the opposite (depolarizing) direction 

(Fig. 2). Interestingly, the neurodevelopmental phenotype first described for these patients is 

not consistent across the patient population and evidence suggests that it may be secondary 

to hypoxic injury(74). It is therefore tantalizing to speculate that this difference in activation 

shift direction may underly the lack of a neurological phenotype in these patients.

In fact, the left shift in channel activation has been hypothesized as being a requirement for 

the CaV1.2 related ASD phenotype(116, 118). Detailed study of the biophysical properties 

of multiple CaV1.2 mutations has demonstrated a correlation between a marked left shift 

in channel activation and neurodevelopmental disease, and it has been shown that the left 

shift in channel activation correlates with an altered response of the channels to a neuronal 

AP stimulus(111). Finally, this hypothesis is further strengthened by similar observations of 

the related CaV1.3 LTCC – where ASD occurs in patients harboring mutations which also 

produce a left shift in channel activation(118). Thus, it appears that the neurodevelopmental 

deficits of TS patients best track with a significant left shift in channel activation(111). 

While this result does not preclude additional mechanisms capable of modulating neuronal 

function, it is interesting that it is consistent with the reported importance of a voltage-

dependent conformational change in the pathogenesis of TS(17).

Functional Channel Hotspots and the Emergence of S6-opathies

While mutations in CACNA1C occur throughout the length of the channel, select regions 

of known channel function have been noted to correlate with patient phenotypes, hinting 

at hotspots for pathogenesis. One of these is located on the cytosolic II-III loop of the 

channel, containing 6 mutations (Fig. 1) clustered near a known STAC (SH3 and cysteine 

rich domain) binding domain of the channel(119). Each of these mutations correlated with 
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a significant increase in the QT interval of the patient. Interestingly, while STAC proteins 

have been shown to modulate CaV1.2 channel gating(120, 121), it is not clear that that 

this mechanism can fully explain the cardiac phenotype seen in these patients due to the 

locus of a functionally relevant STAC binding site on the C-tail of the channel, and unclear 

expression of STAC protein in the heart. Nonetheless, the overlapping patient phenotypes 

of mutations located within a known binding region point towards a common pathogenic 

mechanism of these mutations.

Yet another locus that appears to be emerging as a hotspot for severe disease is the distal 

S6 regions of the channel. Interestingly, out of the 11 mutations currently reported as 

producing a full, multisystem TS phenotype including both severe LQTS and neurological 

symptoms, 7 fall on a distal S6 region (Fig. 1, red). In addition, multiple non-syndromic 

LQTS and neurodevelopmental associated mutations fall within the same regions (Fig. 1, 

blue and orange). Interestingly, this pattern has emerged not only for mutations within 

CaV1.2 but for channelopathic mutations within other Ca2+ channels including CaV3.1, 

CaV3.2, CaV1.3, CaV2.1 and CaV2.3,(122, 123 , 124), and within other ion channels 

including NALCN(125) and HCN4(126). Thus, S6-opathies may represent a growing class 

of ion channelopathies(111, 122). As the distal S6 region is known to be a critical element 

controlling channel activation, it is not surprising that many of these CaV1.2 S6 mutations 

have demonstrated shifts in channel activation (Fig. 2)(71, 84, 102, 111, 116). Moreover, 

the distal S6 region contains residues critical for the docking of a the I-II linker region 

in a ‘hinged-lid’ mechanism underlying VDI(20, 127, 128), consistent with the impact of 

many CaV1.2 distal S6 mutations on VDI. Additionally, deficits in CDI have been shown 

to result from modulation of residues within this same S6 locus, often though a mechanism 

secondary to changes in channel activation(71, 111, 128). Thus, it is not unexpected that 

mutations within this region are likely to result in significant and physiologically impactful 

changes to channel gating, making these mutations highly deleterious. Finally, it must be 

considered that many disease-causing mutations identified within the S5; S4-5 linker may 

affect interactions with the S6 region, providing an expanded impact for altered S6 function. 

As the number of known mutations continues to grow, no doubt additional regions of 

pathogenic significance are likely to emerge.

Therapeutic Implications

Treatment for TS and LQT8 has remained challenging. As the cardiac symptoms 

are generally the most life-threatening component of CACNA1C channelopathies, they 

constitute the main focus for treatment for these patients. However, treatments that have 

been effective for other forms of LQTS have had limited benefit in the context of LQT8. 

Beta blockers have been used with little effect, and the sodium channel blocker mexiletine 

has shown partial efficacy in treating the QT prolongation of TS(129–131). Given that the 

LQTS phenotype due to CACNA1C mutations is the result of excess Ca2+ entry through the 

channel, L-type Ca2+ channel blockers (CCBs) would seem well positioned for the treatment 

of LQT8. Multiple CCBs are available and commonly used to treat cardiac arrhythmia, 

hypertension and angina pectoris. However, their efficacy in TS has remained limited, 

resulting in continued reliance on internal cardiac defibrillators in many patients(67, 75). 

Verapamil, in particular has been tried in the treatment of TS, however, while initial reports 
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indicated that the drug was partially effective in reducing ventricular fibrillation, it did not 

reduce the QT interval(67), and over time resulted in increased atrial fibrillation and reduced 

atrial contraction(132). As a result, ranolazine, a multi-channel blocker, was added to the 

verapamil regiment, resulting in a decrease in atrial and ventricular fibrillation(133). Thus, 

it appears that targeting the CaV1.2 channel itself has not provided adequate results for the 

treatment of TS.

It appears that this lack of efficacy likely stems from the mechanism of CCB block 

of CaV1.2 channels. Three classes of CCBs have been described, phenylalkylamines, 

benzothiazepines, and dihydropyridines (DHPs). Each of these drugs are known to be 

state dependent blockers, such that channel opening during repeated depolarizations 

enhances drug binding(134, 135). Such use-dependent block by phenylalkylamines and 

benzothiazepines is thought to result from open and inactivated state block, where opening 

of the channel provides access of the drug to the receptor site. (136). Block by DHPs is 

proposed to result from preferential binding to the inactivated state of the channel. However, 

many TS mutations reduce channel inactivation, resulting in a loss of use-dependent 

block and an overall decrease in efficacy of the CCBs. Verapamil has been shown to 

exhibit a decrease in use-dependent block in the context of multiple pathogenic CaV1.2 

mutations(137). This can be readily seen as a decrease in the activity-dependent shift of the 

concentration-response curve measured in HEK cells expressing WT versus G406R CaV1.2 

channels (Fig. 3a vs. b), and has been shown to persist in the context of iPSC-derived 

cardiomyocytes(137). Importantly, this result translated to a decrease in AP shortening in 

iPSC derived cardiomyocytes derived from a TS (LQT8) patient harboring the G406R 

mutation (Fig. 3c). Likewise, DHPs have been shown to exhibit decreased efficacy in the 

context of pathogenic CaV1.2 mutations in HEK cells(15, 137, 138). Thus, the loss of 

inactivation due to the deleterious mutation causes a major challenge for treatment of these 

channelopathies, limiting the usefulness of currently available CCBs.

Due to this lack of efficacy, research continues to explore alternative mechanisms for the 

treatment of these patients. One approach is the use of roscovitine, a cyclin-dependent 

kinase inhibitor and atypical LTCC blocker that has been reported to reverse the phenotype 

associated with TS in heterologous systems(139–141). Roscovitine has been shown to 

enhance VDI of LTCCs (139–143) and suppress early afterdepolarizations, which can lead 

to ventricular arrhythmias (143). It has also been reported that roscovitine can rescue the 

TS phenotype in both iPSC-derived cardiomyocytes and neurons differentiated from a 

TS patient(80, 142, 144, 145). In iPSC-derived CMs, roscovitine was able to reduce the 

irregular timing and amplitude of Ca2+ transients and significantly increased VDI(142, 144). 

Efforts continue to evaluate novel mechanisms for the treatment of TS, including the use of 

genetic approaches and identification of novel small molecule therapies.
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Figure 1. CACNA1C mutations
Cartoon depicting the membrane topology of the pore forming subunit of CaV1.2 indicating 

the locus of CACNA1C mutations across the channel. Phenotypes associated with each 

mutation are colored accordingly.
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Figure 2. TS associated CACANA1C mutations alter the gating of CaV1.2 channels
(a) Exemplar Ba2+ currents measured from CaV1.2 channels display typical VDI, seen 

as the decay in current over the time course of a 300 ms depolarization. Channels are 

expressed with the β1B auxiliary subunit, which is permissive of robust VDI. Both the 

G406R and G402S mutation nearly eliminate VDI in these channels. (b) Exemplar Ba2+ 

(black) and Ca2+ (red) currents measured from CaV1.2 channels enabling visualization of 

CDI, seen as the stronger decay in the Ca2+ current as compared to the Ba2+ current. 

CaV1.2 is expressed with the β2A -auxiliary subunit which decreases the amount of VDI, 

thus enabling measurement of CDI in relative isolation. Both the G406R and G402S 

mutations significantly blunt CDI. (c) Open-probability curves measured through single 

channel recordings of CaV1.2 opening as a function of voltage. Data is displayed in red, with 

SEM in gray, and a Boltzmann fit to the data shown as the solid black curve. The G406R 

mutation left shifts the activation of the channel as compared to WT, which is reproduced 
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as the black dashed line (middle panel). The G402S mutation causes a right shift in channel 

activation (right panel) as compared to the WT data reproduced as the dashed black line. 

Reproduced with permission from (Dick et. al., 2016, Nat. Commun)(71).
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Figure 3. CACANA1C mutations reduce the efficacy of verapamil
(a) Verapamil concentration-response curves measured for WT CaV1.2 in HEK 293 cells. 

Left: Exemplar Ba2+ current before (black) and after (red) the addition of 30 μM verapamil. 

Accumulation of block can be seen during the 300 ms depolarization in the presence of 

verapamil (red). Right: concentration-response curves can be generated by measuring the 

effect of the drug on the peak current amplitude immediately following depolarization 

(black), or at the end of the voltage step after 300 ms depolarization (red). The increased 

block measured from the steady-state value (red) is indicative of use-dependence of the drug. 
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(b) The G406R mutation significantly reduces the use-dependent block of verapamil, seen 

as an increase in steady-state IC50. (c) Left: Exemplar AP recordings of WT iPSC derived 

cardiomyocytes before (black) and after (gray) the addition of 10 μM verapamil. Middle: 

Exemplar AP recording from an iPSC derived cardiomyocyte from a patient harboring 

the G406R mutation (red, LQT8) shows significant prolongation of the action potential as 

compared to WT (left, black). Addition of 10 μM verapamil (pink) reduces the AP duration 

to a lesser extent as compared to WT iPSC derived cardiomyocytes. Right: Quantification 

of the percent of AP shortening in WT vs. LQT8 (G406R) containing iPSC derived 

cardiomyocytes demonstrates a significant deficit in verapamil’s ability to shorten the AP in 

the context of patient derived cells harboring the G406R mutation (LQT8). Reproduced with 

permission from (Dick et. al., 2022, JMCC)(137).
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