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Abstract

Background and Objectives

De novo gain-of-function variants in the CACNAID gene, encoding the L-type voltage-gated
Ca®* channel Cay1.3, cause a multifaceted syndrome. Patients show variable degrees of autism
spectrum disorder, developmental delay, epilepsy, and other neurologic and endocrine ab-
normalities (primary aldosteronism and/or hyperinsulinemic hypoglycemia). We study here a
novel variant [c.3506G>A, NM_000720.4, p.(G1169D)] in 2 children with the same CAC-
NAID mutation but different disease severity.

Methods

The clinical data of the study patients were collected. After molecular analysis and cloning by
site-directed mutagenesis, patch-clamp recordings of transfected tsA201 cells were conducted
in whole-cell configuration. The functional effects of wild-type and mutated channels were
analyzed.

Results

One child is a severely affected boy with a novel de novo CACNAID variant with additional
clinical symptoms including prenatal-onset tremor, congenital respiratory insufficiency re-
quiring continuous positive airway pressure ventilation, and sensorineural deafness. Despite
episodes of hypoglycemia, insulin levels were normal. Aldosterone:renin ratios as a screening
parameter for primary aldosteronism were variable. In the second patient, putative mosaicism of
the p.(G1169D) variant was associated with a less severe phenotype. Patch-clamp electro-
physiology of the p.(G1169D) variant in a heterologous expression system revealed pro-
nounced activity-enhancing gating changes, including a shift of channel activation and
inactivation to more hyperpolarized potentials, as well as impaired channel inactivation and
deactivation. Despite retained sensitivity to the Ca”" channel blocker isradipine in vitro, no
beneficial effects of isradipine or nifedipine treatment were observed in the index case.

Discussion
Through this report, we expand the knowledge about the disease presentation in patients with
CACNAID variants and show the novel variant’s modulatory effects on Cay1.3 gating.
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Glossary

CPAP = continuous positive airway pressure; DHP = dihydropyridine; ICU = intensive care unit; WT = wild-type.

Introduction

CACNAID encodes the a-1D subunit of the voltage-
dependent L-type calcium channel Cayl1.3. It is a member
of a family of Ca”" channels that are sensitive to clinically
approved Ca”* channel blockers, such as the dihydropyridines
(DHPs) nifedipine and isradipine. Ca*" influx through Cay1.3
in neurons, cochlear hair cells, sinoatrial node, and endocrine
cells is essential for neuronal development, different types of
learning and memory, hearing, cardiac pacemaking, and in-

. G
sulin and aldosterone secretion.”

In line with this widespread expression, sequence variations in
the CACNAID gene have been linked to several human pa-
thologies.” Biallelic loss-of-function variants cause autosomal
recessive sinoatrial node dysfunction and deafness.* By con-
trast, de novo heterozygous CACNA1D mutations have been
reported in patients with a neurodevelopmental phenotype of
variable severity.”® These variants induce characteristic gating
changes and enable increased Ca** influx through the mutant
channel, e.g, by shifting the activation curve to less depolarized
potentials.”®” Apart from developmental delay and autism
spectrum disorder, neurologic symptoms such as cerebral palsy
mimicry, epilepsy, and muscular hypotonia have been reported,
and some patients show endocrine abnormalities (hyper-
insulinemic hypoglycemia and/or primary aldosteronism).** !
A rather severe clinical manifestation has been described as
PASNA (primary aldosteronism, seizures, and neurologic ab-
normalities) syndrome.>® 2 recently published knock-in mouse
models expressing such gating-modifying CACNAID variants
recapitulate various aspects of the human phenotype.'>'

In this study, we report a severely affected boy with a novel de
novo CACNAID variant extending the previously described
phenotype. We also describe a second patient with presumed
mosaicism for the same variant and a less severe clinical phe-
notype. We perform patch-clamp studies of the mutant Cay1.3
channel and demonstrate its modified gating properties.

Methods

Study Patients

Written informed consent to publish this article was obtained
from the parents of both cases. The study adhered to the World
Health Association Declaration of Helsinki (2013) and was
approved by the local ethics committee of the Charité - Uni-
versititsmedizin Berlin, Germany (approval no. EA2/084/18).

Genetic Analysis

Index Patient
Blood samples were collected from the index patient and both
parents. DNA extraction and clinical whole-exome sequencing
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were performed as routine genetic diagnostics at the Praxis fiir
Humangenetik/CeGaT GmbH Tibingen, Germany.

Patient With Presumed Mosaicism

Blood samples were collected from the patient and both
parents. Whole-exome sequencing (KAPA HyperExome
(Roche), 2x 150 bp paired-end Illumina sequencing, RoDa$
pipeline (VUmc), Alissa Interpret vS (VUMC), GRCh37/
hg19) was performed by the Laboratory of Genome Diag-
nostics, Department of Human Genetics, Amsterdam UMC,
University of Amsterdam. >30x coverage on target was >94%.

Molecular Cloning

Site-directed mutagenesis of the canonical isoform of human
CACNAID in the pCMV6-XL6 plasmid was performed, and
coding sequences were validated as previously published.®

Heterologous Expression in tsA201 Cells

Cayl.3 channel complexes were transiently transfected into
tsA201 cells (ECACC: 96121229, passage number <19) as
previously described.*'* cDNA constructs were as follows: 3 ug
of al (human, NM_000720, WT, or p.(G1169D) mutant), 2 pg
of B3 (rat, NM_012828), 2.5 pg of a281 subunits (rabbit, NM__
001082276), and 1.5 pg of EGFP as the transfection marker.®

Electrophysiologic Recordings

Ca”" currents were recorded 48-72 hours after transfection in
the whole-cell patch-clamp configuration using the Axopatch
200A amplifier (Axon Instruments) and analyzed as
described.*'* Bath solution included the following (in mM):
15 CaCl,, 150 choline-Cl, 10 HEPES, and 1 MgCl, (pH 7.3
with CsOH).® Pipette solution included the following (in
mM): 135 CsCl, 1 MgCl,, 10 HEPES, 10 Cs-EGTA, and 4
ATP-Na, (pH 7.3 with CsOH).® All voltages were corrected
for the liquid junction potential of ~9.3 mV."

The holding potential was set to —109.3 mV or —139.3 mV.
The voltage dependence of Ca®" current activation (30-ms
pulses to various test potentials, A S mV), steady-state in-
activation (ratio of 2 20-ms long pulses to the voltage of
maximal activation V,,,,, separated by a S-second condition-
ing pulse to various test potentials, A 10 mV, sweep start-to-
start interval 30 seconds), and inactivation kinetics (5-second
pulse to V,,,,) were determined and analyzed as previously
described.®'* Current densities were calculated by normaliz-
ing inward currents to the cell size (pF).8 Window currents
were derived by multiplying the mean current density with the
normalized steady-state inactivation for the respective
potential.¥'* Deactivation was measured after a 30-ms de-
polarization to the reversal potential, followed by 40-ms long
repolarizations to various test potentials (A 10 mV). Owing to
the slow p.(G1169D) tail current kinetics, no deactivation
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time constants could be calculated.® Instead, tail currents at
each repolarization potential were normalized to the peak tail
current of the given sweep and integrated over the 40 ms of
repolarization.®

Pharmacology

Pharmacologic experiments were performed as previously
described.® In brief, cells from 3 independent transfections
were depolarized using 100-ms square pulses to V,,,, (0.1 Hz,
holding potential: —89.3 mV) and constantly perfused with a
flow rate of ~350 pL/mL with bath solution with or without
isradipine (Sigma Aldrich, D8418). Stocks were prepared in
DMSO, kept at —20°C, and diluted freshly 1:1000 in bath
solution every day. After at least 3 constant control sweeps
during bath solution perfusion, cumulative inhibition by 30
nM, 100 nM, and 3 uM (for complete inhibition) of isradipine
was quantified and corrected for linear current decay (“run-
down”) measured in individual control cells (recordings with
bath solution only, using the same test tubes that were later
used for drug administration).®

Statistics

Statistical significance was computed with unpaired Student ¢
tests, 2-way ANOVA with Sidék multiple comparison post
hoc analysis, or multiple Mann-Whitney tests (GraphPad
Prism 9 software) as indicated.® Data are given as mean *
SEM,; statistical significance was set at p < 0.05 (*), p < 0.01
(**), and p < 0.001 (***).

Results

Clinical Findings

The index patient (patient 1) with variant p.(G1169D) was
conceived through in vitro fertilization by healthy, non-
consanguineous parents of Turkish descent. There was no
family history of neurodevelopmental disease. In the second
trimester, the Hadlock method-estimated fetal weight was
631 g (95th centile) and macrocephaly (head circumference
of 220.9 mm, 98th centile) was diagnosed. The mother was
treated with sertraline for depressive symptoms in late preg-
nancy until birth. In the 3" trimester, the mother noted fetal
tremor, which was confirmed by ultrasound. The boy was
born at term by cesarean section in breech position (Apgar 8/
8/8, arterial umbilical cord pH 7.21). He was born large for
gestational age (birth weight 4,390 g, >99th centile). He was
admitted to an intensive care unit (ICU) because of re-
spiratory insufficiency and required continuous positive air-
way pressure (CPAP, high-flow nasal cannula during sleep)
support for the following 24 months because of severe tremor
of the diaphragm, central apnea, and muscular hypotonia.
Extensive workup revealed no other cause of the respiratory
insufficiency. The patient showed tongue, limb, and facial
tremor. A unilateral humeral fracture was discovered imme-
diately after birth and confirmed by sonography and X-ray,
without signs of primary bone pathology. Dysmorphic fea-
tures included a broad forehead, low-set ears, midface hypo-
plasia, microstomia, adducted hands and feet, and distal leg
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hypotrophy. He required gastric tube feedings and IV glucose
treatment because of poor feeding and recurrent episodes of

hypoglycemia.

Transcranial ultrasound and spinal ultrasound in the first
week of life were normal. Cranial MRI on the 11th day of life
revealed acute small subarachnoid hemorrhages in the left
occipital lobe and parafalcine region. Visually evoked poten-
tials revealed severely impaired conductance bilaterally. No
brainstem-evoked response audiometry potentials were re-
cordable, and cochlear implants were placed at 12 months of
age. Nerve conduction and somatosensory-evoked potential
results were normal. The boy had mild pulmonary hyper-
tension, mild right ventricular hypertrophy, a patent foramen
ovale, and a QTc time of 437 ms (normal <440 ms). No
electrolyte imbalances were present in the first months of life.
The neonatal systolic blood pressure was between Sth and
10th centiles. Abdominal ultrasound revealed undescended
testicles, but no signs of adrenal hyperplasia or other abnor-
malities. Elevated L-Dopa levels were detected in CSF. Oth-
erwise, results of routine CSF, blood, and urine analysis
including human cytomegalovirus screening, homocysteine,
amino acids, carnitine, acylcarnitine, biogenic amines, T3,
fT4, cathepsin D activity, vitamin profile, ionized Ca*",
protein-bound Ca”*, calcidiol chromosomal analysis, and ar-
ray comparative genomic hybridization were normal.

Tremors were triggered by acoustical and tactile stimuli.
However, hyperekplexia was ruled out because muscle hy-
pertonia, startle reaction, and myoclonus were absent.
Amplitude-integrated EEG in the first week of life showed no
signs of seizures or burst suppression patterns. Because no
event-related EEG changes were noted, even during episodes
of intensified tremor, epilepsy was largely ruled out as cause of
the tremor. Follow-up EEGs showed continuous slowing;
however, background activity was almost age-appropriate. In
the third month of life, the boy’s parents reported increased
frequencies of apnea and cyanotic episodes. Antiseizure
medication with levetiracetam (30 mg/kg/d) was started but
terminated after 8 weeks because of a lack of effect. Tremors,
central apnea with oxygen desaturations as low as 70%, dys-
phagia with breathing-swallowing discoordination, and mus-
cular hypotonia persisted throughout the first 2 years of life.
Caffeine treatment initiated postnatally to prevent apnea was
sustained until 10 months of age.

A SARS-CoV-2 infection at the age of 19 months was life-
threatening and resulted in an interstitial pneumonia that
required noninvasive positive pressure ventilation (NIV),
followed by 5 weeks of invasive ventilation on the ICU and
again NIV. EEGs recorded during the ICU stay revealed an
abnormal background activity, burst suppression patterns,
and persistent sharp waves predominantly from the left pa-
rietal and right frontal region, consistent with a diagnosis of
epilepsy and epileptic encephalopathy. Antiseizure medica-
tion with levetiracetam (mg/kg/d) and clobazam (mg/kg/d)
was started. Oxybutynin (0.07 mg/kg/d) and intermittent
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catheterization were initiated for the neurogenic bladder.
Intraglandular botulinum toxin injections were performed for
hypersalivation.

After the boy’s breathing parameters improved, he was
transferred to a rehabilitation center with an endotracheal
cannula. In the first weeks after ICU treatment, he received
CPAP support during his sleep for 10 hours daily, which could
be terminated during the S months of rehabilitation. Parents
reported paroxysmal events that followed a fixed sequence:
Initially, the boy’s eyes were wide open and deviated to the
right side, breathing and heart rate increased, and legs and
sometimes arms were repeatedly extended for a second. The
sequences typically ended with agitated breathing and re-
peated sneezing and were followed by 30-60 minutes of
restlessness. These symptoms were attributed to the genetic
epilepsy, and antiseizure medication was maintained.

Plasma levels of aldosterone and renin and aldosterone:renin
ratios were normal at ages 7 months and 26 months. However,
renin was low despite diuretic therapy (3.54 ng/L, normal
range 6.30-149) once at age 24 months, with normal aldo-
sterone (255 ng/L, normal range 52-290), but a high aldo-
sterone:renin ratio (72.0, normal <20) as a potential sign of
primary aldosteronism. During the first and second year of life,
systolic and diastolic arterial blood pressure remained normal.
Although the boy experienced repeated episodes of hypogly-
cemia throughout his first year of life, plasma insulin, plasma
C-peptide, and urinary C-peptide levels were always normal.

At the last follow-up at the age of 46 months, severe global
developmental delay was still present, with no visual fixation
and no responsive smile to the child’s primary caregivers.

Owing to inconclusive endocrinologic results, we diagnosed
our patient with incomplete PASNA syndrome.

Patient 2 with the p.(G1169D) variant and MAF of 17%: We
identified one additional case with the identical variant in the
Leiden Open Variation Database (LOVD, DB-ID CACNAI1D _
000160). Consultation with the submitters revealed a 10-
month-old boy, the first child of healthy, nonconsanguineous
parents of Dutch descent. The mother was treated with meth-
yldopa for pregnancy-induced hypertension. The maternal
glucose tolerance was normal. Fetal macrosomia was suspected
during pregnancy. A cesarean section was performed at 34
weeks of gestational age because of reduced variability on car-
diotocography, reduced fetal movements, and reversed flow in
the umbilical artery. Apgar scores were 9 and 10 after 1 and S
minutes, respectively. The birth weight was 3,865 g (SDS
+3.22), and the occipital-frontal circumference was 36 cm (SDS
+2,38). The boy was admitted to the neonatal ICU at
Amsterdam University Medical Center because of congenital
hyperinsulinemic hypoglycemia (insulin 224 pmol/L, normal
range 12-96 pmol/L). A cardiac ultrasound demonstrated
biventricular hypertrophy, with the left ventricle being more
affected. Furthermore, persistent pulmonary hypertension and
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hepatomegaly were diagnosed. During admission, tremors not
related to hypoglycemia were initially noted. There were no
convulsions. At first, a brain MRI scan suggested impaired
maturation of gyri. A follow-up MRI scan indicated further
maturation of the brain, but an old intraventricular hemorrhage
grade II, and white matter injury due to prematurity. Except for
vertical creases behind the ears, no other dysmorphic features
were identified. The boy was treated with continuous feeding,
IV glucose infusions, and initially diazoxide and hydrochloro-
thiazide. Because of the lack of effect and development of side
effects, including persistent pulmonary hypertension, diazoxide
treatment was replaced by lanreotide and octreotide. Plasma
levels of aldosterone and renin and the aldosterone:renin ratio
were normal at the age of 2 months. The boy was discharged
from hospital at the age of 2 months. At 10 months, blood
glucose levels were stable with once-monthly injection of lan-
reotide and tube feeding. Motor development was slightly
delayed because of muscular hypotonia affecting the trunk.

Genetic Analysis

Patient 1

Whole-exome sequencing revealed a variant in the CAC-
NAID gene [c.3506G>A, NM_0007204, p.(G1169D)]
(Figure 1) that was absent in both parents. No other clinically
relevant variants that could account for the phenotype were
detected. This variant is not present in ClinVar or gnomAD
but has been reported once as a variant of unknown signifi-
cance in the LOVD (mentioned later). It affects an evolu-
tionary highly conserved glycine at the cytoplasmic interface
of helix 6 within repeat Il in the al-subunits of the Cayl and
Cay3 family. Variant p.(G1169D) is predicted to be patho-
genic by Mutation Taster, fathmm, Mutation Assessor, SIFT,
fathmm-MKL coding, LRT, and PROVEAN. Clinically, it was
classified as pathogenic and disease causing.

Patient 2

De novo variants (dominant model) and hemi/homozygous
or compound heterozygous variants (recessive model) in the
entire exome were analyzed. The CACNAID variant
[c.3506G > A, NM_000720.4, p.(G1169D)] was detected in
17% of the reads. No additional genetic variants explaining the
observed phenotype were identified. This variant could not be
identified in parents, suggesting mosaicism because of a
postzygotic de novo mutation.

Biophysical and Pharmacologic
Characterization of p.(G1169D)-Containing
Human Cay1.3 CaZ* Channels

To functionally characterize the p.(G1169D) variant, we
transiently transfected human kidney tsA201 cells with wild-
type (WT) or mutated p.(G1169D) Cayl.3 channels and
performed whole-cell patch-clamp recordings (Figure 2). The
p-(G1169D) variant significantly shifted the voltage de-
pendence of activation and steady-state inactivation by ~35
mV toward more negative potentials (Figure 2A, eTables 1
and 2). This enabled a significantly increased constant back-
ground Ca”* influx at subthreshold potentials (“window
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Figure 1 Ca,1.3 Structure and Position of Identified De Novo Mutations
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CACNA1D encodes the pore-forming Cay1.3 al subunit. Each of its 4 homologous repeats comprises 6 transmembrane helices. Helices S5 and S6 and their
connecting loops of each repeat form the Ca?*-conducting ion pore, and helices $1-54 the voltage-sensing domain. The auxiliary subunits a2 and 8 support
channel function and membrane targeting. p.(G1169D) found in the patients presented here is highlighted (G1169D) along with previously identified de novo
pathogenic CACNA1D germline variants implicated in neurodevelopmental disease.?

current”, Figure 2B). This leads to an expanded voltage range in
which activated channels do not inactivate completely. During a
prolonged (S seconds) depolarization to V,,,,,, the p.(G1169D)
variant displayed significantly slower inactivation kinetics
(Figure 2C). Deactivation kinetics (reporting closure of open
channels after repolarization) were also significantly slowed by
the p.(G1169D) variant (Figure 2, D and E). Together, these
biophysical changes strongly suggest that enhanced channel
activity underlies the observed phenotype. Because DHPs were
chosen as a treatment option for the index patient (mentioned in
the next section), we tested whether the p.(G1169D) mutation
affects the sensitivity to the DHP isradipine, as previously de-
scribed for other pathogenic variants.*'>'* No statistically sig-
nificant difference in isradipine inhibition was observed between
WT and p.(G1169D)-mutated Cay1.3 Ca>" channels at 2 con-
centrations tested (30 and 100 nM). Comparable isradipine
potency suggests that p.(G1169D)-containing channels retain
full sensitivity to DHPs (Figure 2F).

Therapy With DHP Ca?* Channel Inhibitors
Because clinical symptoms and the overall severe phenotype
of the index patient (patient 1) fit well within the CACNA1D
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variant spectrum® and the observed gating changes of the
mutant channel cause enhanced activity, off-label treatment
with oral nifedipine was initiated at the age of 4 months. This
DHP was selected because of a previous report indicating
symptom improvement in a 6-month-old child harboring the
L271H CACNAID variant and the drug availability as oral
immediate-release formulation, allowing for weight-adjusted
dosing through a nasogastric tube. Treatment was initiated as
an inpatient at 0.5 mg/kg/d divided into 2 doses every 12
hours, which was gradually increased to 3 mg/kg/d over S
days. Treatment was terminated after 2 weeks for severe ar-
terial hypotension and reflex tachycardia. Despite dose-
limiting side effects, there was no obvious improvement of the
tremor or other clinical parameters. A second treatment at-
tempt with oral nifedipine was initiated at the age of 22
months as an inpatient, administered continuously with a
nasogastric tube through a syringe driver with a much lower
starting dose of 0.015 mg/kg/d. No cardiovascular side effects
were observed. Treatment was discontinued after 2 days be-
cause of a transient rise in liver enzymes (alanine amino-
transferase and aspartate aminotransferase). Analysis of
archived blood samples, however, showed that this rise had
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Figure 2 Biophysical and Pharmacologic Characterization of p.(G1169D)-Containing Human Cay1.3 Ca®*

Channels

Whole-cell patch-clamp recordings in tsA201
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type Ca®" channel inhibitor isradipine (30 and
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between WT and p.(G1169D) Cay1.3 Ca®*
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IV evidence. It is an observational study without
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already started before nifedipine treatment. Alanine amino-
transferase levels reached a 46-fold increase on the fifth day
after discontinuation of nifedipine. 2 months later, liver en-
zyme levels were normal again. Glutamate dehydrogenase and
bilirubin levels were never elevated during this episode. The
parents opted not to reinitiate nifedipine.

At the age of 38 months, an oral treatment attempt with the
DHP isradipine was initiated, with a dosage titration in the
pediatric ICU. Initially, oral isradipine in an extended-release
formulation (Vascal Uno) suitable for weight-adjusted dosing
was administered at a dose of 0.02 mg/kg/d in 2 doses every
12 hours through a nasogastric tube. This corresponds to
approximately one-third of the weight-adjusted daily adult
dose. The dosage was gradually increased to 0.06 mg/kg/
d within 6 days and maintained at this level for 3 months.
Three days after reaching the target dose, the patient was
discharged home. During the course of the treatment, no
reduction in tremors or seizure frequency was observed.
Temporarily, the parents noted an increased alertness in their
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child. Owing to the lack of identifiable effectiveness of the
medication, the medication was gradually tapered after 3
months. Because the parents had the impression of an in-
crease in seizure frequency on discontinuation of isradipine,
medication was continued at 0.035 mg/kg/d at parental re-
quest and terminated after S months at the conclusion of the
observation period. Overall, a clinically quantifiable reduction
in seizure frequency until the 46th month of life could not be
confirmed. There was no evidence that tremors or other
symptoms improved under isradipine therapy. Long-term
treatment was well tolerated, liver enzymes did not rise, and
no cardiovascular side effects were observed.

Discussion

Our genetic, clinical, and biophysical findings confirm and
extend the disease spectrum reported for de novo missense
CACNAID variants. Our findings allow the classification of
the p.(G1169D) variant as pathogenic (strong evidence
according to ACMG'®) and suggest that treatment with DHP

Neurology.org/NG

€200186(6)


http://neurology.org/ng

Ca”" channel blockers nifedipine and isradipine at the doses
of maximum 3 mg/kg/d and 0.06 mg/kg/d, respectively, does
not significantly ameliorate neurologic symptoms in patients
with this variant.

Our index patient (patient 1) was a boy harboring the de novo
CACNAID variant p.(G1169D) with the clinically remarkable
presentation of a prenatal-onset severe tremor. Maternal ser-
traline therapy was initially suspected as a cause, but low ser-
traline serum levels after birth, persistence of tremor, and the
presence of trembling in 2 other cases with de novo CACNAID
mutation and in a CACNA1D knock-in mouse model all support
a genetic origin.'”"*'* Patient 1 suffered from seizures and other
severe neurologic symptoms. Routine plasma aldosterone and
renin measurements were inconclusive regarding the presence
of primary aldosteronism, in part also due to interfering medi-
cation. Although hypoglycemic episodes were noted, plasma
insulin and C-peptide levels and urinary C-peptide levels were
normal. It was pointed out that most de novo dominant variants
cause no endocrine pathologies, and therefore, hyperinsulinism
and hyperaldosteronism are not considered as obligatory criteria
for the disease spectrum observed with de novo CACNAID
missense variants.”

The presentation of patients with de novo CACNAID variants
is highly variable, ranging from severe cases described here to
less affected cases with autism spectrum disorder but no other
neurologic and endocrine symptoms.>®'*
gating changes, i.e., the degree to which inactivation is affected
or voltage-dependent gating is shifted, differ between variants.”
Whether the variability in clinical presentation is due to these
functional differences in the causative CACNAID variants re-
mains to be determined. Moreover, improvement of hyperin-
sulinism and hyperaldosteronism with age has been reported.2

Mutation-induced

There is uncertainty whether the index patient’s deafness is
attributable to the CACNAID variant because hearing im-
pairments have so far not been described in association with
gain-of-function variants.>> Current evidence suggests that
deafness is associated with a homozygous loss of channel
function.* However, the possibility that de novo (heterozy-
gous) variants with gating changes as described for
p-(G1169D) can also cause deafness (e.g., by causing Ca*"
toxicity and cell loss of cochlear hair cells) cannot be excluded.

Another potential explanation for variable severity of the dis-
ease is genetic mosaicism due to postzygotic mutation. The low
MAF in patient 2 points to mosaicism. Despite sharing key
symptoms (including preterm birth, postnatal tremor, post-
natal episodes of hypoglycemia, pulmonary hypertension, and
developmental delay), the clinical presentation of patient 2 was
milder. Similarly, variability of the clinical symptoms due to
genetic mosaicism has been discussed for Timothy syndrome
caused by pathogenic CACNAIC (Cay1.2) variants.'”

Neuronal Cayl.3 channels are key regulators of cellular excit-
ability, dendritic spine morphology, and excitation-transcription
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coupling."'® However, the exact mechanisms underlying neu-
rologic impairment associated with de novo CACNA1D variants
remain to be determined. Increased L-Dopa levels in the CSF of
our index case indicate a role of Cayl.3 in dopaminergic sig-
naling. Owing to their relatively hyperpolarized activation
threshold, Cayl.3 channels can contribute to the oscillatory
activity in mesencephalic dopaminergic neurons and the excit-
ability of striatal medium spiny neurons.">'*** Abnormal
Cay1.3 activity may, therefore, cause a dysfunction within the
dopamine midbrain system contributing to some of the symp-
toms. This is in line with the observed changes in the excitability
of these 2 neuron populations within the dopamine midbrain
system in a mouse model expressing the pathogenic A769G
CACNAID variant (found in a patient with autism spectrum
disorder and intellectual disability)."*

The p.(G1169D) variant in our index patient exhibited
characteristic gating changes that enable enhanced channel
activity (Figure 2). This includes impaired inactivation and a
pronounced shift of the voltage dependence of activation to
more hyperpolarized potentials (=70 to —50 mV, close to the
neuronal resting potential). These gating changes are typical
for pathogenic CACNAID variants associated with neuro-
developmental disease, thereby confirming the pathogenicity
of this variant. Notably, the observed gating changes are more
pronounced than in other so far characterized variants.” One
other recently described variant (Figure 1), F767S, also ex-
hibits a similar electrophysiologic phenotype'* including a
slightly less pronounced hyperpolarizing shift in voltage-
dependent activation and inactivation, slowed inactivation,
and deactivation kinetics and an increase in the window
currents.** Intriguingly, this variant also displays a motor
phenotype referred to as “jittering.”14 In line with the human
phenotype, tremors were also observed in a mouse model
carrying the 1772M mutation.'® Therefore, it is possible that
quantitatively larger changes of voltage-dependent channel
gating associate with more severe motor disturbances such as
jittering or (intrauterine) tremors. p.(G1169D) is located at
the cytoplasmic interface of helix 6 within repeat IIT and is part
of a conserved, functional motif (“G/A/G/A ring”23) that
forms part of the activation gate and is coupled to the voltage-
sensing domain of the channel.*® Cavl1.3 variants affecting
other residues within this motif, i.e., p.(G403) in domain I and
p-(A749) in domain II, have been shown to alter channel
function and induce disease: p.(G403D): PASNAS;
p.(A749G/T): neurodevelopmental disease phenotype.>**
Similarly, mutations of corresponding residues of Cavl.2
cause Timothy syndrome [p.(G402S) in domain L
p-(A1473) in domain IV, residues numbered according to
NM_000719.7] or alter channel gating,26 for p.(G1163) in
domain III [ = Cavl.3 p.(G1169)] even with a similarly,
strong shift in the voltage dependence of activation.”®?’

Furthermore, aldosterone-producing adenomas show several
somatic mutations near p.(G1169D), highlighting that this
region has functional relevance.” The gating changes observed
with p.(G1169D) have implications for the function of
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neurons and hormone-producing cells, especially for pace-
maker neurons that are active around potentials of —50 to =70
mV.*® In pacemaker neurons, Ca’* conductance is often
voltage-critical and time-critical; thus, even small changes can
have significant implications for bursting rhythms and overall
pacemaker activity.”® The shift of the voltage dependence of
gating to more negative potentials (Figure 2A) leads to a large
increase in the so-called window current at negative voltages
(Figure 2B). They can, therefore, contribute to constant
background Ca®" influx at potentials at which conductivity in
WT is much smaller or absent. Impaired inactivation and
deactivation further contribute to gain-of-channel function.

Our study provides a detailed clinical assessment of the ther-
apeutic effects of CNS-permeable DHP Ca** channel inhibi-
tors on the neurologic phenotype in a patient with CACNAID.
No major effects of nifedipine therapy in the index patient were
observed, with the known hypotensive treatment-limiting ad-
verse drug reactions. We also used the highly potent DHP
isradipine, given its even better brain permeation in preclinical
studies compared with nifedipine and, therefore, potentially
better treatment of CNS symptoms in patients with CAC-
NAID mutations.® Although 1 therapeutic trial with
immediate-release isradipine had to be stopped early in another
patient affected by a high-risk CACNAID variant because of
side effects” our long-term treatment regimen with an
extended-release formulation was well tolerated. However, no
clinically meaningful effects on seizure frequency, severity of
tremors, or alertness could be observed.

Taken together, our data extend the disease spectrum
reported for de novo missense CACNAID variants and pro-
vide evidence that treatment with DHP Ca** channel blockers
does not ameliorate neurologic symptoms in patients with the
newly described p.(G1169D) variant.
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