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Abstract: KCND3 encodes the voltage-gated potassium channel KV4.3 that is highly expressed in
the cerebellum, where it regulates dendritic excitability and calcium influx. Loss-of-function KV4.3
mutations have been associated with dominant spinocerebellar ataxia (SCA19/22). By targeted
NGS sequencing, we identified two novel KCND3 missense variants of the KV4.3 channel: p.S347W
identified in a patient with adult-onset pure cerebellar syndrome and p.W359G detected in a child
with congenital nonprogressive ataxia. Neuroimaging showed mild cerebellar atrophy in both
patients. We performed a two-electrode voltage-clamp recording of KV4.3 currents in Xenopus
oocytes: both the p.G345V (previously reported in a SCA19/22 family) and p.S347W mutants
exhibited reduced peak currents by 50%, while no K+ current was detectable for the p.W359G
mutant. We assessed the effect of the mutations on channel gating by measuring steady-state voltage-
dependent activation and inactivation properties: no significant alterations were detected in p.G345V
and p.S347W disease-associated variants, compared to controls. KV4.3 expression studies in HEK293T
cells showed 53% (p.G345V), 45% (p.S347W) and 75% (p.W359G) reductions in mutant protein levels
compared with the wildtype. The present study broadens the spectrum of the known phenotypes
and identifies additional variants for KCND3-related disorders, outlining the importance of SCA
gene screening in early-onset and congenital ataxia.
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1. Introduction

Loss of function variants in the potassium voltage-gated channel subfamily D member
3 (KCND3/KV4.3) have been originally associated with spinocerebellar ataxia SCA19/22
(OMIM# 607346), a rare inherited neurodegenerative disorder characterized by slowly
progressive ataxia, and a variable occurrence of cognitive impairment, signs of frontal lobe
dysfunction, postural head tremor, seizures, pyramidal signs and neuropathy [1,2]. Only
a few cases of KCND3-related nonprogressive congenital ataxia have been reported [3,4].
KV4.3 rapidly activates and inactivates in response to membrane depolarization, contribut-
ing to the neuronal subthreshold A-type potassium currents and controlling the action
potential repolarization and frequency, and thus neuronal excitability [5]. KV4.3 is the only
channel molecule showing anterior–posterior compartmentalization in the granular layer
of the mammalian cerebellum and is highly expressed in migrating Purkinje cells during
cerebellar development [6]. KV4.3 subunits co-assemble into functional tetrameric channels
to form the pore domain (transmembrane helices S5–S6) surrounded by the S1–S4 seg-
ments which form the voltage-sensor domain [7]. Pore-forming voltage-gated α-subunits
(Shal/KV4) associate with auxiliary β-subunits KV Channel Interacting Proteins (KChIPs)
which can modify protein trafficking, channel expression and activity [8]. We analyzed
the clinical and molecular features of three KCND3 variants, associated with SCA19/22 or
congenital ataxia, underscoring the pathogenic role of impaired protein expression and
reduced K+ currents with variable effects on channel gating in the dominant negative effect
of different types of ataxia causing KV4.3 mutants.

2. Results
2.1. Clinical Description

The clinical features of the patients are summarized in Table 1.

Table 1. Clinical overview of individuals harboring the KCND3 variants analyzed in this study.

Patient Family C
(Lee et al. 2012) 1 2

Genetic variant c.1034G > T c.1040C > G c.1075T > G
Protein p.G345V p.S347W p.W359G

Inheritance AD n.d de novo
Incomplete
penetrance Yes - -

Onset 35–55 y 45 y 1.5 y
First symptom Gait disorder Gait disorder Hypotonia, DD

Ataxia Yes Yes Yes
Nystagmus No No No
Dysarthria Yes Yes Yes

Saccadic pursuit Yes (1/3) No Yes
Cognitive delay No No Yes

Developmental delay No No Yes
Paroxysmal features No No No
Movement disorders No No No

Pyramidal signs Yes (1/3) No No
Seizures

Clinical course
Brain MRI

No
Slowly progressive

CA

No
Slowly progressive

CA

No
stable

mild CA
Abbreviations: DD = developmental delay; AD = autosomal dominant; CA = cerebellar atrophy.

Patient 1 is a 57-year-old man born at term from nonconsanguineous healthy parents.
The early developmental milestones were normal. He had a progressive gait disorder
from the age of 45 and subsequent clear limb and gait ataxia, dysarthria and dysphagia
but no nystagmus (SARA score: 15) (Supplemental Video). His cardiological, biochemical
and metabolic workup were normal. Brain and spinal MRI images showed atrophy of the
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cerebellar vermis and hemispheres (Figure 1a–c). Nerve conduction studies and electroen-
cephalogram (EEG) were normal. Overall, the disease course was slowly progressive.
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showing atrophy of the cerebellar vermis and hemispheres. Brain MRI of patient 2 performed at age 2 years. T1-weighted
midsagittal (D) axial (E) and coronal (F) sections showing mild atrophy of the superior cerebellar vermis and hemispheres.

Patient 2 is a 7-year-old girl born at term from nonconsanguineous healthy parents.
Developmental milestones were delayed: she was able to sit at 8 months and she walked
independently at the age of 17 months. Gait ataxia and mild dysmetria with slow saccades
were observed at the age of 1.5 years. Language delay, attention deficit, hyperactivity
and oppositional behavior were present. EEG and cardiac evaluations were normal; in
particular, there were no cardiac arrhythmias or other conduction abnormalities. A brain
MRI showed mild atrophy of the cerebellar vermis and hemispheres (Figure 1d,f) Overall,
the ataxia was stable with mild improvement in motor skills.

2.2. Genetic Data

Two novel missense variants in KCND3 were detected. The heterozygous c.1040C
> G; p.(S347W) variant was found in the patient with adult-onset SCA19/22 (patient 1)
while the c.1075T > G; p.(W359G) variant was present in the patient with congenital ataxia
(patient 2). Segregation analysis demonstrated a de novo origin of the mutation in patient
2, while for patient 1 segregation could not be completed because the father was not alive.
Both variants are predicted deleterious by in silico tools and have not been reported in
available databases (i.e., dbSNP146, 1000 Genomes, ExAC and GnomAD). We classified
the variants as pathogenic, according to ACMG parameters PVS1, PS2/PM6 and PP4 [9].
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2.3. Molecular Localization of Disease-Associated KV4.3 Variants

Similar to other KV channels, the KV4.3 subunit comprises six transmembrane seg-
ments (S1–S6) and an ion selectivity filter containing a pore loop in the S5–S6 linker region.
The disease-related variants of p.G345V (a variant which was previously reported in a
SCA19/22 family [2], but not functionally evaluated), p.S347W, and p.W359G are all lo-
cated in the extracellular region of the S5–S6 linker close to the S5 transmembrane segment
(Figure S1). The sequence alignment analysis shows that the G345 and S347 residues are
well conserved among vertebrates while the W359 residue is a variant shown in worms.
In particular, the p.G345V and p.S347W changes both modify a loop proximal to the pore
while p.W359G directly alters one of the helices that form the pore and the selectivity filter
(Figure 2).
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Figure 2. Topographic presentation and protein structure modeling for KV4.3 channel. (A) Amino acid sequent alignment
of various KV4.3-relevant homolog and ortholog proteins. The residues G345, S347, and W359 (in red) are highly conserved
across multiple animal species. (B,C) The homology models of the KCND3 protein are shown with the affected residues.
The four identical monomers composing the KCND3 pore are shown in distinct colors. The selectivity filter (residues
367–372) is represented by magenta sticks (B). G345 and S347 are located proximal to the pore while W359 directly interacts
with the selectivity filter.



Int. J. Mol. Sci. 2021, 22, 4986 5 of 11

2.4. Altered Voltage Dependent Current Amplitudes of Disease-Associated KV4.3 Mutants

We ascertained the functional features of these disease-related mutants by performing
a two-electrode voltage recording of KV4.3 currents in Xenopus oocytes. As demonstrated
in Figure 3a, in the presence of the auxiliary subunit KChIP2, the expression of KV4.3
WT resulted in substantial K+ currents. The KV4.3 p.G345V and p.S347W mutants also
generated functional K+ channels, whereas no discernible signal was detected for the
p.W359G mutant (Figure 3A). Nonetheless, the KV4.3 p.G345V and p.S347W mutants
exhibited notably decreased K+ current levels, leading to more than a 50% reduction in
the current amplitude at +60 mV (Figure 3b,c). The steady-state voltage-dependent gating
property of the p.G345V and p.S347W mutants, however, is comparable with that of KV4.3
WT, as indicated by the lack of a significant alteration in the half-activation voltage (V0.5a)
and the activation slope factor (ka) (Figure 3d). Overall, these data support the idea that
the three cerebellar ataxia-related KV4.3 mutants are associated with a loss-of-function
phenotype.
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Figure 3. Loss-of-function channel phenotype of disease-related KV4.3 mutants. Functional expression of Myc-KV4.3
channel subunits in the presence of the auxiliary KChIP2 subunit in Xenopus oocytes. (A) Representative current traces
in response to a voltage protocol comprising test potentials ranging from -60 mV to +60 mV in 10-mV steps. In contrast
to the robust K+ currents observed in the WT, expression of individual KV4.3 p.G345V, p.S347W, and p.W359G mutant
resulted in significant reduction in outward K+ currents. (B) Peak K+ current amplitudes are plotted against corresponding
test pulse potentials (I-V curves). (C) Normalized peak current amplitudes at +60 mV: WT, 1.00 ± 0.10; p.G345V, 0.45 ±
0.05; p.S347W, 0.39 ± 0.05; p.W359G, 0.00 ± 0.00. Data from the same batch of oocytes on a given day were normalized
with respect to the mean amplitude of the WT, followed by pooling multiple normalized data from different batches of
oocytes. Numbers of observations are labeled in parentheses. Asterisks denote significant differences from the WT control
(*, p < 0.05). (D) Steady-state activation curves of individual WT, p.G345V, and p.S347W KV4.3. Lines represent Boltzmann
equation fits to the data points. The half-activation voltage (V0.5a) are: WT, −28.9 ± 0.5; p.G345V, −28.9 ± 0.5; p.S347W,
−28.9 ± 0.5.

2.5. Reduced Protein Expression of the Disease-Associated KV4.3 Mutants

Next, we studied KV4.3 protein expression in HEK293T cells. We began by examining
the expression of the KV4.3 subunit in the absence of KChIP subunits. Figure 4a illustrates
that, compared to their WT counterpart, the total protein level of p.G345V, p.S347W, and
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p.W359G significantly decreased by about 53%, 45%, and 75%, respectively. Upon co-
expression with the auxiliary KChIP2 or KChIP3 subunits, which are known to promote
KV4.3 protein expression and cell surface localization [10–12], the non-functional p.W359G
mutant still exhibited more than a 70% reduction in total protein levels (Figure 4b,c).
Likewise, in the presence of either auxiliary subunit, the protein expression of the functional
p.G345V and p.S347W mutants remained notably decreased by about 23–52% (Figure 4b,c).
Together, these biochemical observations suggest that the functional deficit of the KV4.3
mutants may, in part, be attributed to impaired proteostasis.
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Tubulin). Molecular weight markers (in kDa) are labeled to the left. Tubulin expression was chosen as the loading control.
(Bottom panels) Statistical analyses. Total KV4.3 protein density was standardized as the ratio to the cognate total tubulin
signal, followed by normalization with respect to the WT control. (A) Myc-KV4.3 subunits were expressed alone (n = 6):
WT, 1.00 ± 0.08; p.G345V, 0.47 ± 0.04; p.S347W, 0.55 ± 0.05; p.W359G, 0.25 ± 0.05. (B) Myc-KV4.3 were co-expressed with
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3. Discussion

Spinocerebellar ataxias (SCAs) are a group of rare, autosomal dominant diseases
characterized by progressive ataxia and cerebellar degeneration, typically with onset in
adulthood [13]. Nonprogressive congenital ataxia (NPCA) refers to children with early
evidence of cerebellar ataxia, without clinical progression on follow-up, and a tendency
towards gradual improvement. Neuroimaging usually reveals a progressive enlargement
of cerebellar fissures resembling cerebellar atrophy, likely resulting from a combination of
cerebellar hypoplasia and secondary atrophy. Signs of ataxia are always preceded by mus-
cular hypotonia and delayed motor milestones and are usually not seen before the second
or third year of life. Pathogenic missense variants in CACNA1A, ITPR1 or SPTBN2 are the
most frequently identified causes of NPCA [14]. Only a few cases carrying de novo KCND3
variants with developmental delay and congenital ataxia have been reported including a
patient with early onset cerebellar ataxia complicated by intellectual disability, epilepsy,
attention deficit hyperactivity disorder, strabismus, oral apraxia and joint hyperlaxity
carrying a de novo p.R293_Phe295 duplication in the voltage-sensor domain (Figure S4) of
the KV4.3 channel causing a severe shift in channel gating to more depolarized voltages [4].
In another patient presenting with developmental delay, congenital ataxia, and autistic
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spectrum disorder, a de novo p.G371R variant was identified but no functional studies were
performed [5]. According to a recent review of 68 cases with KCND3-related neurological
disorders, in the early-onset cohort (comprising 15 patients) intellectual disability and
epilepsy were the most frequently presenting signs whereas ataxia had a less predictable
course in terms of age of onset, severity and progression rate. A patient carrying a de
novo p.Ser301Pro variant, presented neurodevelopmental delay and focal epilepsy but
developed a complex movement disorder with cervical and upper limb dystonia and a
mixed parkinsonian-ataxic gait in adulthood [15].

Human KV4.3 channels are critical for regulating neuronal excitability and action
potential firing patterning [16,17]. In this study, we characterized the functional and
biochemical phenotypes of two novel KCND3 mutations, p.S347W (adult-onset ataxia)
and p.W359G (harbored by the patient with congenital ataxia), as well as a previously
reported adult-onset p.G345V variant [2]. As clearly delineated in Figure 3, the novel
KV4.3 p.W359G mutant is virtually non-functional with an undetectable K+ current, while
the p.G345V and the novel p.S347W mutant channels exhibit significantly reduced K+

currents. Moreover, the three disease-causing mutations lead to a substantial defect in
KV4.3 protein expression (Figure 4). Therefore, similar to the other ataxia-related KV4.3
mutations [1,2,18–21], our findings support the idea that the p.G345V, p.W359G, and
p.S347W mutations are associated with loss-of-function phenotypes.

Including the two novel variants reported herein, currently there are approximately 20
KCND3 variants associated with cerebellar ataxia (Figure S1) [1,2,18–25]. Interestingly, the
majority of these ataxia-related mutations are localized in the transmembrane S5–S6 linker
region of the human KV4.3 protein, which contributes to forming the pore of the K+ channel.
Consistent with this notion, the three KV4.3 mutations studied in the current report also
take place in the extracellular portion of the pore-forming S5–S6 linker; in particular, the
p.W359G residue is directly in contact with the selectivity filter, which could explain the
total absence of K+ recorded in this mutant (Figure 2). It is conceivable that these ataxia-
related amino acid substitutions may result in a substantial structural alteration of the ion
passage pore at the S5–S6 linker, but not the voltage-sensing transmembrane S4 region. In
line with this idea, the functional KV4.3 p.G345V and p.S347W mutant channels display
considerably reduced K+ current levels with no obvious alteration in the voltage-dependent
gating properties (Figure 3). Furthermore, it is important to point out that the extent of
the KV4.3 channel function loss appears to correlate with the complexity of neurological
deficits observed in the patients. Specifically, the patients harboring the reduced-function
p.G345V and p.S347W mutations are characterized by adult-onset pure cerebellar ataxia
with no significant cognitive impairment. In contrast, the patient with the non-functional
p.W359G mutation is associated with a wider range of neurological features including
developmental delay, and cognitive dysfunction, although cerebellar ataxia is milder and
does not progress.

Interestingly, spinocerebellar ataxia type 13 (SCA13) caused by mutations in KCNC3/
KV3.3, also exists in distinct forms which have been associated with a phenotypic spectrum
that includes both non-progressive congenital-onset ataxia and (slowly) progressive infancy
to adult-onset cerebellar ataxia. Using zebrafish, it was demonstrated that the early-onset
mutation p.R423H dramatically and transiently increased Purkinje cell excitability, abol-
ishing the K+ current amplitude, impaired dendritic branching and synaptogenesis, and
caused rapid cell death during cerebellar development, while the adult-onset mutation
p.R420H did not significantly alter basal tonic firing in Purkinje cells, but reduced ex-
citability during evoked high-frequency spiking. Purkinje cells expressing the adult-onset
mutation matured normally and did not degenerate during cerebellar development [26].

Further studies will be necessary to determine the effects of KCND3 disease-causing
mutations on neuronal excitability and survival in cerebellar neurons in vivo. The present
study broadens the spectrum of the known ataxic phenotypes and identifies additional
variants for KCND3-related disorders, outlining the importance of SCA gene screening in
early-onset and congenital ataxia.
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4. Patients and Methods

The patients were recruited at the Children’s Hospital B. Gesù and University Hospital
A. Gemelli, Rome. Blood samples were obtained after written informed consent from all
participating subjects. The patients underwent a detailed neurological and neuroradiologi-
cal examination.

4.1. Genetic Testing

The patients were included in a next-generation sequencing (NGS) panel of genes
whose mutations are causative of various forms of cerebellar ataxias, including all known
SCA genes. Genomic DNA was extracted from the peripheral blood of the patients
and their parents by using a NucleoSpin tissue extraction kit (Macherey-Nagel, Düren,
Germany). The panel was designed using Nextera technology on a MiSeq platform (Il-
lumina, San Diego, CA, USA), following the manufacturer’s protocol, with expected
coverage of 99% of the targeted genomic regions. Mapping of sequences against the
hg19 reference genome was performed by Bowtie2. Bioinformatic tools HaplotypeCaller
(GATK ver. 4.3) and ANNOVAR were used to call and annotate the variants, respec-
tively. Variants were filtered to include only variants covered by at least 20 reads and
with mapping quality values exceeding a Phred-score of 30. Variants were analyzed un-
der presumed autosomal recessive, dominant or de novo inheritance models. Variants
of the probands were filtered to retain all variants predicted to have functional impact
(i.e., nonsynonymous variants and changes affecting splice sites) by the available bioin-
formatics tools including PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/ accessed
on 22 July 2019), Sorting intolerant from tolerant (http://sift.jcvi.org/ accessed on 22 July
2019), Mutation Taster (http://www.mutationtaster.org/ accessed on 22 July 2019), Ala-
mut (http://www.interactive-biosoftware.com/ accessed on 22 July 2019) and Combined
annotation dependent depletion (http://cadd.gs.washington.edu/hom accessed on 22
July 2019). A list of the rare/private (gnomAD frequency <0.5%, population-matched
in-house DB frequency <1%) variants predicted to have functional impact (CADD score
>15) was created. Segregation was verified by Sanger sequencing in the families. Accession
numbers are as follows: human KCND3 mRNA: NM_004980.4; human KCND3 protein:
NP_004971.2.

4.2. Protein Homology Modeling

Homology modelling of the human potassium voltage-gated channel subfamily D
member 3 (KCND3/KV4.3) was made with the SCWRL4 [27] using the Protein Data Bank
(PDB) structure 2A79 representing a Shaker KV1.2 potassium channel- beta subunit complex
as the template. Molecular graphics were made with PyMOL (http://www.pymol.org
accessed on 2 December 2020).

4.3. Expression Plasmids

Amino-terminal Myc-tagged KV4.3 (Myc-KV4.3) was generated by subcloning human
4 KV4.3 cDNA into the pcDNA3.1-Myc vector (Invitrogen). Disease-associated KV4.3
mutant constructs were generated by using the QuikChange Site-Directed Mutagenesis
Kit (Stratagene). Amino-terminal HA-tagged KChIP2 (HA-KChIP2) and KChIP3 (HA-
KChIP3) were created by subcloning the cDNA for human KChIP2 (AF199598) and KChIP3
(AF199599), respectively, into the pcDNA3-HA vector (Invitrogen). All constructs were
verified by DNA sequencing. For electrophysiological studies in Xenopus oocytes, appro-
priate restriction enzymes were employed for linearizing cDNAs, followed by in vitro
transcription of capped cRNAs with the mMessage mMachine T7 kit (Ambion).

4.4. Electrophysiology

Adult female Xenopus laevis (African Xenopus Facility) were anesthetized by immersing
in ice water containing Tricaine (1.5 g/L), followed by dissection for isolating ovarian
follicles, which were then cut into pieces and incubated in ND96 [(in mM): 96 NaCl,

http://genetics.bwh.harvard.edu/pph2/
http://sift.jcvi.org/
http://www.mutationtaster.org/
http://www.interactive-biosoftware.com/
http://cadd.gs.washington.edu/hom
http://www.pymol.org
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2 KCl, 1.8 MgCl2, 1.8 CaCl2, and 5 HEPES, pH 7.2]. To remove the follicular membrane,
Xenopus oocytes were incubated in collagenase-containing (2 mg/mL) Ca2+-free ND96
solution on an orbital shaker (200 rpm) for 30–60 minutes at room temperature. The
collagenase-free, Ca2+-free ND96 was then used to wash the oocytes for several times, and
stage V–VI oocytes were selected for subsequent cRNA injection. cRNAs for individual
KV4.3 and KChIP2 were mixed in an equimolar ratio and injected into oocytes in a total
volume of 41.4 nL. Injected oocytes were incubated in ND96 at 16 ◦C for 2–3 days before
being used for electrophysiology experiments. A conventional two-electrode voltage-
clamp recording with an OC-725C oocyte clamp (Warner Instruments) was employed
to record K+ currents through KV4.3 channels. The recording bath contained Ringer
solution ((in mM): 3 KCl, 115 NaCl, 1.8 CaCl2, 10 HEPES, and 0.4 niflumic acid, pH 7.4 with
methanesulfonic acid). With an agarose bridge, the bath solution was connected to a ground
chamber (containing 3 M KCl), into which two ground electrodes were inserted. Borosilicate
electrodes (0.1–1 MΩ) filled with 3 M KCl were used for current injection and voltage
recording. Data were acquired and digitized via Digidata 1440A using pCLAMP 10.2
(Molecular Devices). Oocytes were held at −90 mV and leak currents arising from passive
membrane properties were subtracted by using the −P/4 method provided in the pCLAMP
system. Data were filtered at 1 kHz and digitized at 10 kHz, and all data were recorded
at room temperature (20–22 ◦C). A previously reported data normalization procedure [9]
was adopted to avoid potential biases imposed by channel expression variations among
different batches of oocytes. To generate a peak K+ current-voltage (I–V) curve for studying
the voltage-dependent activation property of KV4.3, oocytes were held in a −90 mV
membrane potential followed by being subjected to 500-ms test pulses, ranging from
−60 mV to +60 mV in 10 mV increments. From the peak I–V curve, the relative K+ channel
conductance (G/Gmax) at a given test potential was calculated as G/Gmax = ∆IK/∆IK,+60,
where ∆IK is the current increment determined from the peak K+ current difference between
adjacent test pulses, and ∆IK,+60 is the ∆IK at the test potential +60 mV. Steady-state voltage-
dependent activation of KV4.3 was then analyzed by fitting a G/Gmax-voltage (G-V)
curve with a Boltzmann equation: G/Gmax = 1/{1 + exp[(V0.5a−V)/ka]}, where V0.5a is the
half-activation voltage, and ka is the activation slope factor.

4.5. Cell Culture and Transfection

Human embryonic kidney (HEK) 293T cells were maintained in DMEM supple-
mented with 2 mM L-glutamine, 10% fetal bovine serum (Hyclone), and 100 units/mL
penicillin/streptomycin with 95% air and 5% CO2 in a humidified incubator at 37 ◦C and
passaged every 3–4 days. Cells were plated onto 6-, 12- or 24-well cell culture plates 24 h
before transfection. Transient transfection was performed by using a standard calcium
phosphate method. Unless stated otherwise, 0.5–1 µg of KV4.3 cDNA was added into each
well. For co-expression experiments, cDNAs for WT or individual mutant KV4.3 and the
auxiliary subunit (KChIP2 or KChIP3) were mixed in a molar ratio of 1:1. Transfected cells
were maintained at 37 ◦C for 48 h before being processed for further experiments.

4.6. Immunoblotting

Transfected cells were washed twice with ice-cold PBS ((in mM): 136 NaCl, 2.5 KCl,
1.5 KH2PO4, and 6.5 Na2HPO4, pH 7.4), centrifuged, and resuspended in lysis buffer ((in
mM): 150 NaCl, 5 EDTA, 50 Tris-HCl, 1 PMSF, 1% Triton X-100, pH 7.6, supplemented pro-
tease inhibitor mixture). Laemmli sample buffer was added to the lysates, and samples were
sonicated on ice (3 times for 5 s each) and heated at 70 ◦C for 5 min. Samples were then sep-
arated by 7.5–10% SDS-PAGE, electrophoretically transferred to nitrocellulose membranes,
and detected using mouse anti-Myc (1:5000; clone 9E10), rat anti-HA (1:5000; Roche), or
rabbit anti-α-tubulin (1:5000; GeneTex). Blots were exposed to horseradish-peroxidase-
conjugated goat anti-mouse IgG (1:5000; Jackson ImmunoResearch), goat anti-rabbit IgG
(1:5000; Jackson ImmunoResearch), or goat anti-rat IgG (1:5000; Santa Cruz Biotechnology)
and revealed by an enhanced chemiluminescence detection system (Thermo Scientific).
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Densitometric scans of immunoblots were quantified with ImageJ (National Institute of
Health). Data shown are representative of at least three independent experiments.

4.7. Statistical Analyses

All statistical analyses were performed with Origin 7.0 (Microcal Software). Numerical
values were presented as mean ± SEM. The significance of the difference between two
means was tested using Student’s t-test. Where necessary, means from multiple groups
were additionally compared using one-way ANOVA.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22094986/s1, Figure S1: Schematic representation of the KCND3 protein (NP_004971.2)
with all previously identified variants, including KCND3-related cardiac phenotypes or Brugada
syndrome (MIM#616399). Video S1: Video of patient 1 documenting the cerebellar syndrome: ataxia
and incoordination but not gaze palsy or nystagmus.

Author Contributions: Conceptualization, G.Z., C.-T.H., B.-W.S. and C.-J.J.; methodology, G.Z., C.-
T.H., S.-J.F. and C.-Y.T.; software, E.B.; validation, L.B.; formal analysis, G.Z., C.-T.H., S.-J.F. and C.-Y.T.;
investigation, G.Z., C.-T.H., G.P., A.C., S.S., F.G., S.-J.F. and C.-Y.T.; writing—original draft preparation,
G.Z. and C.-T.H.; writing—review and editing, G.Z., C.-T.H., B.-W.S. and C.-J.J.; supervision, G.Z.,
C.-T.H. and C.-J.J. All authors have read and agreed to the published version of the manuscript.

Funding: Funding: This work was supported by research grants from The Ministry of Science and
Technology, Taiwan, to C.-J.J. (108-2320-B-010-039-MY3), and from The Ministry of Education, Taiwan,
for The Brain Research Center of National Yang Ming Chiao Tung University on the Higher Education
Sprout Project (109BRC-B404) to C.-J.J.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of B. Gesù Children’s Hospital
19/03/2019(1779_OPBG_2019).

Informed Consent Statement: Informed consent for publication was obtained from all subjects
involved in the study.

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

Acknowledgments: We thank our patient and his parents for participating in the study. GZ is a
member of the European Reference Network for Rare Neurological Diseases (Project ID no 739510).

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

References
1. Duarri, A.; Jezierska, J.; Fokkens, M.; Meijer, M.; Schelhaas, H.J.; den Dunnen, W.F.; van Dijk, F.; Verschuuren-Bemelmans, C.;

Hageman, G.; van de Vlies, P.; et al. Mutations in potassium channel KCND3 cause spinocerebellar ataxia type 19. Ann. Neurol.
2012, 72, 870–880. [CrossRef] [PubMed]

2. Lee, Y.C.; Durr, A.; Majczenko, K.; Huang, Y.H.; Liu, Y.C.; Lien, C.C.; Tsai, P.C.; Ichikawa, Y.; Goto, J.; Monin, M.L.; et al. Mutations
in KCND3 cause spinocerebellar ataxia type 22. Ann. Neurol. 2012, 72, 859–869. [CrossRef]

3. Smets, K.; Duarri, A.; Deconinck, T.; Ceulemans, B.; van de Warrenburg, B.P.; Zuchner, S.; Gonzalez, M.A.; Schule, R.; Synofzik,
M.; Van der Aa, N.; et al. First de novo KCND3 mutation causes severe Kv4.3 channel dysfunction leading to early onset cerebellar
ataxia, intellectual disability, oral apraxia and epilepsy. BMC Med. Genet. 2015, 16, 51. [CrossRef] [PubMed]

4. Carrasco-Marina, M.L.; Quijada-Fraile, P.; Fernandez-Marmiesse, A.; Gutierrez-Cruz, N.; Martin-Del Valle, F. De novo sporadic
mutation in the KCND3 gene in a patient with early onset chronic ataxia. Rev. Neurol. 2019, 68, 398–399. [PubMed]

5. Serodio, P.; Vega-Saenz De Miera, E.; Rudy, B. Cloning of a novel component of A-type K+ channels operating at subthreshold
potentials with unique expression in heart and brain. J. Neurophysiol. 1996, 75, 2174–2179. [CrossRef] [PubMed]

6. Hsu, Y.H.; Huang, H.Y.; Tsaur, M.L. Contrasting expression of Kv4.3, an A-type K+ channel, in migrating Purkinje cells and other
post-migratory cerebellar neurons. Eur. J. Neurosci. 2003, 18, 601–612. [CrossRef]

7. Li-Smerin, Y.; Hackos, D.H.; Swartz, K.J. Alpha-helical structural elements within the voltage-sensing domains of a K+ channel. J.
Gen. Physiol. 2000, 115, 33–50. [CrossRef] [PubMed]

8. Wang, H.; Yan, Y.; Liu, Q.; Huang, Y.; Shen, Y.; Chen, L.; Chen, Y.; Yang, Q.; Hao, Q.; Wang, K.; et al. Structural basis for
modulation of Kv4 K+ channels by auxiliary KChIP subunits. Nat. Neurosci. 2007, 10, 32–39. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms22094986/s1
https://www.mdpi.com/article/10.3390/ijms22094986/s1
http://doi.org/10.1002/ana.23700
http://www.ncbi.nlm.nih.gov/pubmed/23280838
http://doi.org/10.1002/ana.23701
http://doi.org/10.1186/s12881-015-0200-3
http://www.ncbi.nlm.nih.gov/pubmed/26189493
http://www.ncbi.nlm.nih.gov/pubmed/31017293
http://doi.org/10.1152/jn.1996.75.5.2174
http://www.ncbi.nlm.nih.gov/pubmed/8734615
http://doi.org/10.1046/j.1460-9568.2003.02786.x
http://doi.org/10.1085/jgp.115.1.33
http://www.ncbi.nlm.nih.gov/pubmed/10613917
http://doi.org/10.1038/nn1822


Int. J. Mol. Sci. 2021, 22, 4986 11 of 11

9. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. ACMG
Laboratory Quality Assurance Committee. Standards and guidelines for the interpretation of sequence variants: A joint consensus
recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet.
Med. 2015, 17, 405–424. [CrossRef] [PubMed]

10. Takimoto, K.; Yang, E.K.; Conforti, L. Palmitoylation of KChIP splicing variants is required for efficient cell surface expression of
Kv4.3 channels. J. Biol. Chem. 2002, 277, 26904–26911. [CrossRef] [PubMed]

11. An, W.F.; Bowlby, M.R.; Betty, M.; Cao, J.; Ling, H.P.; Mendoza, G.; Hinson, J.W.; Mattsson, K.I.; Strassle, B.W.; Trimmer, J.S.; et al.
Modulation of A-type potassium channels by a family of calcium sensors. Nature 2000, 403, 553–556. [CrossRef] [PubMed]

12. Jerng, H.H.; Pfaffinger, P.J. Modulatory mechanisms and multiple functions of somatodendritic A-type K (+) channel auxiliary
subunits. Front. Cell. Neurosci. 2014, 8, 82. [CrossRef] [PubMed]

13. Klockgether, T.; Mariotti, C.; Paulson, H.L. Spinocerebellar ataxia. Nat. Rev. Dis. Prim. 2019, 5, 24. [CrossRef] [PubMed]
14. Bertini, E.; Zanni, G.; Boltshauser, E. Nonprogressive congenital ataxias. Handb. Clin. Neurol. 2018, 155, 91–103. [PubMed]
15. Pollini, L.; Galosi, S.; Tolve, M.; Caputi, C.; Carducci, C.; Angeloni, A.; Leuzzi, V. KCND3-Related Neurological Disorders: From

Old to Emerging Clinical Phenotypes. Int. J. Mol. Sci. 2020, 21, 5802. [CrossRef]
16. Hoffman, D.A.; Magee, J.C.; Colbert, C.M.; Johnston, D. K+ channel regulation of signal propagation in dendrites of hippocampal

pyramidal neurons. Nature 1997, 387, 869–875. [CrossRef]
17. Nadal, M.S.; Amarillo, Y.; Vega-Saenz de Miera, E.; Rudy, B. Evidence for the presence of a novel Kv4-mediated A-type K+

channel-modifying factor. J. Physiol. 2001, 537 Pt 3, 801–809. [CrossRef]
18. Hsiao, C.T.; Fu, S.J.; Liu, Y.T.; Lu, Y.H.; Zhong, C.Y.; Tang, C.Y.; Soong, B.W.; Jeng, C.J. Novel SCA19/22-associated KCND3

mutations disrupt human K(V) 4.3 protein biosynthesis and channel gating. Hum. Mutat. 2019, 40, 2088–2107. [CrossRef]
[PubMed]

19. Huin, V.; Strubi-Vuillaume, I.; Dujardin, K.; Brion, M.; Delliaux, M.; Dellacherie, D.; Cuvellier, J.C.; Cuisset, J.M.; Riquet, A.;
Moreau, C.; et al. Expanding the phenotype of SCA19/22: Parkinsonism, cognitive impairment and epilepsy. Parkinsonism Relat.
Disord. 2017, 45, 85–89. [CrossRef]

20. Kurihara, M.; Ishiura, H.; Sasaki, T.; Otsuka, J.; Hayashi, T.; Terao, Y.; Matsukawa, T.; Mitsui, J.; Kaneko, J.; Nishiyama, K.; et al.
Novel De Novo KCND3 Mutation in a Japanese Patient with Intellectual Disability, Cerebellar Ataxia, Myoclonus, and Dystonia.
Cerebellum 2018, 17, 237–242. [CrossRef]

21. Paucar, M.; Ågren, R.; Li, T.; Lissmats, S.; Bergendal, Å.; Weinberg, J.; Nilsson, D.; Savichetva, I.; Sahlholm, K.; Nilsson, J.; et al.
V374A KCND3 Pathogenic Variant Associated with Paroxysmal Ataxia Exacerbations. Neurol. Genet. 2021, 7, e546. [CrossRef]
[PubMed]

22. Duarri, A.; Nibbeling, E.; Fokkens, M.R.; Meijer, M.; Boddeke, E.; Lagrange, E.; Stevanin, G.; Brice, A.; Durr, A.; Verbeek, D.S. The
L450F [Corrected] mutation in KCND3 brings spinocerebellar ataxia and Brugada syndrome closer together. Neurogenetics 2013,
14, 257–258. [CrossRef] [PubMed]

23. Choi, K.D.; Kim, J.S.; Kim, H.J.; Jung, I.; Jeong, S.H.; Lee, S.H.; Kim, D.U.; Kim, S.H.; Choi, S.Y.; Shin, J.H.; et al. Genetic Variants
Associated with Episodic Ataxia in Korea. Sci. Rep. 2017, 7, 13855. [CrossRef] [PubMed]

24. Coutelier, M.; Coarelli, G.; Monin, M.L.; Konop, J.; Davoine, C.S.; Tesson, C.; Valter, R.; Anheim, M.; Behin, A.; Castelnovo, G.;
et al. A panel study on patients with dominant cerebellar ataxia highlights the frequency of channelopathies. Brain A J. Neurol.
2017, 140, 1579–1594. [CrossRef]

25. Coutelier, M.; Hammer, M.B.; Stevanin, G.; Monin, M.L.; Davoine, C.S.; Mochel, F.; Labauge, P.; Ewenczyk, C.; Ding, J.; Gibbs, J.R.;
et al. Efficacy of Exome-Targeted Capture Sequencing to Detect Mutations in Known Cerebellar Ataxia Genes. JAMA Neurol.
2018, 75, 591–599. [CrossRef]

26. Hsieh, J.Y.; Ulrich, B.N.; Issa, F.A.; Lin, M.A.; Brown BPapazian, D.M. Infant and adult SCA13 mutations differentially affect
Purkinje cell excitability, maturation, and viability in vivo. eLife 2020, 9, e573. [CrossRef] [PubMed]

27. Krivov, G.G.; Shapovalov, M.V.; Dunbrack, R.L., Jr. Improved prediction of protein side-chain conformations with SCWRL4.
Proteins 2009, 77, 778–795. [CrossRef]

http://doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/25741868
http://doi.org/10.1074/jbc.M203651200
http://www.ncbi.nlm.nih.gov/pubmed/12006572
http://doi.org/10.1038/35000592
http://www.ncbi.nlm.nih.gov/pubmed/10676964
http://doi.org/10.3389/fncel.2014.00082
http://www.ncbi.nlm.nih.gov/pubmed/24723849
http://doi.org/10.1038/s41572-019-0074-3
http://www.ncbi.nlm.nih.gov/pubmed/30975995
http://www.ncbi.nlm.nih.gov/pubmed/29891079
http://doi.org/10.3390/ijms21165802
http://doi.org/10.1038/43119
http://doi.org/10.1113/jphysiol.2001.013316
http://doi.org/10.1002/humu.23865
http://www.ncbi.nlm.nih.gov/pubmed/31293010
http://doi.org/10.1016/j.parkreldis.2017.09.014
http://doi.org/10.1007/s12311-017-0883-4
http://doi.org/10.1212/NXG.0000000000000546
http://www.ncbi.nlm.nih.gov/pubmed/33575485
http://doi.org/10.1007/s10048-013-0370-0
http://www.ncbi.nlm.nih.gov/pubmed/23963749
http://doi.org/10.1038/s41598-017-14254-7
http://www.ncbi.nlm.nih.gov/pubmed/29062094
http://doi.org/10.1093/brain/awx081
http://doi.org/10.1001/jamaneurol.2017.5121
http://doi.org/10.7554/eLife.57358
http://www.ncbi.nlm.nih.gov/pubmed/32644043
http://doi.org/10.1002/prot.22488

	Introduction 
	Results 
	Clinical Description 
	Genetic Data 
	Molecular Localization of Disease-Associated KV4.3 Variants 
	Altered Voltage Dependent Current Amplitudes of Disease-Associated KV4.3 Mutants 
	Reduced Protein Expression of the Disease-Associated KV4.3 Mutants 

	Discussion 
	Patients and Methods 
	Genetic Testing 
	Protein Homology Modeling 
	Expression Plasmids 
	Electrophysiology 
	Cell Culture and Transfection 
	Immunoblotting 
	Statistical Analyses 

	References

