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Novel CACNA 1S mutation causes autosomal dominant
hypokalemic periodic paralysis in a South American
family

Tie Ke"24, Cladelis Rubio Gomez>*, Heidi Eliana Mateus?, Juan Andres Castano’ and Qing Kenneth Wangl’2

Hypokalaemic periodic paralysis (HypoPP) is an autosomal dominant disorder, which is characterized by periodic attacks of
muscle weakness associated with a decrease in the serum potassium level. A major disease-causing gene for HypoPP has been
identified as CACNA1S, which encodes the skeletal muscle calcium channel a-subunit with four transmembrane domains (I-1V),
each with six transmembrane segments (S1-S6). To date, all CACNA1S mutations identified in HypoPP patients are located
within the voltage-sensor S4 segment. In this study we report a novel CACNA1S mutation in a new region of the protein, the S3

segment of domain Ill. We characterized a four-generation South American family with HypoPP. Genetic analysis identified a
novel V876E mutation in all HypoPP patients in the family, but not in normal family members or 160 control people. Clinical
analysis indicates that mutation V876E is associated with a severe outcome as characterized by a very early age of onset,
complete penetrance and a severe prognosis including death. These results identify a new mutation in CACNA1S and expand

the spectrum of CACNA1S mutations associated with HypoPP.
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INTRODUCTION
Primary periodic paralyses are autosomal dominant disorders char-
acterized by episodic flaccid muscle weakness and intermittent myo-
tonia, and are classified as hypokalemic (hypokalaemic periodic
paralysis, HypoPP) or hyperkalemic (HyperPP) on the basis of the
serum potassium level during the attack of weakness. HypoPP can be
provoked by a low concentration of serum potassium, whereas in the
case of HyperPP serum potassium is elevated or normal.!

Hypokalaemic periodic paralysis is the most common form of
periodic paralysis in humans, but it is still considered a rare disease
because its prevalence rate is about 1 in 100000 livebirth.> Molecular
genetic analyses showed that HypoPP was caused by mutations in the
calcium channel gene CACNAIS or the sodium channel gene
SCN4A.>* A voltage-gated potassium channel [B-subunit gene
KCNE3 was claimed as a HypoPP gene with the identification of
one mutation (Arg83His) in two families, but recent studies suggest
that Arg83His may be a benign polymorphic variant.>®

The CACNAIS gene encodes the voltage-gated calcium channel
a-subunit Cavl.1, maps to chromosomes 1g31-g32, spans 90 kb, and
is organized into 44 exons. CACNALIS has an important role in Ca*-
mediated excitation-contraction coupling. CACNA1S contains four
homologous transmembrane domains (DI-DIV), each of which

contains six o-helical segments spanning the membrane (S1-S6).
The six transmembrane segments consist of two distinct modules:
the pore domain (S5-S6) and the voltage-sensor domain (S1-S4).
To date, mutations in CACNAIS account for approximately 70% of
HypoPP cases, but only several missense mutations in the
CACNAIS have been identified in the highly conserved S4 segment.
These mutations include R528H, R528G, R1239H, R1239G and
R897S.37-10 1n addition, the R1086H mutation has been linked to
malignant hyperthermia.!!

In this study, we identified and characterized a South American
family with HypoPP. Genetic studies identified a novel ¢.2627T>A
(p.V876E) mutation in CACNAIS that is responsible for the disease.
This mutation is located in a new region of the CACNALIS protein, the
S3 segment of domain III, whereas all other mutations identified
previously are within the voltage-sensing S4 segment of CACNA1S.

MATERIALS AND METHODS

Study subjects and isolation of genomic DNA

The study participants were identified and enrolled in Unidad de Genética,
Universidad del Rosario in Colombia. This study was approved by local
Institutional Review Boards on Human Subject Research, and informed written
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consent was obtained from each participant. Detailed records on family
medical history, physical examinations and clinical data were obtained. The
diagnosis of the HypoPP was carried out on the basis of symptoms, physical
signs and the blood potassium level.

Human genomic DNA was extracted from peripheral blood using standard
protocols.

Linkage analysis
Linkage analysis was carried out using microsatellite markers at the CACNAIS
and SCN4A loci as described previously by us.!>13

Mutation screening
To identify the molecular basis of HypoPP in this family, we carried out
direct DNA sequence analysis of the CACNAIS gene. All 44 coding exons and

Table 1 PCR primers used for CACNA 1S sequence analysis
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exon—intron boundaries of the CACNAIS gene were PCR amplified and
sequenced (see Table 1 for information on primers). DNA sequence analysis
was performed using the BigDye Terminator Cycle Sequencing v1.1 kit on an
ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
All mutant PCR fragments were sequenced on both strands using both forward
and reverse primers.

RESULTS

Clinical features of a South American family with HypoPP

We identified and characterized a South American family with 12
living individuals in four generations (Figure 1). In the family, six
members (I-2, I-5, II-2, 1I-4, III-2 and IV-1) were clinically diagnosed
as being affected with HypoPP. The proband, individual II-2, is a
37-years old female patient whose symptoms began at the age of 4 years

Exon Forward primer (5-3') Reverse primer (5-3') Temp (°C) Length (bp)
1 ACAGCCTCAGCCAGCCTAGT GCCCTCCTGTAGGAAGTTTG 61 348
2 AGTCCAGACTGACCCTCAGC CGTCAGGGAGTTGAACCAC 61 306
3 GAGCAACAGCAGGGAACC CTAAGATGCTGGTGGTGGTG 59 318
4 AGGACACAGGGCCTCAGAC CCCTCCCTATAAATCCTGGG 61 341
5 CCCAGGATTTATAGGGAGGG GCTCCTTCACCAGGTAGGGT 63 314
6 TTATACACCTTTCCTCCTGTCG GTGGTCACGCAAGTCAGAGA 61 395
7 CAGGGTTGGGTGGAGTCTTA TTCCTCCTCCTCCCTTCTCT 63 333
8 CTCCAGTCACAGAATGGGCT GGCCTGATTGCAAGGTATGA 61 325
9 CCCAGTCCAGGTGTGTCC TGACTCTGAAACCACTGAGGG 63 247
10 TACGCATGCCTGGAGTTTGT CACAACCTGTGGTGCCATT 61 339
11 GCCTTGGAAACAAGGGAAG CCTCAGGAAATGAGATGGGT 59 423
12 AAGCCTGTCCACACCTCGT GCAGATCAGACAAGGCTTCC 63 392
13 AGGAGAACTTCGGTCAATGC AGGGCCTGGCTACCTAGAAA 61 309
14 GCAGACAGAACTCCTGCCC ACTGAGGTGGGTGTCACCAT 61 311
15 GAGCCCTTGGTGTGGGAT CCCACCTGTACCCTGTGGT 63 276
16 AGCTGA ACGCTAACAGGCTC GAGAATTCAGGACCGGCAC 61 234
17 GCTCTGAGCACAGAAGCCAT CATGGAGAGTCAGACAGGGT 61 294
18 GGAGCAGGAGGTGTATTCCA ATACAGCTGAACCCTGGGC 61 313
19 ACTGCCTGCTTTATGCTGCT CTGCCAGTCTCCACCTCTTT 61 260
20 TGGAAGGCTATTGCCTCAGT ACTCCCACTACAAAGCCCTG 61 296
21 CAGGATATGGCTGGAGGCT GAGGTTTCTGGAGCGAGGAG 61 246
22 CATCAGGAGGCAGCAAGTCT GGCTCCTTGTGCTTGAGAGT 63 284
23 CACTGTTCACTCCCAGAGCC GACCGTAACCCTCCCACAGT 66 231
24 GCCCAGAGGATGTGGGT AGTTGGTGGGTTTGTTGGAC 59 346
25 CCACAGCCAGTGGGATAAAG CACCCTTAGGCCTCTCTTCC 61 393
26 ATGGATGTGGGTGTGGAGA TCAGCACACAGTGCACAAGA 59 353
27 GGCTCTGGGAATGCAATCTA GCCCTGATAGGATGAGGGAT 59 281
28 ATTAGCTCGGGTGGGACACT AAGCCGTGACTTGTCATTCC 59 316
29 GCCCCTGCCTCTTTTTCTCTTTAA GCCGCTATATCCATGCACACTTGA 63 389
30-31 AACACACAGTGCACCTCCCT GCTCAGGCTCCTCAGGGT 61 549
32 TTGGCTTCAGGTCTGATGTG TATAGGACCCTGTGTGGCTG 59 369
33 ACCTGACTGCCAGCCTTCT ATCCCAGGAGAGGTGGAAAC 63 333
34 GAAGGGCTAGAATCAAGGGC GTGACTCCCTGTGAGACGGT 66 326
35 GTTTCCTGGCTTTCTTTCCC CCATCAGGTCCTCACCAGTT 59 277
36 AGACCGGGTGAGGATGACTT TGAGCTCTGAGAATCTGGCA 59 261
37 AGAAAGAACTGGGTGGCCTT TTTATGGAGGATCTGGTCCG 59 284
38 AGCTGGCTCCCACTCTGAAT TATGTCTCCATCATTGGCCC 59 302
39 GAGCTCAGATTGTGCCACTG AGCCCTCCTCTCTGTGAGAC 59 329
40 CCCAATACCACTGTCCCAGA ACCCTCTTCCAATCCAACCT 63 417
41 GCCTTGTACAGGCTCTGAGG CCAGCCAAGTTCCCAGACT 66 286
42 CAAGCGAGCCTCTGTTGACT ACTGTTGGACACATTGCTGC 59 280
43 CTTGGTTGAGTTGCCCTCAG CTGTTGGCCCTACCCTCTCT 66 324
44 AGAGAGGGTAGGGCCAACAG TCTAGCTGCTGAGAGGGAGG 66 451
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Figure 1 Pedigree structure of a South American family affected with
hypokalaemic periodic paralysis (HypoPP) and co-segregation of mutation
V876E in CACNAIS in this family. Affected males and females are
indicated by filled squares and circles, respectively. Normal individuals are
shown as empty symbols. Deceased individuals are indicated by slashes (/).
The proband is indicated by an arrow. V/V, wild-type allele; V/E, mutation
V876E.

and were diagnosed at the age of 14. The frequency of HypoPP attacks
is six times per year. The symptoms include muscle weakness and
flaccid paralysis triggered by the rest after the exercise, the intake of
foods rich in carbohydrates or cold. The paralysis affects extremities.
The patient was from the sixth pregnancy, and birth weight and size
were normal and without perinatal complications. Physical examina-
tions showed that the lower limbs had decreased strength and tone of
dominance, but sensitivity was preserved. Her treatment started with
oral intake of potassium (K*) diclofenamida, which improved symp-
toms. She is currently on acetazolamide, which showed partial
improvement of symptoms. The proband does not have any other
disease.

Patient I-2 was a male patient with the onset of HypoPP as early as
in the first year of life. He had frequent episodes of muscle weakness
and flaccid paralysis with low potassium. He died at the age of 47
years, apparently from the disease because of respiratory stress.

Patient I-5 is a female patient with symptoms of muscular weakness
and flaccid paralysis of limbs.

Patient II-4 was a male HypoPP with the same symptoms as I-2. His
symptoms started at the age of 9 years. He never received treatment
for HypoPP and died at the age of 16 years.

Patient I1I-2 is a 19-year-old female patient with HypoPP started at
the age of 9 years. She developed muscle weakness and flaccid paralysis
because of low levels of K (2.8 mEql™!). The frequency of HypoPP
attacks is five times per year. Her treatment with acetazolamide
showed irregular, partial improvement of symptoms with recovery
of the serum potassium (3.5mEql~!).

Patient IV-1 is a 3-year-old female patient who presents symptoms
of muscular weakness. She is not on any medication.

Identification of a novel CACNAIS mutation associated
with HypoPP
For genetic analysis of the South American family with HypoPP, we
first carried out linkage analysis for two candidate genes identified for
HypoPP: CACNAILS and SCN4A. A genetic recombination was found
with marker D1751816 at the SCN4A locus (data not shown). We
further sequenced the S4 segments of the SCN4A gene, but did not
detect any mutation. These results suggest that SCN4A is unlikely to
be a candidate gene for HypoPP in the family.

Linkage results suggest that two markers D15413 and D15249 at the
CACNALIS locus are positively linked to HypoPP in the family (data
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not shown), indicating that CACNAIS is a strong candidate gene for
HypoPP in the family. We then carried out direct DNA sequence
analysis of the whole CACNAIS gene, all exons and exon-inton
boundaries of CACNA1S were PCR-amplified and sequenced. This
analysis identified a heterozygous T to A transition at nucleotide 2627
of CACNAIS, which results in substitution of a highly conserved
valine residue with a glutamic acid residue at codon 876 (¢.2627T >A
(p-V876E)) (Figure 2a). The V876E mutation is located in the
transmembrane segment S3 of domain III. The mutated V876 residue
is an evolutionarily, highly conserved residue in the S3 segment of
domains I, II, III and IV (Figure 2b). Furthermore, V876 is not only
evolutionally conserved in the CACNALS proteins from Caenorhabdi-
tis elegans to Homo sapiens (Figure 2c), but also in various calcium
channel o-subunits (Figure 2d).

Further sequence analysis showed that all affected members in this
family carried the V876E mutation (Figure 1). All normal individuals
in this family do not carry this mutation. The mutation was not
present in 160 normal controls.

DISCUSSION

In this study, we have identified a novel mutation in the CACNAIS
gene that causes autosomal dominant muscle disorder HypoPP in
a South American family. Mutation V876E is highly likely to be
the disease-causing mutation in the HypoPP family on the basis of
the following reasons. First, the V876E mutation co-segregates with the
disease in this family; second, the mutated V876 residue is evolutio-
narily, highly conserved not only among CACNALIS proteins from
various species, but also among different calcium channel o-subunits;
third, the V876E mutation is not present in 160 normal controls.
Together with the fact that CACNAIS is the major disease-causing
gene for HypoPP, we conclude that the V876E mutation in CACNAIS
is the pathogenic mutation in the South American HypoPP family.

To date, several specific missense mutations have been identified in
the CACNAIS gene in families with HypoPP, including R528H and
R528G located in DIIS4, R1239H and R1239G in DIVS4.37~ In addi-
tion, a de novo mutation R897S in DIIIS4 has been reported recently.10
All these mutations identified previously are located in the critical
voltage-sensor S4 segment, and occur at an arginine residue. Interest-
ingly, the V876E mutation identified in our study occurs at a different
valine residue located in the S3 transmembrane segment of domain
III, a segment that had never been associated with HypoPP. These
results suggest that HypoPP mutations in CACNAIS can occur in
domains other than voltage-sensor S4.

The V876E mutation is associated with an unusual early age of
onset, complete penetrance and severe prognosis of HypoPP. In the
family with mutation V876E, the mean age at onset of HypoPP attacks
is 5.2 + 3.6 years, which is earlier than those with the R528H mutation
(14 % 5 years) or patients with the R1239H mutation (7 + 4 years).'*
It is of note that one patient in the family with mutation V876E
developed the symptom even within 1 year after birth. The infantile
presentation is rarely reported in HypoPP cases, although it was
reported in HyperPP cases.!®!4 Incomplete penetrance, particularly
in females, has been reported for several HypoPP mutations, such as
CACNAIS R528H and SCN4A R672C mutations,'>1® but the pene-
trance of HypoPP in both male and female patients in the family under
this study is complete. Two male patients (I-2 and II-4) developed
HypoPP attacks involving respiratory muscles and died.

The functional effect of the V876E mutation on the skeletal calcium
channel is not known. The S4 segment of each transmembrane
domain acts as a voltage sensor for the calcium channel. Other
segments, such as S3, are indispensable for regulating the gating
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Cav2.1 P/Q LWNILDFIVVSGALV
Cav2.2 N LWNILDFIVVSGALV
Cav2.3 R LWNILDFVVVVGALV
Cav3.1 p SWNVLDGLLVLISVI
Cav3.2 T SWNLLDGLLVLVSLV
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Figure 2 I|dentification of a novel mutation 2627T—A (V876E) in the CACNAIS gene in the South American family with hypokalaemic periodic paralysis
(HypoPP). (a) DNA sequences for a normal family member (normal) and the proband (affected) are shown. The nucleotide residue where the mutation occurs
is indicated by an arrow. The T to A change at codon 876 results in the substitution of a valine residue by a glutamine acid residue in DIIIS3. (b) Alignment
of amino-acid sequences of the S3 segments of domains I, I, Il and IV. The site of the mutation is indicated by asterisk. (c) Alignment of amino-acid
residues around V876E for proteins orthologous to CACNALS. (d) Alignment of amino-acid sequences around V876E from various calcium channels o-

subunits.

properties of the channel. Future electrophysiological characterization
of the V876E mutation will provide insights into the mechanism
underlying the pathogenesis of HypoPP in this South American family.
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