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ABSTRACT

To explore the clinical and genetic characteristics of five families with primary periodic paralysis
(PPP). We reviewed clinical manifestations, laboratory results, electrocardiogram, electromyography,
muscle biopsy, and genetic analysis from five families with PPP. Five families with PPP included:
hypokalemic periodic paralysis type 1 (HypoPP1, CACNATS, 1/5), hypokalemic periodic paralysis type
2 (HypoPP2, SCN4A, 2/5), normokalemic periodic paralysis (NormoPP, SCN4A, 1/5), and Andersen-
Tawil syndrome (ATS, KCNJ2, 1/5). The basic clinical manifestations of five families were consistent
with PPP, presenting with paroxysmal muscle weakness, with or without abnormal serum potas-
sium. ATS was accompanied by ventricular arrhythmias, and skeletal and craniofacial anomalies,
developing with a permanent fixed myopathy later. The electromyography showed diffuse myo-
pathic discharge, and muscle biopsy showed tubular aggregates. Genetic testing revealed five
families with PPP carried CACNATS (R1242S), SCN4A (R675Q, T704M), and KCNJ2 (R218Q) respec-
tively. The novel heterozygous R1242S mutation in CACNATS caused a conformational change in the
protein structure, and the amino acid of this mutation site was highly conserved among different
species. SCN4A mutations led to two phenotypes of HypoPP2 and NormoPP. PPPs are autosomal
dominant disorders of ion channel dysfunction characterized by episodic flaccid muscle weakness
secondary to abnormal sarcolemmal excitability. PPPs are caused by mutations in skeletal muscle
calcium channel Cay1.1 gene (CACNATS), sodium channel Nay1.4 gene (SCN4A), and potassium
channels Kir2.1, Kir3.4 genes (KCNJ2, KCNJ5), including HypoPP1, HypoPP2, NormoPP, HyperPP,
and ATS, which have significant clinical and genetic heterogeneity. Diagnosis is based on the
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characteristic clinical presentation then confirmed by genetic testing.

Introduction

Periodic paralyses (PPs) are a group of skeletal
muscle ion channelopathies characterized by epi-
sodic flaccid muscle weakness. The attacks may
last hours to days or weeks, and often are asso-
ciated with altered serum potassium (K") levels.
Patients usually complete recovery between the
attacks, although some develop permanent fixed
weakness later in life. A subset of PP patients
accompany with cardiac arrhythmia or sudden
cardiac death. PPs can be divided into primary
periodic paralyses (PPPs) and secondary PPs by
the etiology. Secondary PPs are common in
hyperthyroidism, primary aldosteronism, renal
tubular acidosis, and so on. Except for secondary
PPs, PPPs can be suspected clinically.

PPPs are autosomal dominant disorders
caused by mutations in genes encoding the ske-
letal muscle calcium channel (Cayl.1), sodium

channel (Nayl.4), and potassium channels
(Kir2.1, Kir3.4). PPPs are classified as hyperka-
lemic periodic paralysis (HyperPP), normokale-
mic  periodic  paralysis (NormoPP), or
hypokalemic periodic paralysis (HypoPP) based
on serum K" levels during paralytic attacks.
Andersen-Tawil syndrome (ATS) is a rare PPP
characterized by a triad of PP, cardiac arrhyth-
mia, and skeletal and craniofacial anomalies,
with high, low, or normal serum K" levels.
HypoPP is caused by mutations in the alpha
subunits of either the skeletal muscle L-type Cay
1.1 channel gene (CACNIAS, HypoPP1, 60%) or
the skeletal muscle Nay1.4 channel gene (SCN4A,
HypoPP2, 20%) [1]. HyperPP and NormoPP are
associated with mutations in the Nay1.4 channel
gene (SCN4A). ATS is caused by mutations in the
inward rectifying Kir 2.1, Kir3.4 channel genes
(KCNj2, KCNJ5) [2,3]. Unlike HypoPP,
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NormoPP and HyperPP, which are limited to
mutations in channels expressed almost exclu-
sively in skeletal muscle, the Kir 2.1, Kir3.4 chan-
nel mutations leading to ATS affect multiple
tissues, and are associated with a highly variable
phenotype of PP, cardiac arrhythmia, and skeletal
and craniofacial anomalies [4].

PPPs have remarkable clinical and genetic het-
erogeneity. Here, we reviewed clinical manifesta-
tions, laboratory results, electrocardiogram (ECG),
electromyography (EMG), muscle biopsy, and
genetic analysis from five families with PPPs.

Methods
Patients

We retrospectively reviewed clinical and genetic
features of five families with PPPs, whose main
clinical manifestations were episodic flaccid weak-
ness, with or without abnormal serum K, and
confirmed by genetic testing at the Third
Hospital of Hebei Medical University in China
between June 2016 and June 2020. All probands
were examined by serum and urine K*, blood-gas
analysis, aldosterone and renin-angiotensin levels
on erect and supine positions, thyroid function,
ultrasound analysis of the thyroid and adrenal
glands to exclude secondary PPs, such as
hyperthyroidism, renal tubular acidosis, primary
aldosteronism and et al. Clinical, laboratory,
ECG, EMG, muscle biopsy, and genetic data of
these patients were collected. Written informed
consent was obtained from each patient or their
legal relatives before skeletal muscle biopsy and
genetic testing. This study was approved by the
ethics committee of the Third Hospital of Hebei
Medical University and was conducted in accor-
dance with the Declaration of Helsinki.

Muscle biopsy and histochemistry stains

Open muscle biopsy was performed from the
biceps brachii muscles. Biopsied skeletal muscles
were snap frozen in isopentane that were cooled
by liquid nitrogen and cut serially into 7 pm sec-
tions, preparing for histochemical staining and
pathological analysis. Routine stains included
hematoxylin and eosin (HE), modified Gomori
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trichrome (MGT), nicotinamide adenine dinucleo-
tide-tetrazolium reductase (NADH-TR), succinic
dehydrogenase (SDH), adenosine monophosphate
deaminase (AMP), cytochrome ¢ oxidase (CCO),
acid phosphatase (ACID), adenosine triphospha-
tase (ATPase) after incubation at pH 4.3, 4.5, and
10.1, periodic acid-Schift (PAS), oil red O (ORO)
and Sudan black B (SBB).

Genetic testing

Genomic DNA was extracted from peripheral
blood (obtained from all patients and some of
their family members) with a DNA Kit. All the
exon regions and adjacent intron regions (50bp) of
12 genes (CACNAIA, CACNALS, CLCNI1, KCNA1,
KCNE3, KCNJj16, KCNJ18, KCNJ2, KCNJ5,
KCNQI, SCN4A, CHRNBI) related to ion channe-
lopathies were sequenced by next-generation
sequencing (NGS) (My Genostics, Beijing,
China). The probable pathogenic mutations were
then predicted using PolyPhen-2 (http://genetics.
bwh.harvard.edu/pph2/), SIFT (http://sift.jcvi.org/
), and MutationTaster (http://mutationtaster.org/).
The functional verification of novel mutations was
performed by conservative analysis of amino acid
and tertiary structure prediction of protein. Sanger
sequencing was used to verify the variants identi-
fied by NGS and to examine the available relatives
of patients. The American College of Medical
Genetics and Genomics (ACMG) standards were
used to evaluate the pathogenicity [5].

Results
Clinical features

Detailed clinical, laboratory, ECG, and EMG
data of the proband of five families with PPP
are shown in Table 1. According to episodic
flaccid weakness, serum K" concentration during
the attack, skeletal and craniofacial anomalies
and cardiac arrhythmia in ECG, five families
with PPPs were diagnosed with HypoPP (3/5),
NormoPP (1/5), ATS (1/5).

Five probands were male and presented with
attacks of paroxysmal muscle weakness from
childhood or adolescence. These attacks were
generally precipitated by resting post exercise


http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://sift.jcvi.org/
http://mutationtaster.org/

22 Q. WANG ET AL.

"3WOIPUAS [Ime[-USIdpUY ‘S1Y siskjesed dipouad djwajeyowiou ‘ddowloN g 3dAy siskjesed dipouad diwajeodAy ‘zddodAH | 2dAy siskjesed dipouad dwajeyodAy ‘| ddodAH “ieak ‘A “sjew
‘W "AydeiboAwoidad ‘D3 "weiboipied04138[9 ‘D13 *(1/N1 0LE-0S ‘[EAISIUI 9DUSIDJD) ASEUD| BUIIRAID ‘YD *(T/|OWW §'G—G € ‘|EAISIUI 9DURIaL) winisselod ‘,y "paydaydun ‘/ -aanisod ‘“+ "Jewou 1o aanebau ‘-

jusuewdd
sajebaibbe sabueyd  sejwyifyue sinoy -lewsAxo.ed [
S1v Jeingny diyredoAw  JejmLUBA  86E€  LTHLTE - - + A/0T-7L  [eJ9ASS usppuUpag  ‘squi| Jnod - - /TN S
Kieyuapas
buiaq
AydoapadAy sinoy |ewsAxosed CHBIENE] 0l
ddowlioN - - - €9.L SSV-L6'E - shiwsudolisen - A/S1-0L  [19A9S usppuUpag  ‘squil| Jnod Aneay  + VEN ¥
skep jjlem  |ewsAxo.ed g€l
7ddodAH / - - 060L 8SHv-€€ + - - € [e3A3S 0} djgeun  ‘sbaj om] -+ HUW €
ISIDIDXD
skep JewsAxoied  3sod bupsas €l
7ddodAH - / - g€ Sgv-€¢ + - - A16-9 [e42ASS  USPPUPRY  ‘squil| Uno4 ‘Bunseq  + PN €
jeay
‘3s1D19xd 1s0d
sIaqly dPsNW Bunsas 1L1p
3130433U JO skep |ewsAxoied  3reipAyoqied oL
LddodAH  aAnessuahap - - 8'9¢87 L¥v-T0T - - - A/0Z-0L  |eJ9A3S uSPpUPag  ‘squui| 4no4 ubly  +  JOS/W L
adfyouayd £sdoiq DINE! DB (/0N (1/1oww)  ssaualos awn|oA saljewoue (sQwiil)  uoleIN@ ssaueaM  RIUBYISBA s10108} fioisly  (A) oN
JPSNN [BAS]  [9AS] ) Jenasnpy Jejndsniy [epejoluesd  Aduanbaiyg wnuwixey buneydpald  Aweq  obe
b pue 195UQ
2EIEXN /36y
s2.n1ea) (eI /X3S

‘siskjesed dipouad Arewnd yum saljiwey aal jo elep AydesboAwoildse pue ‘weiboipied04139)3 ‘Al1oieloqe| ‘jeduld *L d|qel



CHANNELS (&) 23

CACNALS
€3726G>T

11 2 3| 4 5 6 8 9|10
I\
1] 2| 3] 4 5
\
b
1 2 204CT

PRE7T5Q
I W zg;ozband) /\ /\/\/ \/\/\ /\

\ n \ \
) 3 4 II-1 /N /l/_\[‘;\/i\/;\ YA\
12 oL JM\/E\Z \k/g
I

1I-1

' %ﬁ

9’ 10 11 12 14| / [

00 m VAT

: I-2
1 2‘ 3 4 < G
I G

v ON

I

c/TG C T

12 V-2 NV VA
(Proband) | \/ | | ')_ \
C T G A = e=tele
G 1y »L
. f
0
L .x._g“‘..._ T, 8

%“5 % 5 M

G i6i € T

_J__._A__A__ﬂ~_.1_
AC/TG C T

‘ ;pRil/ZIZS ) oy A
-1 IRVAVAYA ‘\‘ V-8 / \
robandy LY UV VAN YV Na's
T 6 A G G C T 6 A b G
\/ V-15 / \
T A e T 6 e

V-5 \n /\
G G G/T A.‘LEA—)
SCN44
c e
| p-R675
1 2 12 v
(Proband)
G A £ c cr 6 A G
-3
N /\/\/w\ A
l’ C € ! i G € A
MA
A c ¢rT 6 C A
‘\
v
-1 / /\Q ) /\/\
G A C Cor B cC A G
e
llllC>T KCNJ2

653G>A
pR2ISQ

/'/\\ }r’\ /\l

-1
(Proband)

A
/‘{\\‘ //j \

- "/L"M/i/t ) A

C T T C 6 G A AA

/ The proband / The dead D Normalmale O Normalfemale . Male patient .Female patient

Figure 1. Pedigree and genetic analysis of five patients with primary periodic paralysis. (a) Patient 1, CACNATS ¢3726 G > T (p.
R1242S) mutation. (b) Patient 2, SCN4A c.2024 C > T (p.R675Q) mutation. (c) Patient 3, SCN4A c.2024 G > A (p.R675Q) mutation. (d)
Patient 4, SCN4A ¢.2111 C > T (p.T704M) mutation. (e) Patient 5, KCNJ2 ¢.653 G > A (p.R218Q) mutation.

stress, heavy exercise, high carbohydrate diet,
being sedentary, heat, and so on. They need to
be bedridden because of severe muscle weakness,
and wusually recover completely between the
attacks. Three probands (Patient 1-3) were diag-
nosed with HypoPP, whose serum K" levels were
lower at many times (reference interval (RI),
3.5-5.5 mmol/L) during the attacks. They com-
plained of paroxysmal muscle weakness that

lasted for several days, which often accompanied
with muscle soreness, not muscle hypertrophy.
Attacks appeared about several or dozens of
times per year, which would be relieved after
taking K" supplement. Serum creatine kinase
(CK) levels were elevated. Their family histories
were positive (Figure 1(a-c)). One proband
(Patient 4) was diagnosed with NormoPP,
whose serum K* levels were normal at many
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Figure 2. Skeletal-craniofacial features of the patient 5 with Andersen-Tawil Syndrome. (a) Widely spaced eyes, small mandible, low-
set ears, and fifth-digit clinodactyly. (b) Dysmorphias characteristic of ATS, which can be found in Adams DS et al.(2016). DOL:

10.1113/JP271930.

times during the attacks. He complained about
paroxysmal muscle weakness that lasted for sev-
eral hours, which accompanied with gastrocne-
mius hypertrophy, not muscle soreness. The
family history was positive (Figure 1(d)). One
proband (Patient5) showed skeletal and cranio-
facial anomalies with widely spaced eyes, small
mandible, low-set ears, and fifth-digit clinodac-
tyly, and no deformity of spine and extremities
(Figure 2(a)). Cardiac arrhythmia was detected
when he underwent a medical examination at
the age of 5, but there were no symptoms of
cardiopalmus or chest tightness. Ventricular
extrasystoles were revealed using ECG. On
24 hr Holter examination frequent ventricular
extrasystoles were detected. Echocardiography
demonstrated a small amount of mitral regurgi-
tation. He appeared in attacks of episodic flaccid
weakness at the age of 8. The attacks lasted
several days, and often were associated with
low serum K" levels. He developed permanent
fixed myopathy at the age of 11, presenting with
myopathic changes in EMG. There was no
family history of sudden death, weakness, or
dysmorphic features. ATS was suspected because
of episodes of worsening limb weakness, his
dysmorphic features, and presence of cardiac
arrhythmia.

Muscle pathological analysis

Pathological analysis of skeletal muscle biopsy was
performed in four probands (Patient 1,2,4,5). The
muscle pathology of patient 1 (HypoPP) showed
variation of fiber diameter and scattered degenera-
tive or necrotic muscle fibers (Figure 3(a-d)).
Myosin ATPase (pH = 4.3) staining (Figure 3(e))
showed mild predominance of type 1 and type 2
tibers. The muscle pathology of patient 5 (ATS)
showed occasional degenerative or necrotic muscle
fibers, connective tissue proliferation and lots of
tubular aggregates (Figure 3(f-j)). The muscle
pathology of the other two patients was almost
normal and no special structure was found.

Genetic analysis

Sequencing showed that five probands with PPPs
and some family members had carried three differ-
ent gene mutations, including CACNAIS, SCN4A,
and KCNJ2, which were heterozygous missense
mutations (Figure 1). SCN4A(p.R675Q, p.T704M)
and KCNJ2 (p.R218Q) had been reported in the
literature [2,6-12]. Among them, KCNJ2(p.R218Q)
mutation was spontaneous, which was found in the
proband but not his parents. A novel heterozygous
R1242S mutation in CACNAIS gene was found in
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Figure 3. Muscle biopsy of patient 1,5. Patient 1, HE (a, b), MGT (c) and NADH-TR (d) demonstrated variation of fiber diameter, and
scattered degenerative or necrotic muscle fibers (arrowhead). ATPase pH = 4.3 (e) demonstrated predominance of type 1 and type 2
fibers. Patient 5, HE (f, g), MGT (h), NADH-TR (i) and SDH (j) showed occasional degenerative or necrotic muscle fibers (arrowhead),
connective tissue proliferation (asterisk) and lots of tubular aggregates (hyperchromatism).

the proband with HypoPP and some family mem-
bers. The amino acid at the R1242S mutation site
was highly conserved among different species
(Figure  4(a)). RI1242S  mutation  caused
a conformational change in the protein structure
(Figure 4(b,c)). The pathogenicity of gene mutations
was judged by the ACMG standards [5], and all of
them were pathogenic or likely pathogenic. Genetic
results are listed in Table 2.

Discussion

PPPs are a group of autosomal-dominant genetic
ion channelopathies caused by mutations in skele-
tal muscle Cay1.1 channel gene (CACNAIS), Nay
1.4 channel gene (SCN4A), Kir 2.1 and Kir3.4
channel genes (KCNJ2, KCNJ5), including
HypoPP1, HypoPP2, NormoPP, HyperPP, and
ATS, which have remarkable clinical and genetic
heterogeneity. There are five families with PPPs,
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Figure 4. (a) Conservation of amino acid at the R1242S mutation site in different species. The amino acid sequence of R1242S
mutation site was aligned with other species. (b) The tertiary structure prediction of protein in the wild type. (c) The tertiary structure
prediction of protein in the mutant. R1242S mutation causes a conformational change in the protein structure (Green).

Table 2. The gene mutation information of five families with primary periodic paralysis.

Patient Coding Exon/ Nucleotide Protein Structural Variant classification

no. Phenotype  Gene channel haplotype change change position (ACMG) Variant source

1 HypoPP1 CACNA1S  Cayl.1 30/het 3726 G>T p.R1242S DXS4 Likely pathogenic Father

2 HypoPP2  SCN4A Nay1.4 13/het c2024C>T p.R675Q DIl S4 Likely pathogenic Father

3 HypoPP2  SCN4A Nay1.4 13/het c2024C>T p.R675Q DIl S4 Likely pathogenic Mother

4 NormoPP  SCN4A Nay1.4 13/het c21M C>T  p.T704M DIl S5 Likely pathogenic Mother

5 ATS KCNJ2 Kir2.1 2/het 653 G>A p.R218Q C-terminal Pathogenic Spontaneous
mutation

ACMG, the American College of Medical Genetics and Genomics. HypoPP1, hypokalemic periodic paralysis type 1. HypoPP2, hypokalemic periodic
paralysis type 2. NormoPP, normokalemic periodic paralysis. ATS, Andersen-Tawil syndrome. C-terminal, carboxy-terminal.

whose main clinical manifestations were episodic
flaccid weakness, with or without abnormal serum
K", and confirmed by genetic testing, including
HypoPP1 (CACNAIS, 1/5), HypoPP2 (SCN4A, 2/
5), NormoPP (SCN4A, 1/5) and ATS (KCNJ2, 1/5)
in this study (Figure 5).

Clinical phenotypes

The basic clinical manifestations of five families
were consistent with PPP, presenting with parox-
ysmal muscle weakness, with or without abnormal
serum K'. PPPs are autosomal dominant or spora-
dic diseases that are more prevalent in men from
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Figure 5. Clinical classification of primary periodic paralyses and the associated gene defects. P1-5:Patient 1-5.
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childhood or adolescence, which may be asso-
ciated with sex hormones [13]. The predisposing
factors of PPPs are generally precipitated by rest-
ing post exercise, heavy exercise, high carbohy-
drate diet, fasting, prolonged rest, heat or cold,
stress, alcohol, and so on [4,14]. Attacks of weak-
ness in NormoPP/HyperPP tend to be shorter in
duration than attacks in HypoPP, and gastrocne-
mius hypertrophy is more commonly found in
NormoPP/HyperPP [4,15]. Two patients with
HypoPP2 caused by R675Q mutation were accom-
panied by muscular soreness, indicating that mus-
cular soreness may be closely related to the
mutation gene and site. One patient caused by
R1242S mutation in CACNAIS gene exhibited
the characteristic clinical and laboratory features
of HypoPPl, including hypokalemia during
attacks and effective remission of weakness after
supplying K*. A study reported that one family
with R1242G mutation present with NormoPP
and transient compartment-like syndrome, which
were not found in other reports with mutation in
CACNAIS gene and our family [16]. In our study,
the serum CK levels were elevated in HypoPP.
Hypokalaemia might impair the energy supply to
the muscle cells, which would increase the perme-
ability of the sarcolemma, and result in a rise in
serum CK [17].

ATS is a rare ion channel disorder characterized
by a triad of PP, cardiac abnormalities, and skeletal
and craniofacial anomalies. These episodes of PP

are more frequently associated with hypokalemia
than with hyperkalemia or normokalemia. In this
study, episodes of PP are associated with hypoka-
lemia and permanent proximal weakness develops
later in the patient with AST. Permanent weakness
often develops before or after the classical episodic
weakness in related literature [18-20]. Ventricular
arrhythmia is the most common cardiac abnorm-
ality in patients with AST. Other manifestations
include prolonged QT interval, bidirectional ven-
tricular tachycardia, prominent U waves, and car-
diac arrest. Skeletal and craniofacial anomalies
include low-set ears, widely spaced eyes, small
mandible, fifth-digit clinodactyly, and syndactyly
of digits 2-3. In addition, there may be broad
forehead, wide bridge of nose, abnormal or
absence of the lateral incisors, high arch and
palate, cleft palate, relative microcephaly, small
hands and feet, scoliosis, and so on (Figure 2(b))
[2,19,21]. In this study, the patient had typical
skeletal and craniofacial anomalies, such as low-
set ears, widely spaced eyes, small mandible and
fifth-digit clinodactyly (Figure 2(a)). Not all ATS
patients present with the full triad of symptoms.
Moreover, the most common dysmorphic features
are usually present, but may be very mild and not
always easily recognized as part of the syndrome
[4]. This patient with ATS is treated with ventri-
cular arrhythmia as the first symptom. ATS occurs
with a high degree of phenotypic variability, ren-
dering diagnosis very difficult. Genetic testing may
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confirm the clinical diagnosis of ATS by revealing
the presence of a pathogenic mutation.

Muscle pathology

The typical muscle pathological changes of PPPs are
vacuoles and tubular aggregates under the mem-
brane or in muscle fibers, which may be caused by
dilatation of sarcoplasmic reticulum and abnormal
protein deposition [22-24]. Tubular aggregates are
more commonly seen in ATS [2,25,26]. In addition,
variation in diameter of muscle fibers, fiber splitting,
internal nuclei, myofiber necrosis, and other patho-
logical changes can be observed [24]. Patients with
fixed weakness usually have nonspecific myopathic
changes, with or without vacuolar change and tub-
ular aggregates [24]. In our study, degenerative or
necrotic muscle fibers and mild predominance of
type 1 and 2 fibers were found in a patient with
HypoPP1 (Figure 3). Typical tubular aggregates
were seen in the ATS patient with permanent weak-
ness (Figure 3). Due to the lack of specific patholo-
gical characteristics, gene analysis can be carried out
directly after clinical diagnosis. The muscle biopsy
in patients with PPPs is significant in terms of
a better understanding of the pathophysiology.

Genetics

PPPs can be caused by mutations in genes encod-
ing the skeletal muscle membrane channel pro-
teins, which have a high degree of genetic
heterogeneity. HypoPP1 is caused by mutations of
Cayl.1 channel gene (CACNAIS), while HypoPP2,
NormoPP, and HyperPP are caused by mutations
of Nayl.4 channel gene (SCN4A). ATS is caused
by mutations of Kir2.1 and Kir3.4 channel genes
(KCNJ2, KCNJ5) (Figure 5).

A novel heterozygous mutation R1242S is loca-
lized at the S4 segment of domain IV in the alpha
subunit of the L-type skeletal muscle voltage-gated
Cayl.l1 channel encoded by CACNAIS gene,
caused the third positively charged arginine
replaced by hydrophobic amino acid residue.
Among the HypoPP1 mutations identified so far,
most consist in substitutions at positively charged
arginine residues in S4 segments, which could lead
to the formation of a gating pore current at hyper-
polarized potentials, including R528, R897, R900,

R1239, and so on [27,28]. The gating pore current
causes susceptibility to paradoxical depolarization
during attacks. The depolarization of sarcolemma
inactivates Nayl.4 channels to cause periodic
paralysis [27,28]. As a neighboring site of R1239,
the R1242S mutation may also generate a gating
pore current, which needs to be proven in the
future. The R1242S mutation would have an
important effect on the structure and function of
the Cayl.1 channel protein, considering the fact
that this residue is highly conserved among differ-
ent species (Figure 4(a)) and mutation causes
a conformational change in the protein structure
(Figure 4(b,c)).

R675Q mutation is located at the S4 segment
of domain II in the alpha subunit of the skeletal
muscle voltage-gated Nay1.4 channel encoded by
SCN4A gene, which causes the third positively
charged arginine replaced by hydrophobic
amino acid residue, leading to the formation of
abnormal gating pore current. The gating pore
current causes susceptibility to paradoxical depo-
larization during attacks. The depolarization of
sarcolemma leads to inactivation of Navy1.4 chan-
nels to cause periodic paralysis [29,30]. It has
been reported that R675Q mutation can cause
HypoPP2 in Chinese patients [6], but this muta-
tion is more common in NormoPP [8,9] and can
also be seen in HyperPP [31]. T704M mutation in
the S5 segment of domain II can result in
impaired fast or slow inactivation of Nay1.4
channel, and, therefore, persistent increased
sodium current and sarcolemmal depolarization,
which can result in the symptom of paralysis
[32,33]. It has been reported that T704M muta-
tion can cause NormoPP [7,10].

KCNJ2 encodes the Kir2.1 inward rectifier potas-
sium channel, which is mainly expressed in skeletal
muscle and cardiac myocytes. R218Q mutation is
located at the carboxy-terminal (C-terminal) region
of Kir2.1 channel protein, which reduces the
amount of inward rectifier current, decelerates
the action potential repolarization, and prolongs
the action potential duration, thereby leading to
ventricular arrhythmias associated with ATS [34].
Reduced Kir2.1 channel function in skeletal muscle
may cause the resting membrane depolarization,
leading to failure of action potential propagation
and flaccid paralysis [26]. It has been reported that



R218Q mutation can cause ATS [2,11,12].
Mutations in Kir2.1 reduce the amount of inward
rectifier current and might hamper the adequate
functioning of osteoclasts, thereby interfering with
the balance between bone formation and resorption,
which might explain the mild skeletal anomalies in
patients with ATS [35]. Kir2.1 is expressed during
the earliest stages of craniofacial development. The
anomalies in Kir2.1 lead to misexpression of devel-
opmentally regulated craniofacial genes, and
contribute to abnormalities in craniofacial develop-
ment [2,19].

Conclusion

PPPs are autosomal dominant disorders of ion
channel dysfunction characterized by episodic flac-
cid weakness secondary to abnormal sarcolemmal
excitability, which are caused by mutations in skele-
tal muscle Cay1.1 channel gene (CACNAIS), Nay1.4
channel gene (SCN4A), Kir 2.1 and Kir3.4 channel
genes (KCNJ2, KCNJ5). PPPs are classified as
HyperPP, NormoPP, or HypoPP based on the con-
comitant serum K" levels. ATS is different from the
other phenotypes of PPPs, characterized by a highly
variable phenotype of PP, ventricular arrhythmia,
and distinctive facial and skeletal anomalies, asso-
ciated with high, low, or normal serum K" levels.
Diagnosis is based on the characteristic clinical pre-
sentation then confirmed by genetic testing.
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