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Phospholemman, a major regulator of skeletal
muscle Na*/K*-ATPase, is not mutated in probands
with hypokalemic periodic paralysis
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Abstract. The pathogenesis of hypokalemic periodic paralysis
(HypoPP) remains unclear. Though some mutations in skeletal
muscle ion channels were revealed previously, the exact mecha-
nism remains to be fully elucidated. Increased Na*/K*-ATPase
activity in skeletal muscle is postulated to contribute to attacks
of HypoPP. Before the link between Na*/K*-ATPase dysfunc-
tion and these ion channel mutations is established, mutations
in Na*/K*-ATPase and their regulators are the first to be
excluded. Phospholemman, which is a protein encoded by the
FXYD domain-containing ion transport regulator 1 (FXYD1)
gene, is predominantly expressed in skeletal muscle and is
the major regulator of Na*/K*-ATPase. Therefore, the aim of
the present study was to determine the genetic involvement of
phospholemman in HypoPP development. Genomic DNA was
extracted from the peripheral blood of five HypoPP probands
with typical manifestations. The coding exons of FXYDI,
exons 2-7, were polymerase chain reaction (PCR)-amplified
and sequenced. No mutations were detected in FXYD/ in any
of the subjects studied. To conclude, mutations in phospho-
lemman encoding genes may not be involved with HypoPP and
the relationship between phospholemman and Na*/K*-ATPase
dysfunction in attacks of HypoPP requires further study.

Introduction

Hypokalemic periodic paralysis (HypoPP) is a potentially fatal
disease characterized by recurrent episodes of hypokalemia
and muscle weakness (1). It is now recognized that HypoPP is
caused by aberrant potassium transport from the extracellular
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to the intracellular space (2). According to pedigree analysis,
the inheritance pattern of the disease is autosomal dominant
and several mutations in genes encoding ion channels have
been identified (2-4). However, the known HypoPP-related
genetic mutations do not account for all cases and electrophys-
iological studies (5-7) of functional changes in ion channels
with such mutations have not satisfactorily explained the
pathophysiological mechanism of HypoPP.

The total body potassium store consists of ~98% intracel-
lular potassium, of which ~80% are present in skeletal muscles.
The intracellular K* content in skeletal muscles is ~46 times that
in the extracellular compartment (8). Furthermore, potassium
movement in and out of skeletal muscles has a crucial role in
maintaining extracellular potassium homeostasis (2). Specific
membrane transporters, including sodium pumps (also known
as Na*/K*-ATPase) and inward-rectifier K* channels, are vital
for the exchange of potassium between the extracellular and
intracellular spaces in skeletal muscle (9). Sodium pumps
are responsible for potassium uptake; thus, increased sodium
pump activity is postulated to be a direct mechanism of the
transfer-related hypokalemia in HypoPP. In considering the
genetic basis of the disease, sodium pump dysfunction during
attacks of HypoPP may be caused by mutations in genes that
encode for the sodium pumps.

The sodium pump consists of a 110-kDa catalytic o subunit
(a1 to a4d), a 31-kDa auxiliary 3 subunit (1 to $3) and a regu-
latory FXYD subunit. Previous findings demonstrated that
no mutations or polymorphisms in the coding regions of five
sodium pump genes were exhibited in patients with thyrotoxic
periodic paralysis (10), indicating that mutations involving
sodium pumps in HypoPP seem less likely. Therefore, muta-
tions in the regulators of sodium pumps should be considered.
The maintenance of Na*and K* gradients requires distinct
states of sodium pumps, which may be regulated by FXYDs.
FXYD proteins constitute an evolutionarily conserved family
of small (6.5 to 17 kDa) membrane proteins with homologous
structures (11). In mammals, there are seven known FXYD
isoforms, FXYDI to 7 (12), which have been demonstrated
to be associated with structures and functions of sodium
pumps (13). To meet the requirements of physiological
functions in different tissues, the expression of FXYDs is
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Figure 1. Sequence maps of FXYDI exons in the probands of HypoPP pedigrees. (A) Exon 2, (B) Exon 3, (C) Exon 4, (D) Exon 5, (E) Exon 6 and (F) Exon 7
of FXYDI. HypoPP, hypokalemic periodic paralysis; FXYDI, FXYD domain-containing ion transport regulator 1.

tissue-specific. Among the FXYD members, FXYDI is
predominantly expressed in the heart and skeletal muscle (14)
and has been reported to exert an inhibitory effect on sodium
pumps (15). Overexpression of FXYDI in cardiac myocytes
has been indicated to reduce sodium pump activity (16).
Furthermore, a previous study indicated that sodium pump
activity was significantly increased in isolated myocytes from
FXYDI knockout mice (17). Alternative studies have demon-
strated that the expression and phosphorylation of FXYDI is
essential for sodium pump regulation (18-21). Furthermore,
phosphorylation of FXYDI by protein kinase A and C has
been revealed to increase sodium pump activity (22).

In the present study, the relationship between FXYD/ and
HypoPP susceptibility was investigated by screening for muta-
tions in FXYDI in Chinese patients with HypoPP.

Materials and methods

Human subjects. Written informed consent was obtained from
each patient. All experiments were approved by the Ethics
Committee for Clinical Investigation of the PLA Navy General
Hospital (Beijing, China) and the study protocol conformed to
the ethical guidelines of the 1975 Declaration of Helsinki. A
total of five probands (4 males and 1 female) from different
HypoPP pedigrees (family trees not shown) were identified in
the Department of Endocrinology, Chinese PLA Navy General
Hospital and enrolled between December 2006 and December
2015. The age of the probands at the time of the study was
38+11 years old. The onset ages of these patients were from
15 to 45. All patients had suffered from typical and periodic

attacks of limb paralysis with severe hypokalemia and were
free from any other congenital disorder or inherited systemic
disease. The diagnosis of HypoPP was made according to
following aspects: Past histories of recurrent muscle weakness
episodes; low muscle tone, and lowered or unapparent tendon
reflexes during attacks of limb paralysis; hypokalemia during
attacks of limb paralysis (concentration of serum potassium is
often <3.0 mmol/l); and a possible characteristic electrocar-
diogram of hypokalemia during attacks of limb paralysis.

Genomic DNA preparation. Blood samples were collected
from patients with confirmed HypoPP using EDTA-containing
blood collection tubes and were stored at -80°C. Genomic
DNA was isolated from white blood cells using a WizardTM
Genomic DNA Purification Kit (Promega Corp., Madison,
WI, USA).

Mutation analysis. Sequences of FXYDI were obtained online
(www.ncbi.nlm.nih.gov/) and synthesized by polymerase
chain reaction (PCR) using genomic DNA extracted from
patients with confirmed HypoPP as the template. High fidelity
Pyrobest DNA polymerase was purchased from Takara
Biotechnology Co., Ltd. (Dalian, China). Exon 2 and exon 3
were PCR amplified with primers forward 5-CACTTCTGT
GATTCAGTCCC-3' and reverse 5-GGGAAGGAGAATGAC
AGAGA-3'; exon 4 and exon 5 with primers forward 5-CTC
TTGCCTGCGTCTGTCTC-3' and reverse 5'-GTTTTTTCC
TCGCTTGGTCC-3"; and exon 6 and exon 7 with primers
forward 5'-TCCCCCACCAACTTCACATC-3' and reverse
5'-CCTTTCCTTCCTCCCTCCTT-3". PCR thermal cycling
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conditions consisted of one cycle of denaturation at 95°C for
3 min, followed by 30 cycles of denaturation at 94°C for 30 sec,
annealing at 54°C for 30 sec, and extension at 72°C for 30 sec,
followed by a final extension at 72°C for 7 min. The ampli-
fied products were sequenced using ABI 377 DNA Sequencer
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). The
sequencing results were searched using BLAST (https:/blast.
ncbi.nlm.nih.gov/) against GeneBank data.

Results

The probands, four males and one female, were from five
HypoPP pedigrees. The HypoPP pedigrees indicated an
autosomal dominant mode of inheritance. No mutations were
identified in any of the six FXYDI exons in these probands.
Sequence maps of FXYDI exons from the probands are shown
in Fig. 1.

Discussion

HypoPP has severe effects on the life quality of patients and
may be potentially lethal. Although the exact mechanism
remains unclear, attacks are attributable to defects in extra-
cellular potassium homeostasis (2). It is well known that the
majority of potassium in the body is intracellular and, as
the largest pool of K* in the body, skeletal muscle tissue is
important for buffering and balancing the concentration of
serum potassium. The ionic concentration gradient of Na* and
K* across the plasma membrane is established and maintained
by sodium pumps. A rapid increase in serum potassium
may be quickly corrected by sodium pumps that are present
in skeletal muscles. Accordingly, it may be speculated that
transfer-related hypokalemia in HypoPP is accompanied by
an unusual increase in sodium pump activity. Family heritage
results suggest a vital role of genetic factors in the pathogenesis
of HypoPP (23). However, to date, no mutations in the genes
encoding for sodium pumps have been identified. Numerous
mutations in voltage-gated calcium channel, sodium channel
and potassium channel genes have been discovered in HypoPP
pedigrees and mouse models exhibiting these mutations have
been established (24-26). However, studies investigating the
electrophysiological changes in these ion channels have not
revealed the underlying mechanism for the attacks of the
disease (5-7).

Sodium pump dysfunction may occur at different levels,
including changes in gene expression, pump movement to or
from the plasma membrane or tissue-specific (27) changes in
intrinsic properties via FXYDs (12,21). Among these possi-
bilities, mutations in the sodium pumps and their regulatory
FXYD subunit are the first that need to be excluded. Since no
association was indicated between sodium pumps encoding
genes and HypoPP in a previous study (10), investigating
possible mutations in the sodium pump regulator was the
predominant focus in the present study.

FXYDI is highly expressed in skeletal muscle and has
been demonstrated to have an important influence on sodium
pump function (28-30). Studying the relationship between
FXYDI and HypoPP may yield an improved understanding of
the mechanism of the disease. In the present study, mutation
screening of HypoPP probands failed to detect any mutations
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in FXYDI. Our results, together with those of Kung et al (10),
who detected no HypoPP mutations in the a or §§ subunit of
the sodium pump, suggests that a constitutive abnormality in
the sodium pump is not a primary cause of HypoPP. This
raises the possibility that the level of expression or the phos-
phorylation of FXYDI or of a or 3 sodium pump subunits
may contribute to sodium pump dysfunction. Furthermore, the
intracellular cascade of signaling pathways may have a role in
the entire process.

In conclusion, the present study explored whether muta-
tions in the gene encoding the sodium pump regulator,
phospholemman, are present in HypoPP. The present findings
demonstrated an absence of FXYDI mutations in the HypoPP
probands. A major implication of the present study is that the
dysfunction of sodium pumps cannot be attributable to gene
mutations in FXYDI. Consequently, changes in signaling
pathways related to sodium pumps or their regulators may be
involved in HypoPP. Establishment of a link between altered
pump function and defective FXYDI1 regulation in HypoPP
attacks requires further investigation.

Acknowledgements

The present study was supported by the National Natural Science
Foundation of China (grant nos. 30671006 and 81170800),
the Beijing Natural Science Foundation (grant no. 7154240),
and the Innovation Cultivation Foundation of Chinese PLA
Navy General Hospital (grant no. CXPY201410). The authors
would like to thank Edanz Culture Communication Co., Ltd.
(Beijing, China) for the English Language Editing Service.

References

1. Ahmed I and Chilimuri SS: Fatal dysrhythmia following potas-
sium replacement for hypokalemic periodic paralysis. West J
Emerg Med 11: 57-59, 2010.

2. Cheng CJ, Kuo E and Huang CL: Extracellular potassium
homeostasis: Insights from hypokalemic periodic paralysis.
Semin Nephrol 33: 237-247, 2013.

3. Struyk AF and Cannon SC: A Na+ channel mutation linked to
hypokalemic periodic paralysis exposes a proton-selective gating
pore. J Gen Physiol 130: 11-20, 2007.

4. Matthews E and Hanna MG: Muscle channelopathies: Does the
predicted channel gating pore offer new treatment insights for
hypokalaemic periodic paralysis? J Physiol 588: 1879-1886,2010.

5. Mi W, Rybalchenko V and Cannon SC: Disrupted coupling of
gating charge displacement to Na+ current activation for DIIS4
mutations in hypokalemic periodic paralysis. J Gen Physiol 144:
137-145,2014.

6. Struyk AF, Markin VS, Francis D and Cannon SC: Gating pore
currents in DIIS4 mutations of NaV1.4 associated with periodic
paralysis: Saturation of ion flux and implications for disease
pathogenesis. J Gen Physiol 132: 447-464, 2008.

7. Kuzmenkin A, Muncan V, Jurkat-Rott K, Hang C, Lerche H,
Lehmann-Horn F and Mitrovic N: Enhanced inactivation and
pH sensitivity of Na(+) channel mutations causing hypokalaemic
periodic paralysis type II. Brain 125: 835-843,2002.

8. Clausen T: Hormonal and pharmacological modification of
plasma potassium homeostasis. Fundam Clin Pharmacol 24:
595-605, 2010.

9. Kjeldsen K: Hypokalemia and sudden cardiac death. Exp Clin
Cardiol 15: €96-€99, 2010.

10. Kung AW, Lau KS, Cheung WM and Chan V: Thyrotoxic peri-
odic paralysis and polymorphisms of sodium-potassium ATPase
genes. Clin Endocrinol (Oxf) 64: 158-161, 2006.

11. Sweadner KJ and Rael E: The FXYD gene family of small
ion transport regulators or channels: cDNA sequence, protein
signature sequence, and expression. Genomics 68: 41-56,
2000.


https://www.spandidos-publications.com/10.3892/etm.2017.4848
https://www.spandidos-publications.com/10.3892/etm.2017.4848

3232

12.
13.

14.

15.

16.

17.

18.

19.

20.

Geering K: FXYD proteins: New regulators of Na-K-ATPase.
Am J Physiol Renal Physiol 290: F241-F250, 2006.

Li C, Grosdidier A, Crambert G, Horisberger JD, Michielin O
and Geering K: Structural and functional interaction sites
between Na,K-ATPase and FXYD proteins. J Biol Chem 279:
38895-38902, 2004.

Floyd RV, Wray S, Martin-Vasallo P and Mobasheri A:
Differential cellular expression of FXYDI1 (phospholemman)
and FXYD2 (gamma subunit of Na, K-ATPase) in normal human
tissues: A study using high density human tissue microarrays.
Ann Anat 192: 7-16, 2010.

Mishra NK, Peleg Y, Cirri E, Belogus T, Lifshitz Y,
Voelker DR, Apell HJ, Garty H and Karlish SJ: FXYD proteins
stabilize Na,K-ATPase: Amplification of specific phosphatidyl-
serine-protein interactions. J Biol Chem 286: 9699-9712, 2011.
Zhang XQ, Wang J, Carl LL, Song J, Ahlers BA and Cheung JY:
Phospholemman regulates cardiac Na+/Ca2+ exchanger by
interacting with the exchanger's proximal linker domain. Am J
Physiol Cell Physiol 296: C911-C921, 2009.

Bell JR, Kennington E, Fuller W, Dighe K, Donoghue P,
Clark JE, Jia LG, Tucker AL, Moorman JR, Marber MS, et al:
Characterization of the phospholemman knockout mouse heart:
Depressed left ventricular function with increased Na-K-ATPase
activity. Am J Physiol Heart Circ Physiol 294: H613-H621, 2008.
Fuller W, Eaton P, Bell JR and Shattock MJ: Ischemia-induced
phosphorylation of phospholemman directly activates rat cardiac
Na/K-ATPase. FASEB J 18: 197-199, 2004.

Silverman B, Fuller W, Eaton P, Deng J, Moorman JR, CheungJY,
James AF and Shattock MJ: Serine 68 phosphorylation of phos-
pholemman: Acute isoform-specific activation of cardiac Na/K
ATPase. Cardiovasc Res 65: 93-103, 2005.

Despa S, Bossuyt J, Han F, Ginsburg KS, Jia LG, Kutchai H,
Tucker AL and Bers DM: Phospholemman-phosphorylation
mediates the beta-adrenergic effects on Na/K pump function in
cardiac myocytes. Circ Res 97: 252-259, 2005.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

CHEN et al: PHOSPHOLEMMAN AND HYPOKALEMIC PERIODIC PARALYSIS

Garty H and Karlish SJ: Role of FXYD proteins in ion transport.
Annu Rev Physiol 68: 431-459, 2006.

Bibert S, Roy S, Schaer D, Horisberger JD and Geering K:
Phosphorylation of phospholemman (FXYDI) by protein kinases
A and C modulates distinct Na,K-ATPase isozymes. J Biol
Chem 283: 476-486, 2008.

Wang XY, Ren BW, Yong ZH, Xu HY, Fu QX and Yao HB:
Mutation analysis of CACNA1S and SCN4A in patients with
hypokalemic periodic paralysis. Mol Med Rep 12: 6267-6274,
2015.

Wu F, Mi W, Burns DK, Fu Y, Gray HF, Struyk AF and
Cannon SC: A sodium channel knockin mutant (NaV1.4-R669H)
mouse model of hypokalemic periodic paralysis. J Clin
Invest 121: 4082-4094, 2011.

Wu F, Mi W, Herndndez-Ochoa EO, Burns DK, Fu Y, Gray HF,
Struyk AF, Schneider MF and Cannon SC: A calcium channel
mutant mouse model of hypokalemic periodic paralysis. J Clin
Invest 122: 4580-4591, 2012.

Wu F, Mi W and Cannon SC: Beneficial effects of bumetanide
in a CaV1.1-R528H mouse model of hypokalaemic periodic
paralysis. Brain 136: 3766-3774, 2013.

Crambert G and Geering K: FXYD proteins: New tissue-specific
regulators of the ubiquitous Na,K-ATPase. Sci STKE 2003: RE1,
2003.

Beevers AJ and Kukol A: Phospholemman transmembrane
structure reveals potential interactions with Na+/K+-ATPase.
J Biol Chem 282: 32742-32748, 2007.

Crambert G, Fuzesi M, Garty H, Karlish S and Geering K:
Phospholemman (FXYD1) associates with Na,K-ATPase and
regulates its transport properties. Proc Natl Acad Sci USA 99:
11476-11481, 2002.

Fransen P: Phospholemman, a chaperone of Na+,K+-ATPase?
Cardiovasc Res 65: 13-15, 2005.



