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ABSTRACT. Keshan disease (KSD), a potentially fatal cardiomyopathy,
has very high incidence in some selenium-poor regions of China. KSD
may be accompanied with a variety of arrhythmia, which is associated with
mutations in the gene coding for cardiac voltage-gated sodium channel
(SCN5A). The molecular mechanism of KSD is still largely obscure. We
aimed to determine the association between the HS58R polymorphism
of SCN54 and KSD. We recruited 71 patients with KSD and 80
geographical region-matched control subjects in our study. Vital sign
and electrocardiographic (ECG) measurements were performed for heart
rate, systolic pressure, diastolic pressure, PR interval, QT interval, QRS
duration, ST-T changes and complete right bundle branch block (CRBBB),
and H558R polymorphism was genotyped using the polymerase chain
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reaction single-strand conformation polymorphism (PCR-SSCP) method
and sequencing. A significant association was found between the H558R
polymorphism of exon 12 and KSD. Allele C carriers had a decreased
risk for KSD with an odds ratio of 0.332 [95% confidence interval (CI),
0.160-0.692] as well as for QRS prolongation in KSD patients with an
odds ratio of 0.089 (95%CI, 0.022-0.361). Our results provide support to
the association between H558R polymorphism and the decreased risk for
KSD. H558R polymorphism might increase susceptibility to KSD, and
SCN5A containing the polymorphism might be a predisposing gene for
QRS prolongation.
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INTRODUCTION

Keshan disease (KSD), an endemic cardiomyopathy, was named after the outbreak of
the disease in Keshan, Heilongjiang, China. Low-selenium (Flores-Mateo et al., 2006; Bellinger
et al., 2009) and Coxsackie virus (Ren et al., 2004; Li et al., 2009) have been reported as two
important etiological factors of KSD; however, both cannot fully illuminate the clinical and
pathological characteristics of KSD patients. Some complicated symptoms involving the
digestive and respiratory tracts in KSD patients, such as abdominal pain, diarrhea, and respiratory
infection, cannot be explained by low levels of selenium; nonetheless, they are concordant with the
symptoms of Coxsackie virus infections, which cannot explain the cardiac symptoms. Because a
single etiological hypothesis cannot satisfactorily explain the variety of characteristics displayed
by KSD patients, the complicated etiological hypothesis involving genes was embraced by more
and more scientists in recent years (Wei et al., 2011).

Cardiac voltage-gated sodium channel (encoded by SCN5A) mainly mediate the upstroke
stage of action potential (AP) during electrical excitation of myocardial cells. Previous studies have
found that SCN5A mutations are linked with a variety of arrhythmic diseases (Priori et al., 2002;
Lu and Kass, 2010; Neu et al., 2010) [e.g., BrS, long QT syndrome (LQT), and cardiac conduction
disease (CCD)], and loss-of-function mutations in SCN35A are correlated to a variety of conductive
arrhythmia (Tan et al., 2002; Wang et al., 2002) (e.g., bundle branch block and atrioventricular
conduction block). KSD patients may complicate a variety of arrhythmia, and many even escalate
to sudden cardiac death (SCD). The ECG features of KSD patients include complete right bundle
branch block (CRBBB) (52.83%), ST-T changes (13.21%), and left anterior fascicular block (LAFB)
(11.32%). The exact molecular mechanism is still largely obscure. Interestingly, KSD has something
in common with Brugada Syndrome 1 (BrS1). They share several similar ECG features [e.g., ST-T
changes, bundle branch block, and atrial fibrillation (AF)], and BrS1 also has obvious familial and
geographical predisposition (Wong et al., 1992; Nademanee et al., 1997; Alings et al., 1999) as KSD.

Therefore, we hypothesized that SCN54 may be a candidate susceptible gene for KSD
and KSD-related arrythmia. The histidine-558-to-arginine (H558R) polymorphism (dsSNP:
rs1805124) in the SCN5A gene is a widely reported single-nucleotide polymorphism (SNP)
correlated with the modulating electrophysiological properties of myocardial cells (Tan et al.,
2005). Although H558R has been reported to occur in many cardiac disorders, no studies have
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systematically evaluated the prevalence of HS58R in Chinese patients with KSD. Here, we de-
termined the clinical and genetic characteristics of the H558R polymorphism associated with
KSD, which is characterized by CRBBB. The study plays a constructive role in the elucidation
of the molecular mechanism underlying KSD.

METHODS

Clinical subjects

Patients involved in the study were recruited between September 2006 and March 2011
from the KSD-affected area of Northeast China (Qiqihaer, Heilongjiang Province, China), and 80
control subjects from the same region were recruited during the same period. Twenty men and
51 women with KSD, defined according to Diagnostic Criteria of KSD GB17021-1997, China,
were recruited in this study. All subjects were Chinese in origin and the average age was 57.8 +
8.5 years. The lack of manifestation of any cardiac symptom in these patients before migrating to
KSD-affected area was verified by reviewing the data obtained from previous physical examina-
tions. The region-matched control group consisted of 80 subjects with an average age of 59.9 +
9.3 years and who did not meet the below-described criteria of KSD and did not have a history of
hypertension, coronary artery disease, structural heart disease, and other cardiac diseases. All sub-
jects of the region-matched control group were Chinese. Blood pressure and electrocardiography
(ECG) measurements of the subjects in the case and control groups were carried out by the same
group of practitioners. All experimental subjects gave informed consent.

The criteria for diagnosing KSD are 1) resident of a KSD-affected area for at least 6
months; 2) display any one of the following clinical manifestations: a) cardiac enlargement; b)
acute or chronic heart function insufficiency; and c) tachyarrythmia or bradyarrythmia; 3) have
any one of the following laboratory manifestations: a) ECG changes, or arrhythmia (multiple
ventricular extra-systoles, AF, ventricular or supraventricular tachycardia, ECG changes [right or
left bundle branch block, prolonged Q-T, ST-T changes and multiple ventricular extrasystoles]);
b) chest x-ray changes; ¢) ECG changes; d) changes in the cardiac markers involved in myocar-
dial injury, and e) pathological changes; and 4) coronary artery disease, dilated cardiomyopathy,
rheumatic cardiac disease, and some other cardiac diseases could be ruled out (Oster et al., 1990).

The research protocol was approved by the Regional Ethics Committee. The study
protocol conformed to the ethical guidelines of the Declaration of Helsinki 1975 as reflected
in a priori approval by the human research committee of the institution.

Mutation analysis

Two-milliliters of whole blood collected from the AF patients and control subjects were
preserved in vacuum blood collection tubes (BD, Franklin Lakes, NJ, USA) with EDTA-K2 and
stored in -80°C. Primer pairs for PCR were designed via Primer Premier Version 5.0 software,
version 5.0 (PREMIER Biosoft, Palo Alto, CA, USA). Primer pairs (forward: 5'-GGC CTC AGC
AGG ACT TCT AT-3" and reverse: 5'-TGT CTG GCG GGT GCT CTA-3') were designed for
detecting H558R polymorphism in SCN5A. DNA extraction was carried out from 2 ml of fresh
whole blood by using the TITANamp Genomic DNA Kit (TTANGEN, Beijing, China), according
to manufacturer instruction. DNA purity and concentration were determined by electrophoresis
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through an 0.8% agarose gel containing ethidium bromide, followed by visualization under UV
illumination, and measurement of absorbance at 260/280 nm (GeneQuant pro RNA/DNA Cal-
culator; GE Healthcare, Piscataway, NJ, USA). Around 100 ng of genomic DNA was used for
each PCR reaction by PrimeSTAR® HS DNA Polymerase kit (Takara, Otsu, Japan), according to
manufacturer instruction. PCR was performed using GeneAmp® PCR System 9700 (PE Applied
Biosystems, Foster City, CA, USA). Sequence variants in PCR-amplified DNA fragments were
identified by SSCP as follows. For HS58R SSCP analysis, PCR reaction products were diluted
1:3 with loading buffer (95% formamide, 0.05% bromophenol blue, and 0.05% xylene cyanol),
denatured at 99°C for 15 min, and cooled on ice for 5 min. Electrophoresis of the denatured PCR
products was carried out at 2 W at 4°C for 15 h. PCR-SSCP products were visualized by the
standard method of DNA silver staining. One-third of the samples yielding abnormal traces were
selected for further analysis by sequencing (Beijing Genomic Institute, Beijing, China), and the
results of sequencing analysis indicated that the samples randomly selected from each group were
regarded representative of all the samples in the group.

Statistical Analyses

Normal distribution data are reported as means + standard deviation (SD), and the skew-
ness distribution data are reported as median + quartile range (QR). Statistical analyses were
performed using the SPSS software, version 16.0 (SPSS Inc., Chicago, IL, USA). Clinical data
with normal distribution between case and control groups were compared using Student’s 7 test,
and skewness data were compared using Brown-Mood nonparametric chi square test. Genotype
frequencies were compared between the case and control groups by using Fisher’s exact test, and
the allele frequencies were compared using the Chi-square test. Logistic regression was used to
calculate the odds ratios (OR) and 95% confidence intervals (CI) of H558R polymorphism for
KSD, ECG characteristics, and CRBBB in KSD patients. The normality of distribution was as-
sessed using the Kolmogorov-Smirnov test. P < 0.05 was considered to be statistically significant.

RESULTS
Clinical characteristics of KSD cohort

The baseline characteristics of the 71 KSD patients are shown in Table 1. Around
35.2% subjects have ST-T changes and 49.3% have CRBBB in KSD group, and more subjects
showed increased QRS duration in the KSD group compared with the region-matched control
group (P <0.0001).

Statistical analyses

H558R polymorphism in SCN5A is associated with KSD and QRS prolongation in
KSD patients

Genotype frequencies of H558R polymorphism in KSD patients and control subjects
were listed in Table 2 and analyzed for deviation from Hardy-Weinberg equilibrium by using
the chi-square test (P =0.438 for case group and P = 0.546 for control group). We found that at
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least 70 samples were required in the case and control groups with a power of 0.9. Significant
differences were observed both in genotypic distribution of the 2 groups by using Fisher’s
exact test (P = 0.0015) and in allele distribution when applying Chi-square test (P = 0.0164).
HS558R polymorphism TT genotype had a higher frequency in KSD patients (80.0%) than in
the controls (57.5%). Logistic regression analysis showed that TC and CC genotypes (C car-
riers) were significantly associated with the decreased risk for developing KSD (OR = 0.332;
95%CI = 0.160-0.692; P = 0.003) (Table 2). Table 3 presented the genotypic distribution of
two typical ECG characteristics and the arrhythmia-induced CRBBB in the KSD group. The
TC and CC genotypes (C carriers) were significantly associated with the decreased risk of
developing QRS prolongation (OR = 0.089; 95%CI = 0.022-0.364; P =0.001) in KSD patients
by applying logistic regression analysis. However, the H558R polymorphism was not signifi-
cantly associated with the changes in ST-T and CRBBB in KSD patients.

Table 1. Clinical characteristics of Keshan disease patients and regional matched control subjects.

Characteristics Cases (N =71) Controls (N = 80) P
Age (year) 57.8 £8.5" 59.9+£9.3* 0.871¢
Male gender (%) 20 (28.2) 18(22.2) 0.423¢
Smoking (%) 16 (22.5) 24 (29.6) 0.300¢
Alcohol (%) 14 (19.7) 18 (22.2) 0.676¢
Systolic pressure (mmHg) 130.85 + 23.42° 130.40 + 18.85* 0.995¢
Diastolic pressure (mmHg) 83.78 +10.02* 83.48 £9.50° 0.985¢
Heart rate 79.26 + 11.33¢ 78.42 £ 12.67* 0.972¢
PR interval (ms) 160 + 40° 140 +20° 0.10¢
QT interval (ms) 360 + 40° 360 + 80° 0.07¢
QRS duration (ms) 120 + 60° 100 +20° <0.0001¢
QRS prolongation (%) 46 (64.8) 0(0) <0.0001¢
ST-T changes (%) 25(35.2) 0(0) <0.0001¢
CRBBB (%) 35(49.3) 0(0) <0.0001¢

*means + SD; "median + QR; °Student #-Test; ‘chi-square test; “Brown-Mood nonparametric * test.

Table 2. Comparison between H558R genotype frequencies in Keshan disease patients and regional
matched control subjects.

Cases (N =71) Controls (N = 80) OR (95%CI)
T/T 57 (80.3%) 46 (57.5%) 1.0
T/C 11 (15.5%) 32 (40.0%) 0.277 (0.126-0.610)°
Cc/C 3(4.2%) 2(2.5%) 0.807 (0.155-4.189)
C carriers 14 (19.7%) 34 (42.5%) 0.332 (0.160-0.692)°

“Reference group. °P < 0.05.

Table 3. Comparisons of normal ECG and abnormal typical Keshan disease (KSD) ECG characteristics or
CRBBB in KSD patients with respect to genotypes.

Genotype ECG characteristics and CRBBB
QRS prolongation ST-T changes CRBBB
-2 +° OR (95%CI) - +° OR (95%CI) - +° OR (95%CI)
T/T 14 43 1.0° 37 20 1.0° 28 29 1.0°
0.089 1.028 0.724
C carriers 11 3 (0.022-0.364)¢ 9 5 (0.303-3.485) 8 6 (0.223-2.354)

2Cases without the ECG characteristics of QRS prolongation, ST-T changes or CRBBB. "Cases with the ECG
characteristics of QRS prolongation, ST-T changes or CRBBB. “Reference group. ‘P < 0.05.
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DISCUSSION
SCN5A as a candidate gene for KSD

Mutations in SCN5A4 that encodes the a-subunit of voltage-gated sodium channel
have been reported to correlate with a variety of cardiac diseases. Generally, the mutations
in SCN54 can be divided into two categories. Loss-of-function mutations in SCN54 result
in BrS1, idiopathic ventricular fibrillation, progressive familial heart block type 1 (PFHB1),
and congenital sick sinus syndrome, whereas gain-of-function type mutations in SCN54 are
associated with congenital long-QT syndrome type 3 (LQTS3) and familial AF (Makiyama et
al., 2008). The ECG characteristics of loss-of-function mutation-related cardiac diseases, such
as BrS1 and PFHBI, include right bundle branch block (RBBB), CRBBB, and ST-T changes,
etc. (Brugada et al., 1992; Gussak et al., 1999; Akai et al., 2000; Kyndt et al., 2001; Olson
et al., 2005; Hedley et al., 2009; Amin et al., 2010). Interestingly, they are in accordance
with the ECG characteristics of KSD, such as bundle branch block, especially CRBBB, and
ST elevation as BrS1. Conclusively, these previous studies raised the possibility that mutations
in SCN5A4 could cause KSD and arrhythmia in KSD patients.

Biological effect of the HS58R polymorphism in KSD patients

To the best of our knowledge, this is the first report about the SNP H558R in KSD
patients, which could be found both in the KSD group and the region-matched control group
(Viswanathan et al., 2003; Ye et al., 2003; Poelzing et al., 2006; Gui et al., 2010). The pres-
ent study hypothesized that the H558R polymorphism of the SCN5A4 gene was a predispos-
ing factor for KSD. An increased frequency of the TT genotype and a decrease in the TC and
CC genotypes were observed in the KSD group compared with the region-matched control
group. Logistic regression analysis revealed that the TT genotype was significantly associat-
ed with the increased risk for developing KSD and the increased risk for QRS prolongation,
a typical KSD ECG characteristic, in KSD patients. These results indicated that the genetic
susceptibility of an individual to KSD was affected by the specific variant of SCN54, and
that H558R could increase the incidence of QRS prolongation in KSD patients.

In our study, CRBBB was the only complicated arrhythmia noted in the subjects
with KSD. We assessed the association between the complicated arrhythmia CRBBB in
these patients and H558R genotypes by using the chi-square test; however, we found no
discriminations (P =0.5907). Logistic regression analysis revealed no association between
CRBBB and H558R. Moreover, these patients had no cardiac manifestation before migrating
to the KSD-affected areas. Thus, our results suggested that the occurrence of complicated
arrhythmia CRBBB in KSD patients did not correlate with the distinct genotypes of H558R,
and CRBBB was not a confounding factor in the assessment of the relationship between QRS
prolongation and H558R.

The possible association between the H558R polymorphism in SCN54 and KSD
could be explained in view of cardiac channelopathy. As described earlier, conductive
arrhythmia such as atrial-ventricular conduction block and bundle branch block are
reported to be associated with loss-of-function mutations in SCN5A4. For example, bundle
branch block characterized by prolongation of QRS duration in PFHB1 and BrS1 patients
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has been shown to be associated with the downregulation of the function of cardiac
sodium channel caused by mutations in SCN54 (Tan et al., 2002; Wang et al., 2002).
HS558R, which is located in the intracytoplasmic linker connecting the first and second
domains of the sodium channel, is one of the most common polymorphisms in SCN5A. Its
functional significance in modulating the concomitant mutated SCN54-induced change
in ion channel property has been shown in previous studies. For example, H558R can
upregulate the functions of cardiac sodium channels with loss-of-function mutations, such
as R282H (Poelzing et al., 2006) and D1275N (Gui et al., 2010). When the two mutants
were coexpressed in human embryonic kidney cells (HEK293) with R558, significantly
greater currents were produced than those produced by coexpressing the mutants with
H558R. Therefore, some loss-of-function mutations in SCN54 or some other genes
might bring about bundle branch block characterized by QRS prolongation; however,
the accompanying SNP H558R could upregulate the electrophysiological property of the
sodium channel to counterbalance the influences caused by loss-of-function mutations.

In conclusion, this study provided some evidence for the role of H558R polymor-
phism of the SCN5A4 gene in reducing the susceptibility to KSD. Further investigations
about the molecular mechanism of KSD, as well as prospective and clinical studies, need
to be confirmed.

ACKNOWLEDGMENTS

Research supported by the Chinese National Natural Science Fund (#30771863 and
#81172616), the Heilongjiang Provincial Natural Science Foundation (#D2005-29), the Heilongji-
ang Provincial Health Department Science Project Foundation (#2006-272), and the Harbin Tech-
nology Department Excellent Academic Pacesetter Foundation (#RC2008XK004039), awarded to
Dr. T Wang who is a Senior Research Scholar at the Center for Endemic Diseases Control.

REFERENCES

Akai J, Makita N, Sakurada H, Shirai N, et al. (2000). A novel SCN5A mutation associated with idiopathic ventricular
fibrillation without typical ECG findings of Brugada syndrome. FEBS Lett. 479: 29-34.

Alings M and Wilde A (1999). “Brugada” syndrome: clinical data and suggested pathophysiological mechanism.
Circulation 99: 666-673.

Amin AS, Tan HL and Wilde AA (2010). Cardiac ion channels in health and disease. Heart Rhythm. 7: 117-126.

Bellinger FP, Raman AV, Reeves MA and Berry MJ (2009). Regulation and function of selenoproteins in human disease.
Biochem. J. 422: 11-22.

Brugada P and Brugada J (1992). Right bundle branch block, persistent ST segment elevation and sudden cardiac death:
a distinct clinical and electrocardiographic syndrome. A multicenter report. J. Am. Coll. Cardiol. 20: 1391-1396.

Flores-Mateo G, Navas-Acien A, Pastor-Barriuso R and Guallar E (2006). Selenium and coronary heart disease: a meta-
analysis. Am. J. Clin. Nutr. 84: 762-773.

Gui J, Wang T, Trump D, Zimmer T, et al. (2010). Mutation-specific effects of polymorphism H558R in SCN5A-related
sick sinus syndrome. J. Cardiovasc. Electrophysiol. 21: 564-573.

Gussak I, Antzelevitch C, Bjerregaard P, Towbin JA, et al. (1999). The Brugada syndrome: clinical, electrophysiologic
and genetic aspects. J. Am. Coll. Cardiol. 33: 5-15.

Hedley PL, Jorgensen P, Schlamowitz S, Moolman-Smook J, et al. (2009). The genetic basis of Brugada syndrome: a
mutation update. Hum. Mutat. 30: 1256-1266.

Kyndt F, Probst V, Potet F, Demolombe S, et al. (2001). Novel SCN5A mutation leading either to isolated cardiac
conduction defect or Brugada syndrome in a large French family. Circulation 104: 3081-3086.

Li C, Niu X and Lei C (2009). Circulating adhesion molecules in patients with Keshan disease and their relationship with

Genetics and Molecular Research 13 (3): 6569-6576 (2014) ©FUNPEC-RP www.funpecrp.com.br



S. Jiang et al. 6576

Coxsackie B virus infection. J Huazhong. Univ. Sci. Technolog. Med. Sci. 29: 173-176.

Lu JT and Kass RS (2010). Recent progress in congenital long QT syndrome. Curr. Opin. Cardiol. 25: 216-221.

Makiyama T, Akao M, Shizuta S, Doi T, et al. (2008). A novel SCN5A gain-of-function mutation M1875T associated with
familial atrial fibrillation. J. Am. Coll. Cardiol. 52: 1326-1334.

Nademanee K, Veerakul G, Nimmannit S, Chaowakul V, et al. (1997). Arrthythmogenic marker for the sudden unexplained
death syndrome in Thai men. Circulation 96: 2595-2600.

Neu A, Eiselt M, Paul M, Sauter K, et al. (2010). A homozygous SCNSA mutation in a severe, recessive type of cardiac
conduction disease. Hum. Mutat. 31: E1609-E1621.

Olson TM, Michels VV, Ballew JD, Reyna SP, et al. (2005). Sodium channel mutations and susceptibility to heart failure
and atrial fibrillation. JAMA 293: 447-454.

Oster O and Prellwitz W (1990). Selenium and cardiovascular disease. Biol. Trace Elem. Res. 24: 91-103.

Poelzing S, Forleo C, Samodell M, Dudash L, et al. (2006). SCNSA polymorphism restores trafficking of a Brugada
syndrome mutation on a separate gene. Circulation 114: 368-376.

Priori SG, Napolitano C, Gasparini M, Pappone C, et al. (2002). Natural history of Brugada syndrome: insights for risk
stratification and management. Circulation 105: 1342-1347.

Ren LQ, Li XJ, Li GS, Zhao ZT, et al. (2004). Coxsackievirus B3 infection and its mutation in Keshan disease. World J.
Gastroenterol. 10: 3299-3302.

Tan BH, Valdivia CR, Rok BA, Ye B, etal. (2005). Common human SCN5A polymorphisms have altered electrophysiology
when expressed in Q1077 splice variants. Heart Rhythm. 2: 741-747.

Tan HL, Kupershmidt S, Zhang R, Stepanovic S, et al. (2002). A calcium sensor in the sodium channel modulates cardiac
excitability. Nature 415: 442-447.

Viswanathan PC, Benson DW and Balser JR (2003). A common SCN5A polymorphism modulates the biophysical effects
of an SCN5A mutation. J. Clin. Invest. 111: 341-346.

Wang DW, Viswanathan PC, Balser JR, George AL, Jr., et al. (2002). Clinical, genetic, and biophysical characterization
of SCN5A mutations associated with atrioventricular conduction block. Circulation 105: 341-346.

Wei HL, Pei JR, Jiang CX, Zhou LW, et al. (2011). Analysis of glutathione peroxidase 1 gene polymorphism and Keshan
disease in Heilongjiang Province, China. Genet. Mol. Res. 10: 2996-3001.

Wong ML, Ong CN, Tan TC, Phua KH, et al. (1992). Sudden unexplained death syndrome. A review and update. Trop.
Geogr. Med. 44: S1-19.

Ye B, Valdivia CR, Ackerman MJ and Makielski JC (2003). A common human SCN5A polymorphism modifies expression
of an arrhythmia causing mutation. Physiol. Genomics. 12: 187-193.

Genetics and Molecular Research 13 (3): 6569-6576 (2014) ©FUNPEC-RP www.funpecrp.com.br



