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Abstract

Objectives

Recently, somatic mutations in KCNJ5, ATP1A1, ATP2B3, and CACNA1D genes were

found to be associated with the pathogenesis of aldosterone-producing adenoma (APA).

This study aimed to investigate the prevalence of somatic mutations in KCNJ5, ATP1A1,
ATP2B3, and CACNA1D and examine the correlations between these mutations and the

clinical and biochemical characteristics in Korean patients with APA.

Methods

We performed targeted gene sequencing in 66 patients with APA to detect somatic muta-

tions in these genes.

Results

Somatic KCNJ5mutations were found in 47 (71.2%) of the 66 patients with APA (31 cases

of p.G151R and 16 cases of p.L168R); these two mutations were mutually exclusive.

Somatic mutations in the ATP1A1, ATP2B3, and CACNA1D genes were not observed.

Somatic KCNJ5mutations were more prevalent in female patients (66% versus 36.8%,

respectively; P = 0.030). Moreover, patients with KCNJ5mutations comprised a significantly

higher proportion of patients younger than 35 years of age (19.1% versus 0%, respectively;

P = 0.040). There were no significant differences in pre-operative blood pressure, plasma

aldosterone, serum potassium, lateralization index, and adenoma size according to muta-

tional status. Patients with KCNJ5mutations were less likely to need antihypertensive medi-

cations after adrenalectomy compared with those without mutation (36.2% versus 63.2%; P
= 0.045).
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Conclusions

The present study demonstrated the high prevalence of somatic KCNJ5mutations in

Korean patients with APA. Carriers of somatic KCNJ5mutations were more likely to be

female. Early diagnosis and better therapeutic outcomes were associated with somatic

KCNJ5mutations in APA.

Introduction
Primary aldosteronism (PA) is the most common cause of secondary hypertension and
accounts for 10% or more of hypertension cases. PA is also associated with a high prevalence of
cardiovascular events and target organ damage [1, 2]. However, the molecular mechanisms of
PA are not completely understood.

Mutations in the KCNJ5 gene, which encodes G-protein-activated inward-rectifying K+

channel 4, cause familial hyperaldosteronism type III and sporadic aldosterone-producing ade-
noma (APA) [3, 4]. These mutations are located near or within the selective filter of the K+

channel, resulting in increased Na+ conductance through loss of ion selective permeability [5].
Subsequent cell membrane depolarization activates voltage-gated Ca2+ channels, thereby stim-
ulating the expression of the CYP11B2 gene, which encodes aldosterone synthase [6].

The prevalence of KCNJ5mutations in sporadic APA varies depending on ethnicity. In Cau-
casians, KCNJ5mutations are found in approximately 40% of patients, whereas in Eastern
Asians, about 70% of APA patients carry this mutation [7, 8]. Intriguingly, somatic KCNJ5
mutations are more prevalent in female patients with APA [7, 9]. Some studies have also
reported more severe phenotypes of APA, including younger age at diagnosis, higher plasma
aldosterone, and lower serum potassium levels, in patients with somatic mutations in KCNJ5
[10–12].

Recently, somatic mutations in the ATP1A1 gene (which encodes Na+K+-ATPase), the
ATP2B3 gene (which encodes Ca2+-ATPase), and the CACNA1AD gene (which encodes the
voltage-gated Ca2+ channel, L type) were also detected in patients with sporadic APA. How-
ever, the clinical implications of these mutations remain unknown. Moreover, no previous
studies have investigated somatic mutations in Korean individuals with APA.

Therefore, in this study, we aimed to explore the prevalence of somatic mutations in KCNJ5,
ATP1A1, ATP2B3, and CACNA1AD in Korean patients with sporadic APA and to evaluate the
clinical and biochemical characteristics associated with these mutations.

Materials and Methods

Patients
The study was approved by the Institutional Review Board of Seoul National University Hospi-
tal (SNUH) and was conducted according to the Declaration of Helsinki. All subjects enrolled
in this study were Korean and gave written informed consent.

Patients with APA who underwent unilateral adrenalectomy between January 2004 and
October 2014 were recruited at SNUH. PA was diagnosed in accordance with the current
Endocrine Society Guideline [13]. A final diagnosis of APA was considered when all of the fol-
lowing criteria were satisfied: 1) histological identification of adenoma; 2) normalization of
hypokalemia, if present; 3) cure or improvement of hypertension; 4) normalization of the aldo-
sterone to renin ratio; and 5) suppression of aldosterone under saline infusion [14]. We initially
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recruited 90 patients with APA whose formalin-fixed, paraffin-embedded (FFPE) tissue sam-
ples were stored. We excluded eight patients because of insufficient FFPE samples and 16
patients due to inadequate quality of DNA for comprehensive mutational analysis. Thus, the
present analysis was performed in a total of 66 patients with APA.

Clinical and biochemical parameters
We collected information on clinical and biochemical parameters, such as age at diagnosis,
body mass index (BMI), gender, systolic/diastolic blood pressure, antihypertensive medica-
tions, plasma aldosterone, plasma renin activity, serum potassium, glomerular filtration rate,
lateralization index at adrenal vein sampling (AVS), and adenoma size by retrieving data from
medical records. Postoperative blood pressure and biochemical parameters were measured at 3
months after the operation. Plasma aldosterone concentrations were measured by RIA using
the SPAC-S aldosterone kit (TFB, Inc.). The intra- and interassay coefficients of variation
(CVs) were 4.7% and 4.5%, respectively. Plasma renin activity was measured using the Renin
RIA beads (TFB, Inc., Tokyo, Japan) before 2011 and using a PRA RIA kit (TFB, Inc.) since
2011. The intra- and interassay CVs were 3.8% and 6.7%, respectively. Measurement of ade-
noma size was based on pathological tissue specimens.

DNA isolation, amplification, and sequencing of the KCNJ5, ATP1A1,
ATP2B3, and CACNA1D genes
Genomic DNA was extracted from 10-μm-thick sections of 10% neutral FFPE adenoma tissue
samples using a QIAamp DNAMini Kit (Qiagen, Hilden, Germany).

Targeted gene sequencing was performed as previously described [15]. Ten nanograms of
DNA was used for multiplex PCR of covered coding regions in the KCNJ5, ATP1A1,
ATP2B3, and CACNA1D genes (Ion AmpliSeq panel; Life Technologies, Grand Island, NY,
USA). Fragment libraries were constructed by DNA fragmentation, barcode and adaptor
ligation, and library amplification using an Ion DNA Barcoding kit (Life Technologies)
according to the manufacturer’s instructions. The size distribution of the DNA fragments
was analyzed on an Agilent Bioanalyzer using a High Sensitivity Kit (Agilent, Santa Clara,
CA, USA). Template preparation, emulsion PCR, and ion sphere particle (ISP) enrichment
were performed using an Ion Xpress Template kit (Life Technologies) according to the man-
ufacturer’s instructions. The ISPs were loaded onto a P1 chip and sequenced using an Ion P1
sequencing kit (Life Technologies).

Bioinformatic analysis
After successful sequencing, the raw data were processed using Ion Torrent platform-specific
pipeline software (Torrent Suite v4.4). The pipeline was used to generate sequence leads filtered
based on this software quality control, and to remove poor signal reads. Reads assembling and
variant calling were performed using Torrent Suite with a plug-in program (variant caller
v4.4). For downstream analysis, variants with minimum coverage of 500 reads containing at
least 5% of mutant reads were selected. Variant calls were further analyzed using internally
developed software that allowed variant filtering and annotation using refGene in UCSC, COS-
MIC v.67, dbSNP build 138, and ExAC. The in silico prediction algorithms SIFT, PolyPhen-2,
Mutation Taster, and PROVEAN were used to predict potential deterioration on protein func-
tion. To minimize false positives, variants were finally filtered with a normal population variant
database, the Korean Personal Genomes Project (http://opengenome.net/)[16].
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Statistical analysis
Data are expressed as the mean ± standard deviation (SD), median (25th and 75th percentiles),
or n (%). Normally distributed continuous variables were analyzed using t-tests, and skewed
variables were analyzed using Mann-Whitney tests. Categorical variables were compared with
chi-square tests. All statistical analyses were performed using PASW SPSS for Windows (Ver-
sion 21, SPSS Inc., Chicago, IL, USA). P values of less than 0.05 were considered statistically
significant.

Results
Somatic KCNJ5mutations were found in 47 (71.2%) patients (Table 1). In patients with
KCNJ5mutations, p.G151R (c.451G>A or c.415G>C) and p.L168R (c.503T>G) substitutions
accounted for 66.0% (31/47) and 34.0% (16/47), respectively. The two mutations were mutu-
ally exclusive; therefore, each patient with a somatic KCNJ5mutation had either p.G151R or
p.L168R. Of the 31 cases with p.G151R, 21 carried c.451G>A, and the remaining 10 carried
c.451G>C. Somatic mutations in ATP1A1, ATP2B3, and CACNA1D were not found in the
present study.

The correlations between pre-operative clinical and biochemical parameters and KCNJ5
mutational status are summarized in Table 2. A higher proportion of patients with somatic
KCNJ5mutations was female (66% versus 36.8%, respectively; P = 0.030). Age at diagnosis of
APA was similar in patients with and without KCNJ5mutations; however, patients with
KCNJ5mutations comprised a significantly higher proportion of patients younger than 35
years of age (19.1% versus 0%, respectively; P = 0.040). BMI was lower in patients with KCNJ5
mutations, which may be attributed to the female predominance in patients with KCNJ5muta-
tions. There were no significant differences in baseline blood pressure, number of antihyper-
tensive medications, glomerular filtration rate, and localization of adenoma between patients
with and without KCNJ5mutations. Pre-operative serum potassium, plasma aldosterone level,
aldosterone to renin ratio, lateralization index at AVS, and adenoma size were similar between
the two groups. When the clinical and biochemical characteristics of APA were compared
between patients with and without somatic KCNJ5mutations after adjusting for age, gender,
and BMI by analysis of covariance (ANCOVA), no significant differences were observed
between the two groups.

We further explored the response to adrenalectomy according to mutational status
(Table 3). No associations were observed between KCNJ5mutations and postoperative serum
potassium, plasma aldosterone level, and blood pressure. However, the proportion of patients
taking antihypertensive medications after adrenalectomy was significantly lower in patients
with KCNJ5mutation (36.2% versus 63.2%, respectively; P = 0.045).

We performed in silico analysis using SIFT, PolyPhen-2, Mutation Taster, and PROVEAN
algorithms to predict potential changes in protein function. When the SIFT algorithm was
used, p.G151R and p.L168R mutations were predicted to affect protein function, with scores of
0 and 0.001, respectively, indicating that the mutations were damaging. Both p.G151R and p.
L168R mutations were predicted as probably damaging using PolyPhen-2, disease causing
using Mutation Taster, and damaging by PROVEAN. There were no significant differences in
clinical or biochemical characteristics between patients with p.G151R and p.L168R mutations.

Discussion
The present study is the first to investigate somatic mutations in the KCNJ5, ATP1A1, ATP2B3,
and CACNA1AD genes in Korean patients with APA. In this study, 71.2% of patients had
somatic KCNJ5mutations; this high prevalence of KCNJ5mutations is consistent with previous
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reports from two Japanese populations, two Chinese populations, and one Taiwanese popula-
tion in which KCNJ5mutations were present in 65%, 69%, 77%, 75.4%, and 59.5% of patients,
respectively [4, 12, 17–19]. On the other hand, the overall prevalence of KCNJ5mutations in
Caucasians is approximately 40%. It is unclear why the prevalence of somatic KCNJ5mutations

Table 1. Prevalence of somaticKCNJ5mutation across different countries.

City (Country) Number of
APA

KCNJ5 mutated, n
(%)

G151R
(%)

L168R
(%)

Other mutations Reference

Seoul (Korea) 66 47 (71.2) 66.0 34.0 - Our study

Maebashi (Japan) 23 15 (65.0) 80.0 20.0 - 4

Yokohama (Japan) 108 75 (69.4) 60.5 39.5 T158A (n = 1), E145Q (n = 2) 17

Shanghai (China) 168 129 (76.8) 51.9 46.5 T158A (n = 1), T148-T149insR
(n = 1)

12

Beijing (China) 114 86 (75.4) 50.0 45.3 T158A (n = 2) 19

Taipei (Taiwan) 148 91 (61.5) 49.5 45.1 T158A (n = 1), I157del (n = 1) 18

Paris (France) 199 74 (37.2) 62.2 37.8 - 9

München (Germany) 93 32 (34.4) 56.3 43.7 - 9

Berlin (Germany) 23 11 (47.8) 45.5 54.5 - 9

Torino (Italy) 73 29 (39.7) 65.5 27.6 T158A (n = 1), W126R (n = 1) 9

Padova A (Italy) 37 14 (37.8) 57.1 42.9 - 9

Padova B (Italy) 66 15 (22.7) 66.7 33.3 - 10

Padova C (Italy) 37 14 (37.8) 57.1 42.9 - 10

Rome (Italy) 43 6 (14.0) 33.3 66.7 - 10

Cambridge (United
Kingdom)

46 20 (43.5) 55.0 40.0 I157del (n = 1) 18

APA, aldosterone-producing adenoma.

doi:10.1371/journal.pone.0147590.t001

Table 2. The correlation between somaticKCNJ5mutational status and preoperative clinical and biochemical parameters.

Variable KCNJ5 wild-type APA (n = 19) KCNJ5 mutated APA (n = 47) P Adjusted P*

Age at diagnosis (years) 48.5 ± 9.6 46.6 ± 12.7 0.562 -

Age at diagnosis <35 years, n (%) 0 (0.0) 9 (19.1) 0.040 -

Female, n (%) 7 (36.8) 31 (66.0) 0.030 -

Body mass index (kg/m2) 26.2 ± 3.4 23.6 ± 3.3 0.007 -

SBP (mmHg) 152 ± 13 145 ± 18 0.150 0.264

DBP (mmHg) 95 ± 8 93 ± 15 0.632 0.844

Preoperative number of anti-hypertensive medications 3 (1, 4) 2 (1, 3) 0.105 0.389

Glomerular filtration rate (mL/min/1.73m2) 80.0 ± 23.4 89.3 ± 28.3 0.221 0.821

Preoperative lowest serum potassium level (mmol/L) 2.9 (2.6, 3.0) 2.8 (2.5, 3.1) 0.842 0.877

Preoperative PAC (ng/dL) 48.2 (33.0, 55.2) 41.3 (31.7, 52.5) 0.395 0.607

Preoperative PRA (ng/mL�hr) 0.10 (0.10, 0.10) 0.10 (0.10, 0.19) 0.352 0.358

Preoperative ARR (ng/dL)/(ng/mL�hr) 432 (271, 536) 358 (182, 489) 0.315 0.407

Lateralization index at adrenal vein sampling 16.6 (5.2, 25.2) 21.4 (9.4, 38.7) 0.169 0.249

Largest tumor size (cm) 1.8 (1.2, 2.1) 1.5 (1.2, 2.0) 0.793 0.462

Data are presented as mean ± SD, median (25th, 75th), or n (%).

SBP, systolic blood pressure; DBP, diastolic blood pressure; PAC, plasma aldosterone concentration; PRA, plasma renin activity; ARR, aldosterone to

renin ratio.

* P values were calculated after adjusting for age, gender, and body mass index.

doi:10.1371/journal.pone.0147590.t002
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are higher in Asian countries than elsewhere; however, this may be attributed to the increased
prevalence of PA and dietary habits, particularly higher sodium intake, in Asian populations
[4, 20]. Somatic mutations in the ATP1A1, ATP2B3, and CACNA1D genes were not observed
in the present study.

Somatic mutations in KCNJ5 were more common in female than in male patient in our
patient population, consistent with the results of previous studies [6, 9, 10, 21–23]. Interest-
ingly, this female predominance of somatic KCNJ5mutation has been consistently reported
not only in Caucasians but also in Eastern Asians [12, 17]. The underlying mechanisms medi-
ating this gender difference in KCNJ5mutations are still unknown. However, evaluation of the
KCNK3-/- mice model may provide insights into these mechanisms. For example, only female
KCNK3-/- mice exhibited hyperaldosteronism, and testosterone-treated KCNK3-/- females
showed normal aldosterone levels, implying an androgen-protective effect in male mice [6]. In
addition, our study showed that patients with somatic mutations in KCNJ5 were likely to be
diagnosed earlier than those without mutations. The association between KCNJ5mutations
and younger age at diagnosis has been observed in some previous reports, but not in all studies
[4, 10]. The present study supported the possible association between the presence of somatic
KCNJ5mutations and early detection of hyperaldosteronism because of a more severe APA
phenotype.

We did not observe correlations between KCNJ5mutations and adenoma size or disease
severity factors, such as lower serum potassium or higher plasma aldosterone level. More severe
phenotypes of APA have been observed in patients with KCNJ5mutations in some studies [10,
12, 24] but not in others [3, 4, 23]. In addition, patients harboring KCNJ5mutations were
found to have higher lateralization indexes at AVS in a previous report [25]; however, this asso-
ciation was not observed in our current study. In a recently published meta-analysis from 1636
patients with APA, larger tumor size and higher plasma aldosterone levels were associated with
somatic KCNJ5mutations, but serum potassium and blood pressure levels showed no signifi-
cant association with KCNJ5mutation [20]. The potential association between KCNJ5muta-
tions and disease severity remains to be clarified.

Interestingly, somatic mutations in KCNJ5 were also associated with postoperative treat-
ment for blood pressure in the present study, similar to results in the Taiwanese population
[18]. However, serum potassium and aldosterone levels were similar, regardless of the presence
of KCNJ5mutations. Although there has been no consensus on the correlation between
somatic KCNJ5mutations and postoperative response, early diagnosis in patients with KCNJ5
mutations may reduce the disease duration and decrease irreversible cardiovascular changes.

Table 3. The correlation between somaticKCNJ5mutational status and postoperative clinical and biochemical parameters.

Variable KCNJ5 wild-type APA (n = 19) KCNJ5 mutated APA (n = 47) P

Postoperative SBP (mmHg) 131 ± 15 129 ± 14 0.542

Postoperative DBP (mmHg) 85 ± 12 84 ± 11 0.985

Postoperative serum potassium level (mmol/L) 4.5 (4.2, 5.1) 4.5 (4.3, 4.8) 0.758

Postoperative PAC (ng/dL) 9.0 (6.8, 15.9) 11.7 (7.3, 15.5) 0.530

Postoperative PRA (ng/mL�hr) 1.38 (0.30, 2.34) 1.00 (0.50, 3.17) 0.867

Postoperative ARR (ng/dL)/(ng/mL�hr) 6.9 (4.2, 25.9) 8.8 (4.3, 20.2) 0.874

Postoperative number of patients taking anti-hypertensive medications 12 (63.2) 17 (36.2) 0.045

Data are presented as mean ± SD, median (25th, 75th), or n (%).

SBP, systolic blood pressure; DBP, diastolic blood pressure; PAC, plasma aldosterone concentration; PRA, plasma renin activity; ARR, aldosterone to

renin ratio.

doi:10.1371/journal.pone.0147590.t003
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There were no somatic mutations in the ATP1A1, ATP2B3, and CACNA1D genes in our
study. These mutations are responsible for increases in aldosterone production via activation
of the Ca2+ signaling pathway and have been considered to be exclusive of KCNJ5mutations
[23, 26]. In studies in Caucasians, these mutations have been shown to be present in less than
10% of patients with APA [9, 23]. In two Chinese populations and one Taiwanese population,
the prevalence rates of ATP1A1, ATP2B3, and CACNA1Dmutations were lower than in Cauca-
sians, approximately less than 2%, respectively [12, 18, 19]. Although the precise mechanisms
underlying the differences in the prevalence rates of the ATP1A1, ATP2B3, and CACNA1D
mutations are unclear, ethnic factors as well as the small sample size may be related to the low
prevalence of somatic mutations in these genes in the present study.

The present study has several limitations. First, this study was conducted with samples col-
lected at a single tertiary referral center; hence, the sample size was not large enough to repre-
sent the entire population of Korean patients with APA. Because of the small sample size and
lack of correlations between the KCNJ5mutation and disease-specific parameters related to
APA except management of hypertension, we could not strongly recommend early diagnosis
of APA based on the KCNJ5mutation status. Additionally, we did not evaluate germline
KCNJ5mutations. Although the association with APA and the presence of somatic KCNJ5
mutation has been consistently reported worldwide, germline KCNJ5mutations have been
observed in approximately 6% of patients with sporadic APA [8]. Therefore, even though sam-
ple size was small, we could not rule out the possibility of germline mutation in the KCNJ5
gene in the present study.

In summary, in this report, we presented the first Korean study of somatic mutations in
patients with APA. We observed a high prevalence of somatic KCNJ5mutations in patients
with APA; however, there were no somatic mutations in the ATP1A1, ATP2B3, and CACNA1D
genes. Somatic KCNJ5mutations were more common in female and patients diagnosed at a
younger age. Additionally, KCNJ5mutations were associated with better outcomes in postoper-
ative blood pressure in our patient population. We anticipate that the results of this study may
guide future mutational studies of APA in Korean patients.

Acknowledgments
We thank to Seung-Youn Lee from the TheregenEtex Bio Institute (Suwon, Republic of Korea)
for collaboration.

Author Contributions
Conceived and designed the experiments: SYK SWK JHK ARH. Performed the experiments:
SYK SWK JHK ARH. Analyzed the data: SYK SWK JHK ARH. Contributed reagents/materi-
als/analysis tools: SYK SWK JHK ARH. Wrote the paper: ARH JHK. Contributed the review
and interpretation of the results: ARH JHK YSS KEL SHS MWS CSS SWK SYK.

References
1. Rossi GP. A comprehensive review of the clinical aspects of primary aldosteronism. Nature reviews

Endocrinology. 2011; 7(8):485–95. Epub 2011/05/26. doi: 10.1038/nrendo.2011.76 PMID: 21610687.

2. Fallo F, Veglio F, Bertello C, Sonino N, Della Mea P, Ermani M, et al. Prevalence and characteristics of
the metabolic syndrome in primary aldosteronism. The Journal of clinical endocrinology and metabo-
lism. 2006; 91(2):454–9. Epub 2005/11/18. doi: 10.1210/jc.2005-1733 PMID: 16291704.

3. Choi M, Scholl UI, Yue P, Bjorklund P, Zhao B, Nelson-Williams C, et al. K+ channel mutations in adre-
nal aldosterone-producing adenomas and hereditary hypertension. Science (New York, NY). 2011;
331(6018):768–72. Epub 2011/02/12. doi: 10.1126/science.1198785 PMID: 21311022; PubMed Cen-
tral PMCID: PMCPmc3371087.

Somatic Mutations in Korean APAs

PLOSONE | DOI:10.1371/journal.pone.0147590 January 25, 2016 7 / 9

http://dx.doi.org/10.1038/nrendo.2011.76
http://www.ncbi.nlm.nih.gov/pubmed/21610687
http://dx.doi.org/10.1210/jc.2005-1733
http://www.ncbi.nlm.nih.gov/pubmed/16291704
http://dx.doi.org/10.1126/science.1198785
http://www.ncbi.nlm.nih.gov/pubmed/21311022


4. Taguchi R, Yamada M, Nakajima Y, Satoh T, Hashimoto K, Shibusawa N, et al. Expression and muta-
tions of KCNJ5 mRNA in Japanese patients with aldosterone-producing adenomas. The Journal of clin-
ical endocrinology and metabolism. 2012; 97(4):1311–9. Epub 2012/01/27. doi: 10.1210/jc.2011-2885
PMID: 22278422.

5. Oki K, Plonczynski MW, Luis LamM, Gomez-Sanchez EP, Gomez-Sanchez CE. Potassium channel
mutant KCNJ5 T158A expression in HAC-15 cells increases aldosterone synthesis. Endocrinology.
2012; 153(4):1774–82. Epub 2012/02/09. doi: 10.1210/en.2011-1733 PMID: 22315453; PubMed Cen-
tral PMCID: PMCPmc3320257.

6. Gomez-Sanchez CE, Oki K. Minireview: potassium channels and aldosterone dysregulation: is primary
aldosteronism a potassium channelopathy? Endocrinology. 2014; 155(1):47–55. Epub 2013/11/20.
doi: 10.1210/en.2013-1733 PMID: 24248457.

7. Mulatero P, Monticone S, RaineyWE, Veglio F, Williams TA. Role of KCNJ5 in familial and sporadic pri-
mary aldosteronism. Nature reviews Endocrinology. 2013; 9(2):104–12. Epub 2012/12/12. doi: 10.
1038/nrendo.2012.230 PMID: 23229280.

8. Williams TA, Monticone S, Mulatero P. KCNJ5 mutations are the most frequent genetic alteration in pri-
mary aldosteronism. Hypertension. 2015; 65(3):507–9. Epub 2015/01/28. doi: 10.1161/
hypertensionaha.114.04636 PMID: 25624337.

9. Fernandes-Rosa FL, Williams TA, Riester A, Steichen O, Beuschlein F, Boulkroun S, et al. Genetic
spectrum and clinical correlates of somatic mutations in aldosterone-producing adenoma. Hyperten-
sion. 2014; 64(2):354–61. Epub 2014/05/29. doi: 10.1161/hypertensionaha.114.03419 PMID:
24866132.

10. Boulkroun S, Beuschlein F, Rossi GP, Golib-Dzib JF, Fischer E, Amar L, et al. Prevalence, clinical, and
molecular correlates of KCNJ5 mutations in primary aldosteronism. Hypertension. 2012; 59(3):592–8.
Epub 2012/01/26. doi: 10.1161/hypertensionaha.111.186478 PMID: 22275527.

11. Monticone S, Hattangady NG, Nishimoto K, Mantero F, Rubin B, Cicala MV, et al. Effect of KCNJ5
mutations on gene expression in aldosterone-producing adenomas and adrenocortical cells. The Jour-
nal of clinical endocrinology and metabolism. 2012; 97(8):E1567–72. Epub 2012/05/26. doi: 10.1210/
jc.2011-3132 PMID: 22628608; PubMed Central PMCID: PMCPmc3410264.

12. Zheng FF, Zhu LM, Nie AF, Li XY, Lin JR, Zhang K, et al. Clinical characteristics of somatic mutations in
Chinese patients with aldosterone-producing adenoma. Hypertension. 2015; 65(3):622–8. Epub 2015/
01/28. doi: 10.1161/hypertensionaha.114.03346 PMID: 25624344.

13. Funder JW, Carey RM, Fardella C, Gomez-Sanchez CE, Mantero F, Stowasser M, et al. Case detec-
tion, diagnosis, and treatment of patients with primary aldosteronism: an endocrine society clinical prac-
tice guideline. The Journal of clinical endocrinology and metabolism. 2008; 93(9):3266–81. Epub 2008/
06/17. doi: 10.1210/jc.2008-0104 PMID: 18552288.

14. Mulatero P, Bertello C, Verhovez A, Rossato D, Giraudo G, Mengozzi G, et al. Differential diagnosis of
primary aldosteronism subtypes. Current hypertension reports. 2009; 11(3):217–23. Epub 2009/05/16.
PMID: 19442332.

15. Han JY, Kim SH, Lee YS, Lee SY, Hwang JA, Kim JY, et al. Comparison of targeted next-generation
sequencing with conventional sequencing for predicting the responsiveness to epidermal growth factor
receptor-tyrosine kinase inhibitor (EGFR-TKI) therapy in never-smokers with lung adenocarcinoma.
Lung cancer (Amsterdam, Netherlands). 2014; 85(2):161–7. Epub 2014/05/27. doi: 10.1016/j.lungcan.
2014.04.009 PMID: 24857785.

16. ZhangW, Meehan J, Su Z, Ng HW, Shu M, Luo H, et al. Whole genome sequencing of 35 individuals
provides insights into the genetic architecture of Korean population. BMC bioinformatics. 2014; 15
Suppl 11:S6. doi: 10.1186/1471-2105-15-S11-S6 PMID: 25350283; PubMed Central PMCID:
PMC4251052.

17. Kitamoto T, Suematsu S, Matsuzawa Y, Saito J, Omura M, Nishikawa T. Comparison of cardiovascular
complications in patients with and without KCNJ5 gene mutations harboring aldosterone-producing
adenomas. Journal of atherosclerosis and thrombosis. 2015; 22(2):191–200. Epub 2014/09/26. doi:
10.5551/jat.24455 PMID: 25253161.

18. Wu VC, Huang KH, Peng KY, Tsai YC, Wu CH, Wang SM, et al. Prevalence and clinical correlates of
somatic mutation in aldosterone producing adenoma-Taiwanese population. Scientific reports. 2015;
5:11396. Epub 2015/06/13. doi: 10.1038/srep11396 PMID: 26066391; PubMed Central PMCID:
PMCPmc4464349.

19. Wang B, Li X, Zhang X, Ma X, Chen L, Zhang Y, et al. Prevalence and characterization of somatic muta-
tions in Chinese aldosterone-producing adenoma patients. Medicine. 2015; 94(16):e708. Epub 2015/
04/24. doi: 10.1097/md.0000000000000708 PMID: 25906099.

20. Lenzini L, Rossitto G, Maiolino G, Letizia C, Funder JW, Rossi GP. A Meta-Analysis of Somatic KCNJ5
K Channel Mutations In 1636 Patients With an Aldosterone-Producing Adenoma. The Journal of clinical

Somatic Mutations in Korean APAs

PLOSONE | DOI:10.1371/journal.pone.0147590 January 25, 2016 8 / 9

http://dx.doi.org/10.1210/jc.2011-2885
http://www.ncbi.nlm.nih.gov/pubmed/22278422
http://dx.doi.org/10.1210/en.2011-1733
http://www.ncbi.nlm.nih.gov/pubmed/22315453
http://dx.doi.org/10.1210/en.2013-1733
http://www.ncbi.nlm.nih.gov/pubmed/24248457
http://dx.doi.org/10.1038/nrendo.2012.230
http://dx.doi.org/10.1038/nrendo.2012.230
http://www.ncbi.nlm.nih.gov/pubmed/23229280
http://dx.doi.org/10.1161/hypertensionaha.114.04636
http://dx.doi.org/10.1161/hypertensionaha.114.04636
http://www.ncbi.nlm.nih.gov/pubmed/25624337
http://dx.doi.org/10.1161/hypertensionaha.114.03419
http://www.ncbi.nlm.nih.gov/pubmed/24866132
http://dx.doi.org/10.1161/hypertensionaha.111.186478
http://www.ncbi.nlm.nih.gov/pubmed/22275527
http://dx.doi.org/10.1210/jc.2011-3132
http://dx.doi.org/10.1210/jc.2011-3132
http://www.ncbi.nlm.nih.gov/pubmed/22628608
http://dx.doi.org/10.1161/hypertensionaha.114.03346
http://www.ncbi.nlm.nih.gov/pubmed/25624344
http://dx.doi.org/10.1210/jc.2008-0104
http://www.ncbi.nlm.nih.gov/pubmed/18552288
http://www.ncbi.nlm.nih.gov/pubmed/19442332
http://dx.doi.org/10.1016/j.lungcan.2014.04.009
http://dx.doi.org/10.1016/j.lungcan.2014.04.009
http://www.ncbi.nlm.nih.gov/pubmed/24857785
http://dx.doi.org/10.1186/1471-2105-15-S11-S6
http://www.ncbi.nlm.nih.gov/pubmed/25350283
http://dx.doi.org/10.5551/jat.24455
http://www.ncbi.nlm.nih.gov/pubmed/25253161
http://dx.doi.org/10.1038/srep11396
http://www.ncbi.nlm.nih.gov/pubmed/26066391
http://dx.doi.org/10.1097/md.0000000000000708
http://www.ncbi.nlm.nih.gov/pubmed/25906099


endocrinology and metabolism. 2015:jc20152149. Epub 2015/06/13. doi: 10.1210/jc.2015-2149 PMID:
26066531.

21. Kuppusamy M, Caroccia B, Stindl J, Bandulik S, Lenzini L, Gioco F, et al. A novel KCNJ5-insT149
somatic mutation close to, but outside, the selectivity filter causes resistant hypertension by loss of
selectivity for potassium. The Journal of clinical endocrinology and metabolism. 2014; 99(9):E1765–73.
Epub 2014/07/25. doi: 10.1210/jc.2014-1927 PMID: 25057880; PubMed Central PMCID:
PMCPmc4154085.

22. Akerstrom T, Crona J, Delgado Verdugo A, Starker LF, Cupisti K, Willenberg HS, et al. Comprehensive
re-sequencing of adrenal aldosterone producing lesions reveal three somatic mutations near the
KCNJ5 potassium channel selectivity filter. PloS one. 2012; 7(7):e41926. Epub 2012/08/01. doi: 10.
1371/journal.pone.0041926 PMID: 22848660; PubMed Central PMCID: PMCPmc3407065.

23. Williams TA, Monticone S, Schack VR, Stindl J, Burrello J, Buffolo F, et al. Somatic ATP1A1, ATP2B3,
and KCNJ5 mutations in aldosterone-producing adenomas. Hypertension. 2014; 63(1):188–95. Epub
2013/10/02. doi: 10.1161/hypertensionaha.113.01733 PMID: 24082052.

24. Azizan EA, Lam BY, Newhouse SJ, Zhou J, Kuc RE, Clarke J, et al. Microarray, qPCR, and KCNJ5
sequencing of aldosterone-producing adenomas reveal differences in genotype and phenotype
between zona glomerulosa- and zona fasciculata-like tumors. The Journal of clinical endocrinology and
metabolism. 2012; 97(5):E819–29. Epub 2012/03/24. doi: 10.1210/jc.2011-2965 PMID: 22442279.

25. Seccia TM, Mantero F, Letizia C, Kuppusamy M, Caroccia B, Barisa M, et al. Somatic mutations in the
KCNJ5 gene raise the lateralization index: implications for the diagnosis of primary aldosteronism by
adrenal vein sampling. The Journal of clinical endocrinology and metabolism. 2012; 97(12):E2307–13.
Epub 2012/09/27. doi: 10.1210/jc.2012-2342 PMID: 23012392.

26. Beuschlein F, Boulkroun S, Osswald A, Wieland T, Nielsen HN, Lichtenauer UD, et al. Somatic muta-
tions in ATP1A1 and ATP2B3 lead to aldosterone-producing adenomas and secondary hypertension.
Nature genetics. 2013; 45(4):440–4, 4e1–2. Epub 2013/02/19. doi: 10.1038/ng.2550 PMID: 23416519.

Somatic Mutations in Korean APAs

PLOSONE | DOI:10.1371/journal.pone.0147590 January 25, 2016 9 / 9

http://dx.doi.org/10.1210/jc.2015-2149
http://www.ncbi.nlm.nih.gov/pubmed/26066531
http://dx.doi.org/10.1210/jc.2014-1927
http://www.ncbi.nlm.nih.gov/pubmed/25057880
http://dx.doi.org/10.1371/journal.pone.0041926
http://dx.doi.org/10.1371/journal.pone.0041926
http://www.ncbi.nlm.nih.gov/pubmed/22848660
http://dx.doi.org/10.1161/hypertensionaha.113.01733
http://www.ncbi.nlm.nih.gov/pubmed/24082052
http://dx.doi.org/10.1210/jc.2011-2965
http://www.ncbi.nlm.nih.gov/pubmed/22442279
http://dx.doi.org/10.1210/jc.2012-2342
http://www.ncbi.nlm.nih.gov/pubmed/23012392
http://dx.doi.org/10.1038/ng.2550
http://www.ncbi.nlm.nih.gov/pubmed/23416519

