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Abstract 

Somatic mutations driving aldosterone production have been identified in approxi-
mately 90% of aldosterone-producing adenomas (APAs) using an aldosterone syn-
thase (CYP11B2) immunohistochemistry (IHC)-guided DNA sequencing approach. In the 
present study, using CYP11B2-guided whole-exome sequencing (WES) and targeted 
amplicon sequencing, we detected 2 somatic variants in CLCN2 in 2 APAs that were 
negative for currently known aldosterone-driver mutations. The CLCN2 gene encodes 
the voltage-gated chloride channel ClC-2. CLCN2 germline variants have previously been 
shown to cause familial hyperaldosteronism type II. Somatic mutations in CLCN2 were 
identified in 2 of 115 APAs, resulting in a prevalence of 1.74%. One of the CLCN2 som-
atic mutations (c.G71A,p.G24D) was identical to a previously described germline variant 
causing early-onset PA, but was present only as a somatic mutation. The second CLCN2 
mutation, which affects the same region of the gene, has not been reported previously 
(c.64-2_74del). These findings prove that WES of CYP11B2-guided mutation-negative 
APAs can help determine rarer genetic causes of sporadic PA.

Key Words: aldosterone, primary aldosteronism, aldosterone-producing adenoma, CYP11B2, mutation, chloride 
channel
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Primary aldosteronism (PA) is defined as inappropriately 
elevated aldosterone production via renin-independent 
mechanisms [1]. Once thought to be rare, PA is now known 
to be the most common cause of endocrine hypertension 
[2-5]. The 2 primary causes of autonomous production 
of aldosterone in PA are unilateral aldosterone-producing 
adenoma (APA, 40% of PA), which can be surgically 
cured, and bilateral hyperaldosteronism (BHA, 60% of 
PA), which is currently treated with life-long mineralocor-
ticoid receptor antagonist therapy [6, 7]. The emergence 
of next-generation sequencing (NGS) has dramatically 
changed our understanding of the genetic landscape and 
molecular causes of PA. NGS of DNA from surgically 
removed sporadic APA samples has identified somatic 
aldosterone-driver mutations in genes including KCNJ5 
[8], ATP1A1 [9, 10], ATP2B3 [10], and CACNA1D [9, 
11]. The affected genes encode cell surface pumps/chan-
nels that lead to adrenal cell depolarization and elevated 
intracellular calcium (Ca2+) levels. This leads to increased 
aldosterone synthase (CYP11B2) expression, which in 
turn, results in autonomous aldosterone production. 
The CYP11B2 immunohistochemistry (IHC)-guided tar-
geted amplicon sequencing method using formalin-fixed, 
paraffin-embedded (FFPE) tissues, which was recently de-
veloped by our group, has significantly improved the de-
tection of somatic variants in APAs [12, 13]. Contrary to 
previous genetic studies that have used gross dissection of 
APAs, the CYP11B2-guided results have demonstrated that 
nearly 90% of the APAs have a known aldosterone-driver 
mutation [12, 13].

Previous studies have identified germline variants 
in CLCN2, encoding ClC-2, an inwardly rectifying 
chloride channel, predominately as a cause of familial 
hyperaldosteronism type II (FH type II). In the present 
study, whole-exome sequencing (WES) was performed 
on one APA that was found to be devoid of known 
aldosterone-driver mutations by our previous somatic mu-
tation analyses [12, 13]. WES identified a somatic mutation 
in CLCN2 that was identical to that previously found to 
cause germline early-onset PA and a sporadic APA. Another 
novel variant in CLCN2 was later identified in another 
APA by targeted amplicon sequencing.

1.  Materials and Methods

A.  Patients

Patients diagnosed with PA (white, n = 60 male and 40 
female; black, n = 8 male, 7 female), who underwent uni-
lateral adrenalectomy at the University of Michigan, were 
studied. The diagnosis of PA was established as per the 
Endocrine Society’s clinical practice guideline [1] or the 

institutional consensus at that time. The availability of 
archival FFPE blocks of resected tumors determined the 
inclusion of the patients in the study. This study was ap-
proved by the institutional review board of the University 
of Michigan. The approval allows for the NGS analysis of 
somatic variants on archival tissue. Therefore, we will share 
limited NGS data on request.

B.  Immunohistochemistry

APA FFPE sections were deparaffinized and epitope re-
trieval was performed by heating samples for 15 minutes 
in a pH 9 buffer (Vector Laboratories Inc). CYP11B2 and 
17α-hydroxylase/17,20 lyase (CYP17A1) IHC on the 
APAs was performed as previously described [14]. After 
peroxidase blocking, APA FFPE sections were incubated 
overnight at 4oC with antihuman mouse monoclonal anti-
bodies against CYP11B2 (clone 41-17B; diluted 1:100; 
Millipore Sigma; catalog No. MABS1251) [15] and visinin-
like 1 (VSNL1) (diluted 1:1000; Millipore Sigma; catalog 
No. MABN762) [16], a rat monoclonal antibody against 
human 11β-hydroxylase (CYP11B1) (diluted 1:100; from 
Dr Gomez-Sanchez) [17]; and at room temperature for 
1  hour with an antihuman rabbit polyclonal antibody 
against CYP17A1 (diluted 1:2000; LifeSpan Biosciences, 
catalog No. LS-B14227) [18]. The Polink-2 HRP Plus 
Mouse DAB System (GBI Labs) was used for detection. 
Slides were counterstained with Harris hematoxylin for 10 
to 20 seconds followed by dehydration and cover-slipping.

C.  DNA and RNA Isolation

Serial sections of 5 μm were prepared from the APA FFPE 
blocks. For each sample, slide numbers 1, 2, and 3 were 
used for hematoxylin and eosin staining, CYP11B2 IHC, 
and CYP17A1 IHC, respectively, as described previously 
[12, 13]. Unstained FFPE slides were dissected based on 
the CYP11B2 IHC results for CYP11B2-positive tumor re-
gions and adjacent normal adrenal tissues separately using 
a sterile scalpel under an Olympus SZ-40 microscope. 
Genomic DNA (gDNA) and RNA were isolated using the 
AllPrep DNA/RNA FFPE kit (Qiagen) as described previ-
ously [12, 13]. gDNA was used for mutation analysis by 
Ion Torrent amplicon sequencing or WES, and RNA was 
used for gene expression by quantitative real-time reverse 
transcriptase (RT)–polymerase chain reaction (qPCR).

D.  Quantitative Real-Time Reverse Transcriptase–
Polymerase Chain Reaction

RT and qPCR were performed as described in our pre-
vious studies [12, 13]. A total of 100 ng RNA was reverse 
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transcribed using the high-capacity complementary DNA 
(cDNA) archive kit (Life Technologies). For qPCR, 5  ng 
cDNA was mixed with TaqMan Fast Universal Master 
Mix (Life Technologies) following the manufacturer’s re-
commendations. qPCR was performed using the StepOne 
Plus Fast Real-Time PCR system (Applied Biosystems). The 
primer-probe sets for CYP11B2 were designed in  house 
and purchased from Integrated DNA Technologies [19, 
20]. The primer-probe sets for β-actin (ACTB), VSNL1, 
and CLCN2 were purchased from Life Technologies and 
those for CYP11B2, CYP11B1, and CYP17A1 were de-
signed in house [20]. Quantitative normalization of cDNA 
in each tissue-derived sample was performed using the ex-
pression of ACTB as an internal control. Relative quanti-
fication was determined using the comparative threshold 
cycle method.

E.  Whole-Exome Sequencing

WES was performed on gDNA from one of the APAs that 
was found to be CYP11B2-positive but mutation negative 
based on our previous somatic mutation analyses [12, 13]. 
The adjacent normal adrenal tissue of the aforementioned 
APA was also included in the WES analysis. WES was per-
formed using standard protocols in our Clinical Laboratory 
Improvement Amendments–compliant sequencing labora-
tory [21, 22]. A total of 500 ng of gDNA was sheared using 
a Covaris S2 to a peak target size of 250 base pairs (bp). 
Concentration of the fragmented DNA was carried out 
using AMPure beads, followed by end-repair, A-base add-
ition, ligation of the Illumina-indexed adapters, and size se-
lection on 3% Nusieve agarose gels (Lonza). Illumina index 
primers and AMPure beads were used to amplify and purify 
fragments between 300 and 350 bp. A total of 1 µg of the 
library was hybridized to the Agilent SureSelect Human All 
Exon v.4. The targeted exon fragments were captured and 
enriched following the manufacturer’s protocol (Agilent). 
Analysis of the paired-end whole-exome libraries was per-
formed by the Agilent 2100 Bioanalyzer and DNA 1000 
reagents, and sequencing was performed with the Illumina 
HiSeq 2500 sequencing system (Illumina Inc). The primary 
base call files were converted into FASTQ sequence files 
using the bcl2fastq converter tool bcl2fastq-1.8.4 in the 
CASAVA 1.8 pipeline.

F.  Ion Torrent-Based Targeted Amplicon 
Sequencing

Validation of the CLCN2 variant identified by WES and 
molecular profiling of the mutation-negative APAs was 
carried out by targeted amplicon sequencing using custom 
AmpliSeq panels and the Ion Torrent System (Thermo 

Fisher Scientific). Targeted regions included the complete 
coding sequences of KCNJ5, CACNA1D, CACNA1H, 
ATP1A1, ATP2B3, CLCN2, and PRKACA as well as onco-
genic hotspot regions of GNAS and CTNNB1. Library 
preparation, DNA sequencing, and identification of the 
somatic variants were performed as described previously 
[12, 14, 23].

G.  Sanger Sequencing

Further validation of the CLCN2 mutation status was 
performed by direct bidirectional Sanger sequencing of 
CLCN2 of APA-adjacent normal tissue pairs. The gDNA 
in APA-adjacent normal tissue pairs was sequenced fol-
lowing PCR amplification using specific primers: forward: 
5’-CCTGGGAGAAGAGGAGTGGAG-3’; and reverse: 
5’-GCTCTAATGGCCTCTGCTTC-3’.

2.  Results

A.  Identification of Somatic CLCN2 Mutations in 
Aldosterone-Producing Adenomas 

WES was performed on FFPE gDNA from one APA (APA_
UM16) that tested negative for the presence of any of the 
known APA-related somatic mutations using CYP11B2 
IHC-guided targeted amplicon sequencing. gDNA was se-
lectively isolated from both the CYP11B2-expressing re-
gion (APA) and the adjacent normal tissue (as a control) 
and used for somatic variant calling and copy number ana-
lysis. While a total of 132  935  004 reads (89.1% align-
ment to hg19 reference genome) were obtained from the 
tumor sample for an effective average coverage of 187× 
per base, a total of 68 301 691 reads (87.8% alignment to 
hg19 reference genome) provided an effective coverage of 
126× per base for the matched normal sample. No notable 
copy-number variation was observed. A somatic mutation 
in CLCN2 (c.G71A, p.G24D, NM_004366) was identi-
fied specifically in the tumor (Table 1). In addition to the 
CLCN2 variant, the results also identified 10 other puta-
tive somatic mutations in this tumor (Table 2).

B.  Prevalence of Somatic CLCN2 Mutations in 
Aldosterone-Producing Adenomas

To screen for additional CLCN2 somatic mutations in 
APAs, targeted amplicon sequencing was performed with 
a newly developed gene panel on a set of 10 APAs that 
were CYP11B2-positive but did not show the existence 
of any of the common somatic mutations [12]. Out of the 
10 APAs, 1 APA (APA_UM14) harbored a novel somatic 
CLCN2 mutation (c.64-2_74del) (Table  3), which was 
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confirmed by Sanger sequencing (Fig.  1). The presence 
of the somatic CLCN2 p.G24D mutation identified by 
WES in APA_UM16 was also corroborated by targeted 
amplicon sequencing (Table  3) and Sanger sequencing 
(Fig. 1). No evidence of the variants was observed in the 
adjacent normal adrenal tissue by Sanger sequencing con-
firming the somatic nature of these mutations. CLCN2 
mRNA levels demonstrated an increasing trend in ex-
pression in both APAs vs their respective adjacent normal 
adrenal tissue by qPCR. However, owing to the presence 
of only 2 APA samples, statistical analysis was not per-
formed. The sequencing results demonstrated an overall 
prevalence of 1.74% (2/115) CLCN2 somatic mutations 
in American PA patients. Baseline clinical characteristics 
of PA patients with somatic CLCN2 mutations are sum-
marized in Table 4.

C.  Histological Characteristics of Somatic CLCN2 
Mutations in Aldosterone-Producing Adenomas 

Whereas APA_UM16 demonstrated a few lipid-rich re-
gions within the tumor, APA_UM14 showed the presence 
of mostly compact cells (Fig.  2). Both tumors showed 
positive CYP11B2 expression throughout the tumor (see 
Fig. 2). The CYP11B2 immunoreactivity varied from low to 
high with no negative regions. The expression of CYP17A1 
was observed to vary from low to moderate, whereas that 
of CYP11B1 varied from moderate to high. Interestingly, 
some regions in the APAs demonstrated coexpression 
of CYP11B2 and CYP17A1. VSNL1 (a marker for the 
zona glomerulosa) [24, 25] demonstrated increased 
immunoreactivity in both tumors vs their respective adja-
cent normal tissue (see Fig. 2).

D.  Comparison of Messenger RNA Transcript 
Levels of Steroidogenic Enzyme Genes Among 
Aldosterone-Producing Adenomas With Different 
Somatic Mutations

mRNA transcript levels of key steroidogenic enzyme genes 
such as CYP11B2, CYP17A1, and CYP11B1 were com-
pared between APAs harboring somatic mutations in KCNJ5 
(n = 10), CACNA1D (n = 10), ATP1A1 (n = 10), ATP2B3 
(n = 3), and CLCN2 (n = 2) (Fig. 3). Statistical analysis was 

not performed for the CLCN2 APA and their respective 
adjacent normal tissue samples because of the low sample 
number. Whereas CYP11B2 expression showed a substan-
tial increase in all types of tumors vs matched normal ad-
renal tissue, CYP17A1 transcript levels demonstrated a 
significant drop in the tumor tissue (P < .05). Of all APAs, 
those harboring mutations in ATP2B3, CACANA1D, and 
ATP1A1 demonstrated the highest CYP11B2 expression 
(P < .05). Inversely, APAs with KCNJ5 mutations displayed 
the most abundant CYP17A1 transcript levels among all 
APA subtypes (P < .05). APAs harboring the CLCN2 mu-
tation showed the least increase in CYP11B2 mRNA levels 
when compared to other APA subtypes, but their CYP17A1 
expression was comparable to APAs with KCNJ5 mu-
tations. CYP11B1 mRNA transcripts showed an expres-
sion trend similar to that of CYP17A1. Transcript levels of 
VSNL1 were also demonstrated to be higher in all tumors 
vs the matched normal tissue.

3.  Discussion

The advent of NGS in the last decade has been instrumental 
in elucidating the somatic genetic landscape pathogenesis 
of both sporadic and familial PA to a great extent. A ma-
jority of the PA-causing somatic and germline variants have 
been shown to lead to excess aldosterone production via 
increased CYP11B2 expression due to disrupted intracel-
lular Ca2+ signaling. Previous studies using grossly dis-
sected pathology-provided snap-frozen APA tumor tissue 
were not able to identify aldosterone-driver mutations in 
more than 45% of APA [26]. We applied a first-in-field 
sequencing approach by using FFPE tissue for CYP11B2 
IHC-guided DNA capture of APA. This was followed by 
targeted amplicon sequencing of genes frequently mutated 
in familial and sporadic PA. This strategy improved the 
detection rate of known somatic mutations to more than 
90% and identified novel somatic mutations that are likely 
causing autonomous aldosterone production in APA [12, 
13]. The present study used CYP11B2 IHC-guided WES 
and targeted NGS and identified 2 somatic mutations 
(c.G71A;p.G24D and c.64-2_74del) in CLCN2 in 2 dif-
ferent APAs. The presence of these variants in 2 tumors sug-
gests that CLCN2 mutations as a cause of APAs are rare, 
with an approximate prevalence of 1.74% (2/115 APAs).

Table 1.  Results of whole-exome sequencing

NGS ID Gene Type Base change Amino acid change Exon Ref seq VF (tumor) VF (normal)

APA_UM16 CLCN2 Missense c.G71A p.G24D 2 NM_004366 52/174 (30%) 0/76 (0%)

Abbreviations: APA, aldosterone-producing adenoma; ID, identification; NGS, next-generation sequencing; Ref, reference; seq, sequence; VF, variant allele 
frequency.
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The CLCN2 gene is located on chromosome 3q27 and 
encodes ClC-2, an inwardly rectifying chloride channel, 
a member of the CLC voltage-gated Cl– channels family. 
Two studies have shown that this channel is expressed 
in the human adrenal cortex [27, 28]. Several germline 
CLCN2 variants have been reported in PA patients [27, 
28]. This condition is known as FH type II, which was 
first described by Richard Gordon and Michael Stowasser 

Figure 1.  A and B, Results of Sanger sequencing of CYP11B2-expressing 
tumor region for both aldosterone-producing adenomas (APAs) har-
boring somatic CLCN2 mutations. The top row of nucleotides denotes 
the nucleotide trace in the matched normal adjacent adrenal tissue 
obtained by Sanger sequencing. The variant in APA_UM14 (c.64-2_74del) 
suggests a splice site deletion mutation. C, Quantitative reverse tran-
scriptase–polymerase chain reaction analysis for expression of CLCN2 
messenger RNA levels in tumor (T) vs their respective adjacent normal 
tissue (N). Results are indicated as mean. Red and blue symbols indi-
cate the N-T pair for APA_UM14 and APA_UM16, respectively. Ta
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in the early 1990s [29, 30]. Scholl et  al studied the ori-
ginal kindred first described by Stowasser in 2018 and 
identified a gain-of-function early-onset germline variant 
in CLCN2 (p.R172Q) [28], in addition to 4 new rare 
germline CLCN2 variants (p.M22K, p.Y26N, p.K362del, 
and p.S865R) [28]. Concurrently, Fernandes-Rosa and col-
leagues identified a de novo germline CLCN2 mutation 
in a 9-year-old patient (p.G24D) [27] that was similar to 

the somatic APA mutation recently described by Dutta 
et al [31] as well as one of the somatic mutations reported 
in our study. Both groups performed functional studies 
wherein electrophysiological experiments in H295R-S2 
and HEK293 cells transfected with wild-type and mu-
tant CLCN2 demonstrated that the mutations caused 
increased activation of the Cl– channels leading to depolar-
ization of the cell membrane and subsequent opening of 

Figure 2.  Histopathologic characteristics of aldosterone-producing adenomas (APAs) with somatic CLCN2 mutations. Scanned images of the tumors 
following hematoxylin and eosin staining, and aldosterone synthase (CYP11B2), 17α-hydroxylase/17,20 lyase (CYP17A1), rat monoclonal antibody 
against human 11β-hydroxylase (CYP11B1), and visinin-like 1 (VSNL1) immunohistochemistry. Scale: 5 mm.

Figure 3.  Quantitative reverse transcriptase–polymerase chain reaction analysis for comparison of key steroidogenic enzymes (aldosterone synthase 
[CYP11B2], 17α-hydroxylase/17,20 lyase [CYP17A1], and rat monoclonal antibody against human 11β-hydroxylase [CYP11B1]) as well as visinin-like 1 
(VSNL1) among aldosterone-producing adenomas with different somatic mutations (KCNJ5, CACNA1D, ATP1A1, ATP2B3, CLCN2). Results are indi-
cated as mean ± SEM. #P less than .05 for tumor (T) vs respective adjacent normal tissue (N). *P less than .05; **P less than .005. mRNA, messenger 
RNA.
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the voltage-dependent Ca2+ channels, confirming a gain-of-
function mechanism. The consequential rise in cytoplasmic 
Ca2+ leads to upregulation of CYP11B2 and increased al-
dosterone biosynthesis [27, 28]. Recent mouse models ex-
pressing an open ClC-2 Cl− channel (Clcn2op) [32] and a 
heterozygous Clcn2 mutation (Clcn2R180Q/+) at the location 
homologous to the p.R172Q mutation in humans [33] also 
demonstrated a PA phenotype.

The main limitation of our study is the lack of the func-
tional characterization of the new c.64-2_74del variant. 
The variant destroys the consensus slice acceptor site at 
the IVS1/exon2 boundary in the reference sequence. The 
impact on translation is unclear, but there are several pre-
dicted scenarios of either skipping exon 2, using a different 
intronic splice site, or a newly generated cryptic splice 
site within exon 2.  The exon 2 skipping scenario would 
generate a frameshift mutation leading to an early stop 
codon, whereas the other 2 scenarios would produce a mu-
tant protein with stretches of different amino acids and/
or short deletions, but keep the original reading frame in 
the majority of exon 2 and beyond. Interestingly, both the 
latter scenarios would lead to deletion of glycine 24—an 
apparent mutation hotspot for PA. Further in vitro studies 
will be required to determine transcript variants and 
whether they increase aldosterone production by activation 
gain-of-function of the Cl– channels thereby disrupting cel-
lular Ca2+ signaling and increasing CYP11B2 expression. 
The other caveat of this study is the absence of steroid ana-
lysis from patient serum. However, intriguingly, both the 
APAs harboring the CLCN2 mutations showed compar-
able expression of CYP11B2, CYP17A1, and CYP11B1 as 
that seen in KCNJ5 mutation-expressing APAs. Hence, it is 
likely that the patients with APAs harboring CLCN2 mu-
tations might produce the ‘hybrid’ 18-oxysteroids [34-36].

In conclusion, we identified 2 somatic CLCN2 muta-
tions in a subset of APAs. One of the CLCN2 mutations 
(c.G71A, p.G24D) was identical to that previously found 
to cause germline early-onset PA and a sporadic APA. The 
second CLCN2 mutation, affecting the same coding region, 
is a new APA-associated mutation (c.64-2_74del). The mo-
lecular mechanisms of somatic CLCN2 mutations causing 
APA formation and steroid profiling of patients harboring 
these mutations, however, need to be further investigated.
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