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A gain-of-function mutation in the CLCN2 chloride
channel gene causes primary aldosteronism

Fabio L. Fernandes-Rosa

Maria-Christina Zennaro ®"23*

Primary aldosteronism is the most common and curable form
of secondary arterial hypertension. We performed whole-
exome sequencing in patients with early-onset primary aldo-
steronism and identified a de novo heterozygous c.71G>A/
p-Gly24Asp mutation in the CLCN2 gene, encoding the volt-
age-gated CIC-2 chloride channel’, in a patient diagnosed at
9 years of age. Patch-clamp analysis of glomerulosa cells of
mouse adrenal gland slices showed hyperpolarization-acti-
vated CI- currents that were abolished in Clcn2~/~ mice. The
p.Gly24Asp variant, located in a well-conserved ‘inactivation
domain'?3, abolished the voltage- and time-dependent gat-
ing of CIC-2 and strongly increased CI- conductance at rest-
ing potentials. Expression of CIC-2”<r?4 in adrenocortical cells
increased expression of aldosterone synthase and aldosterone
production. Our data indicate that CLCN2 mutations cause
primary aldosteronism. They highlight the important role of
chloride in aldosterone biosynthesis and identify CIC-2 as the
foremost chloride conductor of resting glomerulosa cells.
Arterial hypertension is a major cardiovascular risk factor®.
Primary aldosteronism is the most common and curable form of sec-
ondary arterial hypertension, with an estimated prevalence of ~10%
in referred patients and 4% in primary care’, and a prevalence of up
to 20% in patients with resistant hypertension®. Primary aldosteron-
ism results from autonomous aldosterone production in the adrenal
cortex’, caused in most cases by a unilateral aldosterone-producing
adenoma or bilateral adrenal hyperplasia (BAH). It is diagnosed on
the basis of hypertension associated with an increased aldosterone-
to-renin ratio and often hypokalemia®. In comparison to essential
hypertension, increased aldosterone levels in primary aldosteronism
are associated with increased cardiovascular risk, in particular for
coronary artery disease, heart failure, renal damage, and stroke®’.
Gain-of-function mutations in different genes, encoding cation
channels (KCNJ5'', CACNA1D"*", and CACNA1H'*"*) and ATPases
(ATPI1A1I and ATP2B3'>'°), regulating intracellular ion homeostasis
and plasma membrane potential, have been described in aldoste-
rone-producing adenoma and familial forms of primary aldoste-
ronism, but the pathophysiology of many cases is still unknown.
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We performed whole-exome sequencing on germline DNA from
12 patients with young-onset hypertension and hyperaldosteron-
ism diagnosed before 25 years of age. Two index cases were inves-
tigated together with their parents and unaffected sibling to search
for de novo variants. A de novo germline CLCN2 variant, c.71G>A
(NM_004366; p.Gly24Asp), was identified in subject K1011-1, but
not in her asymptomatic parents (K1011-3 and K1011-4) and sib-
ling (K1011-2; Fig. 1a,b and Table 1). The variant was absent from
more than 120,000 alleles in the Exome Aggregation Consortium
(ExAC) database and in our in-house database. We did not find
additional CLCN2 variants among the other 11 investigated indi-
viduals. CLCN2 encodes the chloride channel CIC-2. The vari-
ant p.Gly24Asp is located in its N-terminal cytoplasmic domain
(Fig. 1c,d). Gly24 is highly conserved in CIC-2 from species as dis-
tant as zebrafish and Xenopus tropicalis (Fig. 1c).

The patient carrying the CLCN2 variant encoding p.Gly24Asp is
a 9-year-old girl who presented with severe headache and vomiting
lasting for 1 year (Table 1). The child was developmentally normal,
first born to a non-consanguineous couple. There was a history of
mild hypertension in the maternal grandmother and granduncle.
Blood pressurewas 172/100 mm Hg,and heartratewas 120 beats/min.
The rest of the examination was normal. Her work-up showed persis-
tent hypokalemia (serum K* ranging from 1.8 to 2.4 meq/L), elevated
serum aldosterone (868.1pg/ml, reference range 12-340pg/ml),
and suppressed plasma renin activity (0.11ng/ml/h, reference
range 1.9 to 6.0ng/ml/h in an upright posture), suggestive of pri-
mary aldosteronism. Abdominal computed tomography (CT) scans
showed no adrenal abnormalities. Other parameters including 24-h
urinary vanillylmandelic acid and serum cortisol were normal.
Hypertension was initially managed with amlodipin, enalapril, and
atenolol. Once the diagnosis of primary aldosteronism was made,
spironolactone was added, enalapril was stopped, and the doses of
amlodipin and atenolol were reduced. Serum K* normalized. A posi-
tive glucocorticoid suppression test (with aldosterone at 949.3 pg/ml
at baseline and 56.9 pg/ml after oral administration of 0.5mg of
dexamethasone every 6h for 48h) suggested the possibility of
glucocorticoid-remediable aldosteronism (GRA), a rare familial
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Fig. 1| A CLCN2 variant identified in a patient with early-onset primary
aldosteronism. a, Pedigree of kindred K1011. The subject with primary
aldosteronism is shown with a filled symbol, and non-affected subjects

are shown with unfilled symbols. b, Sanger sequencing chromatograms
showing the wild-type CLCN2 sequence of the unaffected parents

(K1011-3 and K1011-4) and brother (K1011-2) and the CLCN2 variant
c.71G>A (p.Gly24Asp) identified in the patient with early-onset primary
aldosteronism (K1011-1). ¢, Alignment and conservation of residues
encoded by CLCNZ2 orthologs. The red box indicates the N-terminal
inactivation domain of CIC-2. Several deletions and mutations mapping to
this region of rat CIC-2 lead to constitutively open CIC-2 channels (solid
line) or partially open channels (dashed line)°. Residues that are conserved
among more than three sequences are highlighted in yellow. d, Position of
the disease-causing p.Gly24Asp variant in the CIC-2 protein (schematic
transmembrane topology drawing modified from ref. *°). Inactivation
domains previously identified by structure-function analysis in the N
terminus® and an intracellular loop? of CIC-2 are shown in red. Several point
mutations and deletions affecting these domains open the CIC-2 channel*?
similarly to the p.Gly24Asp substitution described here. CBS1and CBS2 are
cystathionine-p-synthase domains that can affect gating of CIC channels?.

form of hyperaldosteronism'’. However, genetic analysis for a chi-
meric CYP11BI-CYP11B2 gene was negative. The child’s hyperten-
sion has been well controlled over 18 months with prednisolone at
5mg/m?*/d, spironolactone, and amlodipin. On treatment, her
serum aldosterone and plasma renin levels are 421 pg/ml (reference
range 25 to 392 pg/ml) and 8.22 uU/ml (4.4 to 46.1 pU/ml), respec-
tively. After exclusion of GRA by genetic testing, prednisolone
treatment was stopped.

Cl- conductance can regulate the excitability of neuronal, mus-
cle, and endocrine cells'™*. In zona glomerulosa cells, adreno-
corticotropic hormone (ACTH)-activated Cl- currents have been
described®, but their outward rectification sets them apart from
hyperpolarization-activated CIC-2 currents. CIC-2 is expressed
in almost all tissues' and may have roles in ion homeostasis and
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Table 1| Clinical and biological characteristics of individuals
carrying CLCN2 variants

K1011-1 K963-1 K1044-1
Sex F F F
Age at HTN dg (years) 9 19 29
Age at primary aldosteronism 9 27 48
dg (years)
SBP at primary aldosteronism 172 139 173
dg (mm Hg)
DBP at primary aldosteronism 100 90 N4
dg (mm Hg)
Lowest plasma K+ (mmol/L) 1.8 29 2.5
Urinary aldosterone (nmol/24 h) ND 60 ND
Plasma aldosterone (pmol/L) 2,406 927 1,061
Plasma renin (mU/L) 09 19 <1
ARR (pmol/mU) 481.2 185.4 212.2
Adrenal abnormalities on No No No
imaging
Lateralization at AVS ND No No

Hormonal data were obtained at diagnosis of primary aldosteronism. For comparison within this
table, plasma aldosterone levels for patient K1011-1 were converted to pmol/L and plasma renin
activity was converted to plasma renin concentration. For ARR calculation, renin values <5 were
transformed to 5. The conversion factor used for plasma aldosterone was 1ng/L=2.77 pmol/L,
and the conversion factor used for plasma renin was 1ng/ml/h=8.2mU/L. dg, diagnosis; HTN,
hypertension; SBP, systolic blood pressure; DBP, diastolic blood pressure; ARR, aldosterone-to-
renin ratio; ND, not determined; AVS, adrenal venous sampling

transepithelial transport®. Clen2~~ mice display early postnatal

retinal and testicular degeneration* as well as leukodystrophy*>*
in humans, CLCN2 loss-of-function mutations result in leukodys-
trophy” that may be associated with azoospermia®. These phe-
notypes have been ascribed to a role for CIC-2 in extracellular ion
homeostasis**.

Data retrieved from a transcriptome analysis including 11
human adrenal glands” showed high expression of CLCN2 in
human adrenal cortex (Supplementary Table 1). In mice, western
blots showed similar expression of CIC-2 in whole adrenal gland
as in brain (Fig. 2a), which expresses substantial, physiologically
important amounts of CIC-2%. Patch-clamp analysis of glomerulosa
cells in situ showed typical hyperpolarization-activated currents in
wild-type mice, but not in Clcn2~'~ mice (Fig. 2b,c). The magnitude
of these currents was similar to those observed in Bergmann glia,
which prominently express CIC-2*. The almost complete absence
of CI- currents in Clcn27/~ cells demonstrates that under resting
conditions CIC-2 mediates the bulk of glomerulosa cell Cl- currents.

The CIC-2 p.Gly24Asp variant is located in a highly conserved
inactivation domain® of the channel. Deletions and point mutations
mapping to this region and to an intracellular loop” (highlighted in
Fig. 1¢,d) lead to ‘open’ CIC-2 channels that have lost their sensitivity
to voltage, cell swelling, or external pH**. Likewise, insertion of the
p-Gly24Asp variant drastically changed voltage-dependent gating of
CIC-2 (Fig. 2d,e;h) and dramatically increased current amplitudes
when the human protein was expressed in Xenopus laevis oocytes
(Fig. 2d-g). When measured at -80mV, the approximate resting
potential of glomerulosa cells®, current amplitudes from the mutant
channel were much larger than those for the wild-type channel
(Fig. 2d-f). Linear, ohmic currents like those of the mutant chan-
nel might be due to unspecific electrical leaks; however, the cur-
rents of both wild-type and mutant CIC-2 were markedly reduced
when extracellular chloride was replaced by iodide (Fig. 2d-f),
in agreement with the ClI'>I" selectivity of CIC channels in
general”and CIC-2in particular’. The activation of CIC-2byanacidic
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Fig. 2 | CIC-2 expression in mouse adrenal glands and electrophysiological analyses of wild-type and mutant channels. a, CIC-2 immunoblot of brain and
adrenal glands from Clcn2++ and Clcn2~/~ mice. All lanes are from the same blot, which was cut where indicated. Similar amounts of protein were loaded with
actin serving as a loading control. This blot is representative of three independent experiments. b, Representative whole-cell chloride current traces of mouse
zona glomerulosa cells from Clcn2+/* (top) and Clen2~/~ (bottom) adrenal slices using voltage steps as indicated above. ¢, Mean +s.e.m. currents measured
after 1.5s from the experiments in b plotted as a function of clamp voltage. The number of cells analyzed is given in parentheses. d,e, Representative chloride
current traces measured by two-electrode voltage-clamp from Xenopus oocytes injected with either human CIC-2"T (d) or CIC-2*?* (e) cRNA, using the
protocol shown in d. For some measurements (below), extracellular chloride was replaced with iodide. f, Mean + s.e.m. currents measured in d and e plotted
as a function of voltage. The number of cells analyzed is given in parentheses. g h, Summary of CI- currents at -80 mV (/g5 ..) (8) and current ratios

(Lo mv/ l+60 mv) @s @ measure of rectification (h) (always measured at 2s) for panels d-f. ****P < 0.0001, Mann-Whitney two-tailed test. ij, Effect of external
pH on currents mediated by CIC-2T (i) and CIC-2%*?* (j) in Xenopus oocytes. Currents were normalized to mean currents from the respective construct
measured after 2s at -120mV and at pH 7.4. The number of oocytes analyzed is given in parentheses; error bars, s.e.m.

extracellular pH can be almost abolished by mutations mapping to
the inactivation domain® Likewise, the CIC-24%* mutant had largely
reduced pH sensitivity (Fig. 2i,j and Supplementary Fig. 1). In con-
clusion, the p.Gly24Asp variant results in a strong gain of function,
in line with the dominant disease phenotype of the mutation that
is present in the heterozygous state. It also suggests a pathophysi-
ological mechanism in which a strong increase in Cl- currents may
depolarize glomerulosa cells, thereby opening voltage-gated Ca?*
channels and activating transcriptional programs via an increase in
cytosolic Ca**.

Expression of the mutant CIC-24%* channel in human adreno-
cortical H295R-S2 cells and, conversely, knockdown of CIC-2 by
shRNA significantly affected aldosterone production and expres-
sion of steroidogenic enzymes. Despite similar expression of CIC-2
in H295R-S2 cells stably transfected to express CIC-24%2* and wild-
type CIC-2 (CIC-2%T) (Fig. 3a,b), aldosterone synthase expression
(Fig. 3a,c) and aldosterone production (Fig. 3d,e) were significantly
increased in CIC-24P*-expressing cells. Stimulation with angioten-
sin IT (Ang II; 10nM) or K* (12mM) increased aldosterone produc-
tion in cells expressing CIC-2"" (Fig. 3e). A further increase was
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observed in cells expressing CIC-24%* after Ang II stimulation, but
not after K* stimulation (Fig. 3e). Nevertheless, also after stimula-
tion, aldosterone production in cells expressing CIC-24%2* was sig-
nificantly higher than in cells expressing CIC-2"" (Fig. 3¢). Infection
of H295R-S2 cells with shRNA constructs targeting CIC-2 reduced
CLCN?2 expression by ~50% (Supplementary Fig. 2a) as compared
with a scrambled shRNA and significantly reduced aldosterone
production, both at baseline and after stimulation (Supplementary
Fig. 2b), suggesting that even CIC-2"" currents, although much
smaller than currents from the CIC-2*%* mutant, increase the
excitability of H295R-S2 adrenocortical cells. These changes were
paralleled in both models by concomitant modifications of the
expression of steroidogenic genes. An increase in the mRNA expres-
sion of CYPI11B2 (encoding aldosterone synthase; Fig. 3f), STAR
(encoding the steroidogenic acute regulatory protein; Fig. 3g), and
CYP21A2 (encoding steroid 21-hydroxylase; Fig. 3h) was observed
in CIC-2%%%- as compared with CIC-2"T-overexpressing cells
under basal conditions. Ang II increased expression of STAR and
CYP11B2, while K* stimulation increased mRNA expression of
CYP11B2. Conversely, knockdown of CIC-2 led to a decrease in
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Fig. 3 | Effect of CIC-2"T and mutant CIC-2%*r?* channels on aldosterone production and expression of genes and proteins involved in aldosterone
biosynthesis. a, Western blots for CIC-2 and aldosterone synthase of H295R-S2 cells stably transfected to express CIC-2"T or mutant CIC-24%?*, These
blots are representative of three independent experiments, with actin serving as a loading control. b, Quantification of CIC-2 protein levels in CIC-2"T and
CIC-2A724 H295R-S2 cells (t test, P=0.10, F=3.19). ¢, Quantification of aldosterone synthase expression in CIC-2"T and CIC-24*2* H295R-S2 cells (t test,
P=0.0025, F=136). d, Basal aldosterone production by H295R-S2 cells transfected to express CIC-2"T or mutant CIC-2A%2* (t test, P=0.0008, F=142).
e, Basal and stimulated aldosterone production by H295R-S2 cells transfected to express CIC-2"T (open bars) or mutant CIC-24?* (filled bars) (one-way
ANOVA, P<0.0001, F=23.46). f-h, Basal and stimulated mMRNA expression of CYP11B2 (one-way ANOVA, P<0.001, F=18.39) (f), STAR (Kruskal-Wallis,
P=0.0033) (g), and CYP21A2 (one-way ANOVA, P<0.0001, F=23.27) (h) in H295R-S2 cells transfected to express CIC-2"T (open bars) or mutant
CIC-22? (filled bars). Quantifications of protein expression (using actin as a loading control) and aldosterone production are presented as the percentage
of the value for CIC-2"T-expressing cells under basal conditions, and the results of MRNA expression are presented as fold induction relative to CIC-2V'-
expressing cells under basal conditions. Values of all experiments are presented as the means +s.e.m. of three independent experiments performed in
experimental triplicate (n=9) for each condition. *P < 0.05; **P < 0.07; ***P < 0.001; i, P< 0.05 for the stimulated versus basal condition; ii, P<0.01 for the
stimulated versus basal condition; iii, P< 0.001 for the stimulated versus basal condition.

CYP11B2 expression under all conditions (Supplementary Fig. 2c).
These data further support the notion that a gain-of-function
CLCNZ2 mutation may depolarize the cell, activate the steroidogenic
pathway, and increase aldosterone production. While knockdown
of CIC-2 influences aldosterone production in H295R-S2 cells,
which have a resting potential of about -65mV (Fig. 4a,b), this may
not be the case in native glomerulosa cells. Because their membrane
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voltage (V,,) is close to the K* equilibrium potential®, they are
unlikely to markedly hyperpolarize upon loss of CIC-2. No changes
in blood pressure have been reported for mice or patients lacking
CIC-2*%%, but this issue has not been investigated in detail.

We next explored the effect of the CIC-2 p.Gly24Asp variant on
membrane potential and calcium influx through voltage-gated cal-
cium channels. These studies were performed with the perforated
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Fig. 4 | Functional impact of the CIC-24+*? variant. a-g, Effect on membrane potential (V,,) and plasma membrane anion currents in H295R-S2 cells.
a, Resting membrane potential of the CIC-2"T and CIC-2#*?* channels in the stably transfected H295R-S2 cells that were used to determine aldosterone
secretion. Note the strong mean depolarization (CIC-2"T, -67 + 2mV (n=8); CIC-24?*, -52 + 6 mV (n=12)), which, however, was not significant (two-
tailed Mann-Whitney, P=0.14) owing to large variability in V,, for CIC-24?*-expressing cells that were not clonally selected. b, Similarly determined

values of V,, for non-transfected and transiently transfected H295R-S2 cells (non-transfected, -65+4mV (n=8); CIC-2"T, -69 + 7mV (n=4); CIC-2A%?*,
-46+4mV (n=6); **P=0.0095, two-tailed Mann-Whitney test). ¢,d, Corresponding plasma membrane currents measured after 1.5s under conditions
eliminating cation inward currents plotted as a function of voltage (¢) or as individual values at the physiological V., of glomerulosa cells (d). The number

of cells analyzed is given in parentheses. *P=0.019, two-tailed Mann-Whitney test. e-g, Corresponding averaged current traces with 20-mV voltage
steps between 0 and -120 mV for non-transfected cells (e) and cells expressing CIC-2"T (f) and CIC-2%?* (g). h,i, Effect of calcium channel blockers on
aldosterone production in H295R-S2 cells expressing CIC-2WT (Kruskall-Wallis, P=0.0005) (h) and CIC-24sr?* (Kruskal-Wallis, P=0.0032) (i). Values
represent the means +s.e.m. of two independent experiments performed in experimental triplicate (n=6) for each condition. Dunn's post test for the

treated versus basal condition: *P< 0.05, **P < 0.01.

patch-clamp technique, which does not disturb the intracellular
chloride concentration and is required to see the full effect of inac-
tivation domain®’ mutations*"*”. In the stably transfected H295R-S2
cells used to investigate steroidogenesis (Fig. 3), there was a trend
toward V,, being depolarized in CIC-24%*- as compared to CIC-
2WT-overexpressing cells (mean values of roughly -52 and -67mV,
respectively) (Fig. 4a). However, because these cell lines were not
clonal, the variability was large and the difference was not statisti-
cally significant.

We therefore resorted to transient transfection of H295R-S2 cells,
which allowed us to select CIC-2-expressing cells by fluorescence of
cotransfected GFP (Fig. 4b-g). Although these cells express CIC-2
less efficiently than Xenopus oocytes (compare Figs. 4f and 2d)
and HEK cells’>*, CIC-24%*-expressing cells displayed robust
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Cl- currents that lacked strong voltage dependence (Fig. 4c-g).
The observed increase in currents may reflect increases in both the
currents for individual channels and the number of channels; both
must be considered when analyzing the pathogenic effects of ion
channel mutants. This increase in currents correlated with a strong
depolarization from V,,=-69 + 7 mV in CIC-2""-expressing cells
to —46 +4mV in CIC-24%*-expressing cells (Fig. 4b), indicating that
chloride concentration in H295R-S2 cells is higher than predicted
from the electrochemical equilibrium. This depolarization may open
voltage-dependent calcium channels. Indeed, nifedipine (an L-type
calcium channel blocker) and/or mibefradil (a T-type calcium
channel blocker) strongly reduced aldosterone production in cells
expressing the CIC-24** mutant (Fig. 4i). The involvement of L-type
calcium channels appeared to be larger in CIC-2%%2*-expressing
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Fig. 5 | Proposed model for autonomous aldosterone secretion in adrenal zona glomerulosa cells with the CIC-24%?* mutant. a, In unstimulated
conditions, the zona glomerulosa cell membrane potential closely follows the potassium resting potential at approximately -80 mV. Increasing
extracellular K* concentration, or inhibition of K* channels by Ang Il through its receptor (AT1R), leads to cell membrane depolarization, opening of
voltage-gated Ca?* channels, and increased intracellular calcium concentrations, the major trigger for aldosterone biosynthesis. Binding of Ang Il to ATIR
also leads to G,,-mediated signaling and IP;-mediated release of Ca®* from the endoplasmic reticulum (ER). b, The CIC-2 p.Gly24Asp variant abolishes
the voltage-dependent gating of CIC-2. The resulting pronounced increase in Cl- currents at resting potentials is proposed to result in cell depolarization,
opening of voltage-gated Ca?* channels, stimulation of Ca?* signaling, and, ultimately, increased expression of steroidogenic genes and aldosterone

production. [Ca?*], intracellular calcium concentration.

cells (Fig. 4h), possibly because of the depolarized plasma mem-
brane potential of these cells, which is required to open L-type cal-
cium channels™. However, we cannot exclude the possibility that
nifedipine acted partially through T-type calcium channels, which
are also blocked by this compound at depolarized voltages®.

To investigate whether the CLCN2 mutation encoding
p.Gly24Asp could be involved in other forms of primary aldoste-
ronism, we sequenced exon 2 of CLCN2 in 100 patients with BAH.
While the CLCN2 mutation encoding p.Gly24Asp was not iden-
tified among these subjects, we found two rare CLCN2 variants,
c.197G>A (p.Arg66Gln, rs755883734) and c.143C>G (p.Pro48Arg,
rs115661422) in two subjects (Supplementary Fig. 3). The minor
allele frequencies of these variants were very low in the EXAC data-
base (CLCN2 p.Arg66Gln, 0.00003; CLCN2 p.Pro48Arg, 0.0017).
Both variants failed to significantly change CIC-2 currents in Xenopus
oocytes in which the mutant proteins were heterologously expressed
(Supplementary Fig. 4), in spite of a previously described™ moderate
reduction in CIC-24%* current amplitudes. Nonetheless, it is note-
worthy that the two patients were diagnosed with hypertension at a
young age, at 29 and 19 years, respectively (Table 1), and in both cases
during pregnancy. Finally, sequencing the CLCN2 exons encoding
the N-terminal domain (exons 1 and 2) and the loop between helices
Jand K (exon 10), corresponding to the CIC-2 inactivation domains®’,
in 20 additional patients with hypertension before 20 years of age
did not identify additional mutations. Among these patients, nine
had a history of hypertension before the age of 15 years (one before
10 years), indicating that CLCN2 mutations might underlie forms of
primary aldosteronism with very young onset.

In conclusion, we show that a gain-of-function mutation affect-
ing the CIC-2 chloride channel underlies a genetic form of sec-
ondary arterial hypertension and identify CIC-2 as the foremost
chloride conductor of resting glomerulosa cells. We suggest that
increased Cl- currents induced by the CIC-2 p.Gly24Asp variant
could depolarize the zona glomerulosa cell membrane, thereby
opening voltage-gated calcium channels that trigger autonomous
aldosterone production by increasing intracellular Ca** concentra-
tions (Fig. 5b, orange arrows). We hypothesize that the increased Cl-
currents may overcome the hyperpolarizing currents of K* channels
that normally determine the glomerulosa cell resting potential.
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The inhibition of these potassium channels, for example upon Ang
IT stimulation, or the depolarizing currents mediated by these chan-
nels upon increases in extracellular K* are the main mechanisms
triggering aldosterone production under physiological conditions
(Fig. 5a, dashed black arrows).

Not only mutations mapping to the N-terminal CIC-2 inacti-
vation domain®?, like the p.Gly24Asp variant found here, but also
those mapping to the cytoplasmic linker between transmembrane
helices ] and K may cause primary aldosteronism (Fig. 1d). Several
point mutations affecting this linker result in constitutively open
CIC-2 channels’. We propose both regions as potential hotspots
for mutations causing primary aldosteronism. The discovery that
a chloride channel is involved in primary aldosteronism opens new
and unexpected perspectives for the pathogenesis and treatment of
arterial hypertension.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41588-018-0053-8.
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