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Context: Understanding the function of the KCNJ5 potassium channel through characterization of
naturally occurring novel mutations is key for dissecting the mechanism(s) of autonomous aldo-
sterone secretion in primary aldosteronism.

Objective: We sought for such novel KCNJ5 channel mutations in a large database of patients with
aldosterone-producing adenomas (APAs).

Methods: We discovered a novel somatic c.446insAAC insertion, resulting in the mutant protein
KCNJ5-insT149, in a patient with severe drug-resistant hypertension among 195 consecutive pa-
tients with a conclusive diagnosis of APA, 24.6% of whom showed somatic KCNJ5 mutations. By
site-directed mutagenesis, we created the mutated cDNA that was transfected, along with KCNJ3
cDNA, in mammalian cells. We also localized CYP11B2 in the excised adrenal gland with immu-
nohistochemistry and immunofluorescence using an antibody specific to human CYP11B2. Whole-
cell patch clamp recordings, CYP11B2 mRNA, aldosterone measurement, and molecular modeling
were performed to characterize the novel KCNJ5-insT149 mutation.

Results: Compared with wild-type and mock-transfected adrenocortical cells, HAC15 cells expressing
the mutant KCNJ5 showed increased CYP11B2 expression and aldosterone secretion. Mammalian cells
expressing the mutated KCNJ5-insT149 channel exhibited a strong Na� inward current and, in parallel,
asubstantial rise in intracellularCa2�, causedbyactivationofvoltage-gatedCa2�channelsandreduced
Ca2� elimination by Na�/Ca2� exchangers, as well as an increased production of aldosterone.

Conclusions: This novel mutation shows pathological Na� permeability, membrane depolarization, raised
cytosolicCa2�, and increasedaldosteronesynthesis.Hence,anovelKCNJ5channelopathy locatedafter the
pore �-helix preceding the selectivity filter causes constitutive secretion of aldosterone with ensuing resis-
tant hypertension in a patient with a small APA. (J Clin Endocrinol Metab 99: E1765–E1773, 2014)

Primary aldosteronism (PA) detrimentally affects the
cardiovascular system (1). It is a common cause of

high blood pressure (BP), particularly in patients who are

resistant to drug treatment (2). From one third to two
thirds of the PA cases, depending on whether the adrenal
vein sampling is systematically used, can be attributed to
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an aldosterone-producing adenoma (APA) (2). The hall-
mark of this is an autonomous overproduction of aldo-
sterone: angiotensin II, one of the best known secreta-
gogues of aldosterone, is in fact low to undetectable in PA
plasma (3).

This functional autonomy remained mechanistically
unexplained until somatic mutations of the G protein-
activated inwardly rectifying K� channel Kir3.4, one of
four identified Kir3 channels and encoded by the KCNJ5
gene, were discovered (4). These mutations are located in,
or close to, the selectivity filter (4, 5), a highly conserved
region within this family of channels that allows the se-
lective transport of K� over other cations (4). The channel
protein forms homo- or heterotetrameric complexes,
mainly with Kir 3.1 (KCNJ3) and less commonly also with
Kir3.2 (KCNJ6) or Kir3.3 (KCNJ9). An extracellular
pore-forming region links these complexes that have in-
tracellular N- and C-terminal domains and two mem-
brane-spanning domains (6).

A considerable proportion APAs, varying from 30% to
60%, depending on gender and ethnicity, carries a muta-
tion of the selectivity filter of the KCNJ5 channels (7–10).
Along with the TWIK (Tandem of P domains in a Weak
Inward rectifying K� channel)-related acid sensitive K�

channels (11, 12), these channels are expressed in the hu-
man adrenocortical zona glomerulosa cells and contribute
to maintaining these cells hyperpolarized (4). Hyperpo-
larization blunts the open probability of T-type Ca2�

channels (13) and by this mechanism maintains low in-
tracellular Ca2� levels, low Ca2�-calmodulin pathway ac-
tivation, and low expression levels of CYP11B2, the last
enzyme for aldosterone production (5).

Given the multiple effects of intracellular Ca2� on ad-
renocortical steroidogenesis, these channels are now held
to play a key role in regulating aldosterone secretion (13).
Accordingly many aldosterone secretagogues, such as an-
giotensin II and endothelin-1 (14, 15), decrease the ex-
pression of the KCNJ5 channel mRNA and protein, caus-
ing blunted channel activity. The resulting membrane
depolarization increases intracellular Ca2� and stimulates
aldosterone production. In APA, somatic mutations of the
KCNJ5 selectivity filter also induce increased CYP11B2
expression, constitutive aldosterone secretion (11), and an
excess left ventricular (LV) hypertrophy (16).

We herein report on identification of a novel somatic
KCNJ5 mutation consisting of insertion of a threonine
residue close to, but just outside of, the Kir3.4 selectivity
filter in an APA patient presenting with drug-resistant hy-
pertension. Because the electrophysiological conse-
quences of such novel naturally occurring mutations can
contribute to the understanding of how this channel func-
tion, we also report on the effects of this mutation on

membrane potential, intracellular calcium and the cur-
rent-voltage relationship in whole-cell studies.

Materials and Methods

APA genotyping
DNA was extracted from APAs removed from 195 consecu-

tive APA patients from two Italian referral centers (Padua and
Rome) that perform similar systematic screening of newly diag-
nosed hypertensive patients and sequenced as described (please
see Supplemental Material) to identify KCNJ5 mutations.

Clinical case
The patient was a 65-year-old man referred for long-standing

(11 y) drug-resistant hypertension, which had already caused a
stroke in 2000. On presentation his BP was 183/102 mm Hg
supine and 170/101 mm Hg standing despite full adherence to
treatment with canrenone 50 mg/d, telmisartan 80 mg/d, nebivo-
lol 10 mg/d, doxazosin 2 mg/d, and amlodipine 10 mg/d. His
serum K� was 2.5 mEq/L; renin was suppressed [direct renin 3.0
�U/mL supine; 2.3 �U/mL standing (17), and his plasma aldo-
sterone concentration was 37.4 ng/dL supine and 61.5 ng/dL
standing (n.v. �15 ng/dL and �25 ng/dL, respectively] (18). He
did not tolerate higher canrenone doses because of erectile
dysfunction.

After he had an echocardiogram, he was found to have con-
centric LV hypertrophy [LV mass index 171 g/m2 (normal values
�115 g/m2); relative wall thickness 0.56 (n.v. �0.45]. On a
computed tomography, a 9-mm (maximum diameter) nodule
was seen in his right adrenal gland. Hormonal retesting after
adequate washout from interfering drugs (3), while he was only
on doxazosin 4 mg/d and slow-release verapamil 180 mg/d,
showed a plasma renin activity of 0.20 ng/mL�h, both baseline
and postcaptopril, and plasma aldosterone concentration of
36.4 ng/dl basally and 31.3 ng/dL postcaptopril. Hence, the al-
dosterone/renin ratio (ARR) was markedly elevated [182 base-
line; 156 after captopril (n.v. �26 and �13.7, respectively, as
determined in the Primary Aldosteronism Prevalence in hYper-
tension (PAPY) study (2)]. He therefore underwent adrenal vein
sampling that was bilaterally selective (selectivity index �3) and
showed a right lateralization index of 3.49, indicating right lat-
eralization. After a laparoscopic right adrenalectomy, a small
adenoma was found. After 2 years of follow-up, there was an
impressive regression of LV hypertrophy and only concentric
remodeling was still evident (LV mass index 109 g/m2; relative
wall thickness 0.47). The ARR is 5 and the serum K� is 4.3
mEq/L, and at 24 hours of ambulatory BP monitoring, his BP is
132/70 mm Hg while on amlodipine 5 mg/d and nebivolol 5 mg
b.i.d. Thus, concomitance of the long-term cure of the hyper-
aldosteronism, the regression of target organ damage, and the
prominent decrease of his BP that became responsive to treat-
ment, alongside AVS and pathology data, in retrospective al-
lowed a conclusive diagnosis of APA by the four corners cri-
teria (2).

Immunohistochemistry
We performed immunohistochemistry using CYP11B2 and

CYP11B1 antibodies (19). Paraffin-embedded adrenal was cut at
5 �m and the sections dried and then melted at 56°C for at least
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3 hours. After deparaffination through alcohols, slides were sub-
jected to antigen retrieval using Trilogy (Cell Marque Corp) in
autoclave, 15 minutes at 121°C, and then treated with phenyl-
hydrazine 0.1% for 20 minutes to inhibit endogenous peroxi-
dases. Slides were blocked with Tris 0.1 M, goat serum 5%, or
horse serum 5%, SDS 0.5% (pH 7.4) for 1 hour, and then in-
cubated with CYP11B2 antibody (hCYP11B2-41-17B clone
1:500 dilution) or both CYP11B1 (CYP11B1-80-7-5 clone
1:200 dilution) and CYP11B2 (hCYP11B2-41-17B clone 1:500
dilution) overnight at 4°C. After washing, slides were incubated
with secondary antibodies for 1 hour at room temperature. We
used mouse Polink-2 Plus HRP (GBI Labs) for CYP11B2 immu-
nostaining; rat Polink-2 Plus AP (GBI Labs), and ImmPRESS
antimouse Ig reagent (Vector Laboratories) for double immu-
nostaining. Slides were developed using diaminobenzidine and
HighDef green immunohistochemistry chromogen AP (Enzo
Life Sciences). All the samples were counterstained with Meyer
hematoxylin (Vector Laboratories) before mounting.

Immunofluorescence
Triple immunofluorescence was done using CYP11B1,

CYP11B2, and 17�-hydroxylase (20) antibodies. The protocol
we followed was the same as that for the double immunohisto-
chemistry. The detailed method is described in the Supplemental
Methods.

Plasmids
For studies of CYP11B1 and CYP11B2 expression and aldo-

sterone production, adrenocortical HAC15 were transfected
with human full-length cDNA of KCNJ3 (SC118769; Origene)
and of KCNJ5 (SC119590), in which the KCNJ5 mutations
(T158A and insT149) were inserted using the QuikChange II XL
site directed mutagenesis kit (Stratagene).

For electrophysiology studies and Ca2� measurements, the
following plasmid constructs were used: human wild-type
KCNJ3 and KCNJ5 cDNAs were purchased from Invitrogen/
Geneart, Life Technologies GmbH. The mutation c.446insAAC
of KCNJ5 (resulting in the mutant protein KCNJ5-insT149) was
generated by site-directed mutagenesis in the human KCNJ5
cDNA. KCNJ5 cDNAs and KCNJ3 cDNAs were subcloned into
the bicistronic expression vector pIRES-CD8 (21). Details of
both plasmid constructs are given in the Supplemental Methods.

RNA extraction and quantitative RT-PCR
Total RNA was extracted with the RNAeasy kit (QIAGEN);

its integrity and quality were verified with a lab-on-chip tech-
nology in an Agilent Bioanalyzer 2100 with the RNA6000 Nano
assay (Agilent Technologies). Quantitative RT-PCR using the
universal Probe Library and specific primers as described (22).
The detailed method (Supplemental Table 1) is provided in the
Supplemental Methods.

Electrophysiological characterization of the
KCNJ5-insT149 mutant

Patch-clamp recordings were performed using an EPC-10
amplifier without leak subtraction (HEKA) as described in the
Supplemental Methods.

Ca2� measurements
Cytoplasmic Ca2� was measured using adrenocortical carci-

noma NCI-H295R cells transfected with wild-type KCNJ5 or
mutant KCNJ5-insT149 and preloaded with the Ca2�-sensitive
dye Fura-2 (Molecular Probes) as described in detail in the Sup-
plemental Methods. All the experiments were performed at
room temperature.

Aldosterone measurement
Seventy-two hours after transfection, the cell culture medium

was collected for aldosterone measurement (with the aldoste-
rone ELISA kit from Alpha Diagnostic International) as de-
scribed in the Supplemental Material.

Molecular modeling of the KCNJ5-insT149 mutant
A model of the KCNJ5 tetramer, amino acids from 51 to 370,

was built by homology modeling with the web server Swiss-
Model (23). The latter presents 85% sequence identity with
KCNJ5. A threonine was inserted at position 149 with the
graphic program Coot (24) and the model adjusted by hand and
optimized by molecular dynamics with software CNS (25) (for
detailed method, please see Supplemental Data).

Statistical analysis
Results were expressed as mean � SEM of at least three sep-

arate experiments in which each sample was assayed in triplicate
or quadruplicate. Differences between groups were analyzed by
t test and, for multiple group comparison, by one-way ANOVA
followed by Bonferroni’s comparisons. The differences were
considered to be significant at P � .05. Statistical analyses were
performed using GraphPad/Prism version5 for Windows soft-
ware (GraphPad Software, www.graphpad.com).

Results

Sequencing of KCNJ5
Somatic mutations of KCNJ5 were detected in 48 of

the 195 consecutive patients with a conclusive diagnosis of
APA who were sequenced (24.6%) (Supplemental Table
2). All but one of these mutations were already known
(Table 1). A novel somatic c.446insAAC insertion result-
ing in the mutant protein KCNJ5-insT149 (Supplemental
Figure 1) was identified in a patient with severe drug-
resistant hypertension.

Immunohistochemistry and double
immunofluorescence

The patient carrying the KCNJ5-insT149 mutation had
a small adrenal adenoma that stained strongly and in a
fairly uniform pattern with the CYP11B2 antibody (Fig-
ure 1A). There was an area of strong staining distant from
the adenoma, one section of which had scattered cells and
the other larger section had relatively compact staining
(Figure 1, B and C). Double staining showed that the
CYP11B1 (green) was localized to cells surrounding
the adenoma, and there were a few cells expressing the
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Figure 1. CYP11B1 and CYP11B2 adrenal immunohistochemistry and triple immunofluorescence for CYP11B1, CYP11B2, and 17�-hydroxylase: panels A–C
are different areas at higher magnification of the same adrenal stained with the hCYP11B2-41-17B antibody. Panels D–F are double staining for CYP11B1-80-7-5
(green) and CYP11B2 (brown) antibodies. Panels G–I are images of triple immunofluorescence for CYP11B1, CYP11B2, and 17�-hydroxylase at the same
magnification (�10). Panels G–I are the merged image of CYP11B2 (green) and CYP11B1 (red) staining, CYP11B2 (green) and 17 �-hydroxylase (red), and
CYP11B1 (green) and 17 �-hydroxylase (red), respectively. Panel J shows a cartoon drawing of the selectivity region of KCNJ5-insT149 mutant after molecular
dynamics model optimization. Only two chains of the tetramer, cyan and green, are shown for clarity purposes. A red oval encloses the amino acids directly
involved in the interaction with K� ions. The position of the C�’s of the selectivity filter residues in the original crystal structure is shown in orange. Small red
spheres represent K� ions as present in the crystal structure of the KCNJ12 channel (PDB code 3SYA). The position of the inserted threonine along with that of
two mutations previously found (4) is indicated by arrows. Panel K shows all the atoms of residues from 148 to 155 after the molecular dynamics simulation (as in
the previous panel, only two chains are shown). The insertion of Thr149 perturbs the filter residues, and now the two carbonyl oxygen of Thr150 and Ile151
point far from the filter cavity, whereas the �OH of Thr149 protrudes in it. Panel L shows a ribbon drawing of the KCNJ5148 model with all mutations. Red
spheres localize residues bearing mutations until now identified in primary aldosteronism. Only two polymeric chains are shown for clarity purposes. Classification
of the different portion of the channel is reported, with respect to the green subunit (39, 40).
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CYP11B1 within the adenoma (Figure 1, D–F). Triple im-
munofluorescence showed that the CYP11B1 and the
CYP11B2 did not colocalized within the same cells, but
there were CYP11B1 cells in between cells expressing the
CYP11B2 enzyme (Figure 1G). The CYP11B2 did not co-

localize with the 17�-hydroxylase, but the CYP11B1 co-
localized with the 17�-hydroxylase (Figure 1, H and I).

Molecular modeling of the KCNJ5-insT149 mutant
The model of the KCNJ5 tetramer, amino acids from 51

to 370, built by homology modeling
of this novel mutation, showed that
the inserted threonine 149 residue is
located after the pore �-helix that
precedes the selectivity filter of the
K� channel (Figure 1, J–L). This in-
sertion places the threonine residue
at the beginning of the filter se-
quence, altering its geometry (26).
The K� path through the filter is
guided by a line of three main chain
carbonyl oxygen atoms facing the
channel pore, plus the hydroxyl
group of a threonine. The insertion
of a residue at one end of the pore
displaces two of these carbonyls,
producing a widening of the pore
space. At the same time, the �OH
group of the side chain of a second
threonine protrudes into the channel
pore.

Mutant KCNJ5-insT149 K�

channels are Na� permeable
and lead to increased
intracellular free calcium
concentration

The electrophysiological conse-
quences of the KCNJ5-insT149 mu-
tation were analyzed in human em-
bryonic kidney-293 (HEK293) cells
that were transiently cotransfected
with mutant or wild-type KCNJ5 to-
gether with KCNJ3, a subunit that
assembles with KCNJ5 to form na-
tive channels.

In whole-cell patch-clamp exper-
iments, wild-type KCNJ5/KCNJ3-
transfected cells showed inward (nega-
tive) and strong outward (positive)
currents, depending on the voltage
clamped. The outward currents mainly
reflected K� efflux through K� chan-
nels. Whole-cell currents of these cells
were not changed by replacing bath
Na� with the larger cation NMDG�

(Na� free; Figure 2, A and C).

Figure 2. Electrophysiological characterization of the KCNJ5-insT149 mutant: basic
characteristics of the KCNJ5-insT149 mutant channel in HEK293 cells. Typical original whole-cell
current traces of a wild-type KCNJ5/KCNJ3 (KCNJ5WT/J3) (A) and a mutant KCNJ5-149insAAC/
KCNJ3 (KCNJ5-insT149/J3) expressing HEK293 cells (B) are shown. Current traces were recorded
in the presence of extracellular Na� (control) and after replacement of extracellular Na� by
NMDG� (Na� free). C and D, Summary of I/V curves of similar whole-cell experiments as shown
(A and B) (KCNJ5WT/J3, n � 8; KCNJ5insT149/J3, n � 7). E, Effect of Na� replacement on the
membrane voltage. *, P � .05 control vs Na� free; #, P � .05 KCNJ5WT (n � 8) vs
KCNJ5insT149 (n � 7). F, Inhibition of the inward current (at �120 mV) in HEK293 cells
transfected with KCNJ5-insT149/J3. Verapamil (10 �M, n � 6) inhibited approximately 50% of
the inward current. KB-R7943 (10 �M, n � 4) abolished the inward current, an effect similar to
the removal of Na�-free bath solution (n � 8). *, P � .05, experimental vs control condition;
#, indicates P � .05 KCNJ5WT vs KCNJ5-insT149. Values are mean values � SEM.
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In cells expressing mutant KCNJ5T-ins149/KCNJ3 chan-
nels, the inward currents were larger, and the outward
currents were blunted. Replacement of extracellular Na�

by N-methyl-D-glucamine almost abolished the inward
currents, thus indicating that they were caused by a path-
ological Na� influx through mutated KCNJ5 channels
(Figure 2, B and D). The pathological Na� influx led to a
depolarization of the membrane voltage of cells trans-
fected with the mutant KCNJ5-insT149/KCNJ3 com-
pared with cells transfected with the wild-type channels
(Figure 2E). Removal of bath Na� led to a strong hyper-
polarization of cells transfected with the mutant channels.

APA-associated mutations of KCNJ5 lead to a modified
pharmacology (4): for instance, the KCNJ5-L168R mutant
is inhibited by blockers of Na� transporting proteins and
voltage-gated Ca2� channels (27). In HEK293 cells trans-
fected with KCNJ5-insT149/KCNJ3, the L-type Ca2� chan-
nel blocker verapamil (10 �M) inhibited some 50% of the
pathological Na� inward current; the Na�/Ca2� exchanger
blocker KB-R7943 (10 �M) inhibited the Na� inward cur-
rent completely, similar to the removal of Na� from the bath
solution (Figure 2F and Supplemental Figure 2).

In aldosterone-producing adrenal cells, membrane depo-
larizationcauses theopeningofvoltage-gatedCa2� channels
and a rise of intracellular Ca2� that is key for the stimulation
of aldosterone synthesis. Therefore, we examined the effect
of the adenoma-associated KCNJ5-insT149 mutant on cy-
tosolic Ca2� activity in adrenocortical carcinoma NCI-
H295R cells. Cytosolic Ca2� activity, as measured by the
Fura-2 ratio (340/380 nm), was increased in KCNJ5-
insT149 expressing cells compared with cells with wild type
KCNJ5 (Figure 3A). Compared with nontransfected cells of
the same dishes (Figure 3A, n.t.), resting cytosolic Ca2� was
slightly decreased in cells expressing wild-type KCNJ5, sug-
gesting that wild-type KCNJ5 hyperpolarizes the membrane
and reduces Ca2� influx across the plasma membrane. Re-
moval of bath Na� caused a strong rise in intracellular Ca2�

in NCI-H295R cells expressing the KCNJ5-insT149 mutant
but not in wild-type KCNJ5-transfected cells. Verapamil (10
�M) reduced intracellular Ca2� only slightly (Figure 3B).

Aldosterone measurement
Seventy-twohoursafter transfectionwithexpressioncon-

structs for wild-type and mutated KCNJ5 (insT149 and
T158A) together with KCNJ3, HAC15 cells showed no
change of CYP11B1 expression, whereas both KCNJ5 mu-
tants exhibited increased CYP11B2 expression (P � .001)
andaldosteroneproduction(P� .01)ascomparedwithboth
mock-transfected and KCNJ5 wild-type transfected HAC15
cells (Figure 4 , A–C, and Supplemental Table 3).

Discussion

The electrophysiological characterization of novel naturally
occurring mutations of the KCNJ5 channel at sites in the
channel different from the selectivity filter can be key for a
better understanding of the function of this channel. Most
KCNJ5 mutations reported thus far in APA patients (4,
8–10, 28–37) (Table 1) entailed a substitution of amino acid
residues in the selectivity filter (Figure 1L) (5), and caused
enhanced aldosterone secretion (11), due to an increased ex-
pression of CYP11B2 in the tumor and enhanced aldoste-
ronesecretion in theadrenalveinblooddraining fromit (22).

We have herein identified a novel KCNJ5 somatic muta-
tion in a patient presenting with drug-resistant hypertension
due to an APA that was unequivocally proven to express the
CYP11B2 gene using a monoclonal antibody developed
for the human aldosterone synthase (Figure 1, A–I). This
unique mutation consists of insertion of one threonine 149
residue at the end of the pore �-helix that precedes the se-
lectivity filterof theK� channel (Figure1, J–L).Weshowthat
addition of this threonine residue significantly alters the ge-
ometry of the filter and, like the mutations in the filter or in
close proximity (Table 1), modifies the channel selectivity,
destroys its selectivity for the K�, and eventually produce
nonselective channels (26).

Studies in the human adrenocortical HAC15 cells trans-
fected with the mutant KCNJ5-insT149 together with
KCNJ3,asubunit thatassembleswithKCNJ5toformnative
channels, support this hypothesis. They showed increased
expression of the CYP11B2 (but not the CYP11B1) gene,

Figure 3. Influence of the mutated KCNJ5 on the Ca2� homeostasis
in adrenocortical carcinoma NCI-H295R cells. A, Ca2� activity of NCI-
H295R cells, as measured by Fura-2 ratios, were higher in
KCNJ5insT149 cells (nine transfected cells and 13 nontransfected (n.t.)
cells from four independent dishes), compared with wild-type KCNJ5
expressing cells [seven transfected cells and 10 nontransfected (n.t.)
cells from four independent dishes]. *, P � .05 nontransfected vs
KCNJ5-WT or KCNJ5-insT149 transfected cells; #, P � .05 KCNJ5-WT
vs KCNJ5-insT149. Values are mean � SEM. B, Effect of Na�-free bath
solution and verapamil (10 �M) on Fura-2 ratios of KCNJ5-insT149
(n � 6 cells from three independent dishes) or KCNJ5-WT (n � 6 cells
from three independent dishes)-transfected NCI-H295R cells.
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and augmented aldosterone production compared with
mock-transfected cells and to cells transfected with the wild-
type channel (Figure 4, A–C).

We further characterized the functional consequences of
this novel mutation in whole-cell patch-clamp experiments
in HEK293 cells. Cells cotransfected with KCNJ5-insT149/
KCNJ3 were depolarized; moreover, they exhibited a strong
Na� inwardcurrentconsistentwithapathological lossofK�

selectivity of the mutant channel. The novel mutant KCNJ5-
insT149, similar to the mutant KCNJ5-L168R (27), was
inhibited by KB-R7943, an inhibitor of Na�/Ca2� ex-

changers, and also by the Ca2� channel blocker vera-
pamil. However, with an IC50 of about 10 �M, the
mutant KCNJ5-insT149 was less verapamil sensitive
compared with KCNJ5-L168R (IC50 of about 1.2 �M).
Verapamil at clinically used doses (38) yields plasma
concentrations in the low micromolar range and there-
fore, probably, does not affect KCNJ5-insT149 in a
relevant way in vivo. However, it might reduce the Ca2�

influx through Ca2� channels activated by the mutant
KCNJ5-induced depolarization. Hence, further clinical
studies on APA patients are needed to investigate the
effect of verapamil in diagnostic and therapeutic set-
tings in patients harboring KCNJ5 mutations.

We found that the novel KCNJ5-insT149 mutation, like
other APA-associated KCNJ5 mutations, led to a patholog-
ical increase in cytosolic Ca2�. This rise in Ca2� appears to
be induced by several mechanisms: 1) depolarization of the
membrane leads to activation of voltage-gated Ca2� chan-
nels; and 2) some permeability of the mutant channel itself
for Ca2� [as observed for KCNJ5-G151E (29)]. The cell de-
polarization and rise in intracellular Na� also reduce the
driving force of Ca2� elimination via Na�/Ca2� exchangers
and, if strong enough, might induce a reversed mode of such
exchangers. At present, it is not clear whether Na� loading
and depolarization of native adenoma cells with mutated
KCNJ5 are strong enough to permit the reversed mode of
Na�/Ca2� exchangers. If so, in the future more specific in-
hibitors of Na�/Ca2� exchangers could be a strategy to
lower intracellular Ca2� of adenoma cells.

Taken together, these results indicate that similar to other
APA-associated KCNJ5 mutations, the KCNJ5-insT149
mutation conferred a pathological Na� permeability to the
channel resulting in cell depolarization, and activation of
Ca2� influx. The latter probably promotes stimulation of
aldosterone synthesis and possibly adenoma formation.
Fourteen other mutated (or deleted) positions were previ-
ously found in PA patients (10 in selectivity filter of KCNJ5
and four away from it; Figure 1L). Of them, only two (151
and 152) involve residues directly overlooking the selectivity
filter: wild-type residue 151 is a glycine and both mutations
(G151R and G151E) introduce a cumbersome charged side
chain in an already crowded area, thus strongly perturbing
the filter from the standpoint of both size and charge. Ac-
cordingly, both mutations were functionally described to al-
ter ion conductivity and depolarize the membrane (Table 1).
Mutation Y152C has an opposite conformational effect be-
cause a bulky side chain that points in the opposite direction
with respect to the ion channel is substituted by a smaller one
(31). The �OH group of tyrosine 152 forms an H-bond
interactionwith threonine146 (4); the lossof the interaction,
coupled to the vacuum generated by the substitution desta-

Figure 4. Effect of KCNJ5-insT149 mutation on CYP11B2 and
CYP11B1 expression and aldosterone production: HAC15 cells transiently
transfected with either the control (mock transfected) or one of the
mutant KCNJ5. A, CYP11B1 mRNA expression. B, CYP11B2 mRNA
expression. C, Aldosterone release. Results were shown as mean � SEM
(n � 6). ***, P � .001 and **, P � .01 vs mock and wild type.
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bilizes the selectivity filter, as demonstrated by the functional
effects on ion conductance.

Another five mutated positions (126, 145, 157, 158, and
168) localize in the selectivity filter domain but not directly
in contact with the ion tunnel. The L168R had the most
marked effect: the introduction of a positively charged side
chain in a mostly hydrophobic environment strongly per-
turbs the three-dimensional structure and thus the channel
conductance. The conformational effects of the T158A sub-
stitution are less evident, but the presence of an H-bond be-
tween the�OHgroupof threonineand the carbonyloxygen
of proline 128 in the native structure suggests some destabi-
lization of the structure and of the overall domain. The rel-
evance of this portion of the selectivity filter region is also
supported by the deletion of position 157 or its mutation
from isoleucine to serine (33, 35, 36), which also affects con-
ductivity (Table 1). Substitution E145Q, despite being con-
servativewithrespect tothesizeof thesidechain,destroysthe
potential salt bridge between glutamic acid 145 and arginine
155 (8, 34). Finally, the only known consequence of the re-
placement of tryptophan 126, which is located on a loop of
the selectively filter region fully exposed to the solvent, with
an arginine is a modification of the electrostatic potential of
the local surface (30). The remaining four mutated positions
(52, 246, 247, and 282) are in the vestibule domain of the
KCNJ5 channel (37) (Figure 1L), which has been proposed
to be a key component of the gating mechanism (39).

The mutations (Table 1) have been found to increase Na�

conductance and to loose K� selectivity. Mutations E246K,
G247R, and E282Q involve residues located on the surface
of the vestibule domain, and they can be easily accommo-
datedwithminor local rearrangements, theonlyknowncon-
sequence being a modification of the local electrostatic po-

tential. The effects of mutation R52H are more complex
because arginine 52 located at the N terminus of the protein
forms a salt bridge with glutamic acid 326 and H bonds with
carbonyl oxygen of serine 321 and methionine 54. In this
way it helps to bind the N terminus of the protein to the
C-terminal vestibule domain. Substitution of this residue
with a histidine weakens this interaction, with unpredictable
conformational effects on the K� transport process.

In conclusion, we provided the following novel pieces of
evidence: a threonine insertion at the end of the pore �-helix
before theselectivity filterof theK� channelcauses lossofK�

selectivity,Na� permeability,andCa2� influxviaopeningof
voltage-activated T-type and L-type calcium channels (4, 5,
11) and impairment of Na�/Ca2� exchangers, leading to
enhanced CYP11B2 expression and a constitutive oversecre-
tion of aldosterone from the tumor. The prevalence of this
novel mutation, which has unequivocal functional conse-
quences, needs to be investigated further, particularly in pa-
tients presenting, as this case, with drug-resistant hyperten-
sion with the aim to determine whether this novel mutation
occurs also as a germline mutation.
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Table 1. The Kir3.4 (KCNJ5) K� Channel Mutations Identified Thus Far Listed According to Their Location

Amino
Acid
Change

Nucleotide
Change rs Number

Mutation
Status G/Sa

Demonstrated Effects

Reference
Number

Increased Na�

Conductance
Loss of K�

Selectivity
Increased
Ca2� Influx

Membrane
Depolarization

Increased
CYP11B2
mRNA

Increased
Aldosterone
Production

R52Ha G155A rs144062083 S Y Y NA NA NA Y 37
W126R T376C � S NA NA NA NA Y NA 30
E145Q G433C � S NA NA NA NA NA NA 8
E145K G433A S NA NA NA NA NA NA 34
InsT149 446insAAC � S Y Y Y Y Y Y
G151R G451A or C rs386352319 G or S Y Y Y Y Y NA 4, 27, 29, 32,

33
G151E G452A � G Y Y Y Y NA NA 28, 29
Y152C A455G � G Y Y Y Y Y NA 31
I157S T470G � G Y Y NA Y NA NA 36
del T157 467_469delTCA rs200717351 S Y Y NA Y NA Y 33, 35, 37
T158A A472G rs387906778 G Y Y Y Y Y Y 4, 11
L168R T503G rs386352318 S Y Y Y Y Y NA 4, 27, 32, 33
E246Ka G736A � S Y Y NA Y NA Y 37
G247Ra G739A rs200170681 S � � NA � NA � 37
E282Qa C844G rs7102584 S Y Y NA Y NA Y 37

Abbreviations: G, germline mutation; NA, not available; �, no; S, sporadic mutation; Y, yes. The mutation identified in this study is shown in bold.
a Mutations are located far from the KCNJ5 selectivity filter.
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