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We recently implicated two recurrent somatic mutations in an
adrenal potassium channel, KCNJ5, as a cause of aldosterone-producing adrenal adenomas (APAs) and one inherited KCNJ5 mutation
in a Mendelian form of early severe hypertension with massive
adrenal hyperplasia. The mutations identiﬁed all altered the channel
selectivity ﬁlter, producing increased Na+ conductance and membrane depolarization, the signal for aldosterone production and proliferation of adrenal glomerulosa cells. We report herein members of
four kindreds with early onset primary aldosteronism of unknown
cause. Sequencing of KCNJ5 revealed that affected members of two
kindreds had KCNJ5G151R mutations, identical to one of the prevalent
recurrent mutations in APAs. These individuals had severe progressive aldosteronism and hyperplasia requiring bilateral adrenalectomy in childhood for blood pressure control. Affected members of
the other two kindreds had KCNJ5G151E mutations, which are not
seen in APAs. These subjects had easily controlled hypertension
and no evidence of hyperplasia. Surprisingly, electrophysiology of
channels expressed in 293T cells demonstrated that KCNJ5G151E was
the more extreme mutation, producing a much larger Na+ conductance than KCNJ5G151R, resulting in rapid Na+-dependent cell lethality. We infer that this increased lethality limits adrenocortical cell
mass and the severity of aldosteronism in vivo, accounting for the
milder phenotype among these patients. These ﬁndings demonstrate striking variations in phenotypes and clinical outcome resulting from different mutations of the same amino acid in KCNJ5 and
have implications for the diagnosis and pathogenesis of primary aldosteronism with and without adrenal hyperplasia.
adrenal gland
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ypertension affects >1 billion people worldwide (1, 2) and
contributes to >7 million deaths each year (3). In the United
States, approximately half of adults with hypertension fail to
achieve control of blood pressure (4), and successful treatment
commonly requires three or more drugs.
The study of rare Mendelian forms of hypertension has demonstrated the key role of renal salt reabsorption in blood pressure
regulation. Mutations in genes resulting in increased net salt
reabsorption markedly raise blood pressure, whereas those that
reduce salt reabsorption can cause life-threatening low blood
pressure (5, 6).
Although in the large majority of hypertensive subjects, the
underlying causes are unknown (“essential hypertension”), some
cases can be attributed to speciﬁc disorders of the kidney and endocrine system (7). Among these, primary aldosteronism is found
in ∼10% of patients referred for evaluation of hypertension (8).
These patients typically present with hypertension owing to excessive aldosterone secretion that is independent of activity of the
renin–angiotensin system and plasma K+ levels. High aldosterone
levels increase renal salt reabsorption, leading to hypertension.
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Hypokalemia and metabolic alkalosis are variable features,
resulting from increased renal electrogenic Na+ reabsorption,
which provides the electrical driving force for K+ and H+ secretion. Common causes of primary aldosteronism include aldosterone-producing adrenal adenoma (APA; Conn’s syndrome) and
idiopathic adrenal hyperplasia. Less common causes include the
Mendelian disease glucocorticoid-remediable aldosteronism (GRA),
which is caused by mutations at the aldosterone synthase locus
that result in constitutive expression of this enzyme (9).
We recently described an inherited form of primary aldosteronism in a single family featuring severe hypertension with massive adrenal hyperplasia in the ﬁrst decade of life and demonstrated that this syndrome is caused by a gain-of-function missense
mutation (T158A) in the KCNJ5 gene (10), encoding Kir3.4, a
member of the inwardly rectifying K+ channel family (11). In
parallel, we showed that either of two somatic mutations (G151R
or L168R) in this same channel are a common cause of APAs,
found in ∼45% of these tumors. These KCNJ5 mutations lie in and
near the highly conserved potassium channel selectivity ﬁlter and
result in channels that are no longer selective for K+ conductance,
but instead also conduct Na+. This new conductance results in Na+
inﬂux, membrane depolarization, and activation of voltage-gated
calcium channels, the normal signal for aldosterone production
and cellular proliferation in adrenal cortex. When such mutations
occur somatically, benign aldosterone-producing adenomas result;
when they are inherited, the adrenal cortex becomes hyperplastic
and produces large amounts of aldosterone.
To date, a single family with primary aldosteronism due to
inherited mutation in KCNJ5 has been reported, raising the
question of the prevalence of inherited mutation in KCNJ5 in familial aldosteronism, as well as the phenotypic spectrum of disease
in these patients. We report herein four kindreds with early onset
primary aldosteronism due to mutation in KCNJ5. The results
demonstrate surprising genotype–phenotype correlation, with the
most extreme effects on channel selectivity producing the mildest
clinical phenotype.
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Fig. 1. KCNJ5 mutations in patients with early onset primary aldosteronism.
(Left) Pedigrees are shown, with affected subjects shown as ﬁlled symbols
and unaffected family members as open symbols; subjects are numbered as
in Table 1. The index case is denoted with an arrow. (Right) Sanger DNA
sequence traces and corresponding amino acids at KCNJ5 positions 150–152
of tested subjects are shown. In each case, a single-base pair substitution
leads to a missense mutation: G151R in affected members of K767 and K409
and G151E in families 1486 and 124. The mutation in subject 409-1 is a de
novo mutation.

Results
Kindreds with Early Primary Aldosteronism. We investigated four
families comprising 10 individuals diagnosed with early onset hypertension and primary aldosteronism; all but 1 affected subject
was diagnosed before age 6, a particularly early age of diagnosis.
GRA was excluded by genetic screening in each kindred (9).
Pedigrees of the four kindreds are shown in Fig. 1, and summaries
of their clinical features are shown in Table 1. Affected members of
kindred (K) 767 and K409 had markedly different clinical courses
and response to spironolactone compared with subjects in K1486
and K124.

K767. The index case, subject 767-2, presented at 22 mo with
muscular weakness. She had severe hypokalemia (serum K+ 1.4
mmol/L; normal 3.3–4.6) and hypertension (blood pressure of 120/
70 mmHg; >99th percentile for age and sex). She was treated with
potassium chloride. At 32 mo, she had severe hypertension, with
blood pressure of 150/120 mmHg, serum K+ of 2.7 mmol/L (on
treatment), and serum HCO3− of 30 mmol/L. Urinary aldosterone
was elevated (68 μg/24 h, normal at this age <5.7) despite suppressed plasma renin activity (PRA; 0.1 ng·mL−1·h−1 supine).
Despite treatment with spironolactone, blood pressure remained
at 140–160/94–110 mmHg. Adrenal venous sampling and abdominal ultrasound led to a left adrenalectomy, which revealed an
enlarged adrenal gland weighing 4.2 g and a small segment of
ectopic adrenal tissue [average combined weight of both adrenals
in children ages 2–5 y = 4.7 g (12)]. Both adrenal gland and ectopic adrenal tissue were reported as showing hyperplasia of the
zona glomerulosa and zona fasciculata. Despite surgery, aldosteronism, difﬁcult-to-control hypertension, and hypokalemia persisted, and at 4 y 4 mo, the right adrenal gland was removed; it
weighed 4.3 g and again showed hyperplasia of the zona glomerulosa and fasciculata. The bilateral adrenalectomy normalized
blood pressure and K+ levels, and she has since remained healthy
on hydrocortisone replacement. She is now 38 y old.
Subject 767-2 has two biological children. Subject 767-1 was
found to be severely hypertensive with hypokalemia and alkalosis
at 15 mo (Table 1). PRA was suppressed, and aldosterone was
elevated. She remained hypertensive despite treatment with
combinations of spironolactone, hydrochlorothiazide, amlodipine, atenolol, prazosin, and minoxidil. Computed tomography
(CT) initially revealed no adrenal abnormalities; however, repeat
study at 23 mo showed bilateral adrenal enlargement. She also
had sequential left and right adrenalectomies at ages 3 and 4,
demonstrating adrenocortical hyperplasia. The bilateral adrenalectomy normalized blood pressure, serum potassium, and
aldosterone levels. She has been treated with glucocorticoids and
ﬂudrocortisone. She is now 11 y old.
The second child, subject 767-3, presented at 12 mo with failure
to thrive, polydipsia, and polyuria. Evaluation revealed hypertension, hypokalemia, suppressed PRA, and elevated serum aldosterone. Treatment with spironolactone failed to normalize blood
pressure. At 18 mo, bilateral laparoscopic adrenalectomy was
performed, revealing a 2-g paired adrenal gland weight [average
combined weight at ages 1–2 y: 3.56 g (12)], without evidence of
adenoma or hyperplasia. Blood pressure and aldosterone level
subsequently normalized. The patient has been treated with hydrocortisone. She is now 7 y old.
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Table 1. Clinical features of patients with familial primary aldosteronism
Subject

KCNJ5
mutation

Age dx, y

Blood pressure,
mmHg

PRA,*
ng·mL−1·h−1

767-1
767-2
767-3
409-1
1486-1
1486-2
1486-3
1486-4
124-1
124-2

G151R
G151R
G151R
G151R
G151E
G151E
G151E
N/A
G151E
G151E

1
1
1
4
2
1
0.2
11
4
<6

174/85
120/70
130/90
127/80
135/85
153/94
130/NA
160/120
High
High

<0.2
0.1
< 0.2
<0.1
<0.1
<0.1
<0.1
N/A
<0.1
N/A

Aldosterone†
99 μg/24 h
68 μg/24 h
88 ng/dL
23 ng/dL
61 μg/24 h
91 ng/dL
297 ng/dL
18 μg/24 h
High
High

K+,‡ mM

Treatment

2.1
1.4
3.2
1.7
3.5
2.6
4.4
3.0
Low
Low

Adrenalectomy
Adrenalectomy
Adrenalectomy
No F/U
Spironolactone
Spironolactone
Spironolactone
90% adrenalectomy
Spironolactone
Adrenalectomy

Age dx, age of diagnosis; FU, follow up; N/A, not available.
*PRA values < 0.3 are considered suppressed.
†
Aldosterone values in μg per 24 h are urinary; values in ng/dL are serum. Normal values for urinary aldosterone on ad libitum diet: < 7 y
< 5.7; 8–11 y <10.2. Normal values for serum aldosterone: 1–12 mo: 2–70; 1–5 y: 2–37; 6–12 y: 3–21.
‡ +
K , serum K+; normal values: 1–6 mo 3.5–5.6 mmol/l; 6 mo-1 y: 3.5–6.1 mmol/l; >1 y: 3.3–4.6 mmol/l. Reference values (22, 23).
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Distinct Clinical Features of Patients with G151R and G151E Mutation.

history has been reported (13). At 26 mo, she had hypertension
with blood pressure of 135/85 mmHg (>99th percentile), serum K+
of 3.5 mmol/L, and bicarbonate of 26 mmol/L. PRA was suppressed (<0.1 ng·mL−1·h−1), and 24-h urinary aldosterone level was
elevated (23.5–61.0 μg per 24 h); aldosterone secretion rate was
405 μg/d (normal 50–100). Adrenal venous sampling demonstrated
very high aldosterone values from both adrenal veins (5,200 ng/dL
on left; 4,600 ng/dL on right). In sharp contrast to subjects in K767,
treatment with spironolactone (100 mg/d) normalized her blood
pressure; in equally strong contrast, she did not have progression
of hypertension or growth of the adrenal glands with age. The
patient’s blood pressure has been well-controlled with spironolactone for >35 y, with no evidence of hypertensive complications. A CT scan at age 37 revealed no adrenal abnormality.
Her father (subject 1486-4) had early hypertension and aldosteronism. He had removal of the right adrenal and 4/5 of the left
adrenal gland at age 14, before the availability of mineralocorticoid antagonists. The glands were described as histologically
normal, and he has been normotensive and normokalemic since
surgery. Details of the father’s history and evaluation were
reported by Bartter and Biglieri in 1958 (14).
The index case has two biological children. At 14 mo, subject
1486-2 was hypertensive and hypokalemic, with elevated serum
aldosterone despite suppressed PRA. Treatment with spironolactone normalized blood pressure, and he remains well at age 7.
Subject 1486-3 is a 2-y-old female found at 2 mo to have hypertension with suppressed PRA and high aldosterone level. Blood
pressure has been successfully treated with spironolactone alone.
K409. Subject 409-1, a female, presented at age 4 y with hypertension, hypokalemia, and metabolic alkalosis. PRA was suppressed,
and serum aldosterone level (23 mg/dL) was considered elevated in
the presence of suppressed PRA. Family history was negative for
early onset hypertension, and the parents were normotensive adults.
Ultrasound of the abdomen was normal. The patient had difﬁcultto-control hypertension and was subsequently lost to follow-up.
K124. Subject 124-1 is a 27-y-old male who presented at 4 y with
hypertension, undetectable renin, and elevated serum aldosterone.
Adrenal scans revealed no masses or abnormalities. Treatment
with spironolactone normalized blood pressure.
The index case’s father (124-2) presented with hypertension,
hypokalemia, and primary aldosteronism in the ﬁrst years of life.
Bilateral adrenalectomy was performed at age 6, before mineralocorticoid receptor antagonists were available. Histologic results
are unavailable. He is maintained on cortisol replacement.

Review of the clinical features of affected members of families
having G151R and G151E mutations illustrates strikingly different
presentations. Like the family previously reported with the inherited T158A mutation in KCNJ5, patients with the G151R mutation
had severe aldosteronism that was virtually unresponsive to spironolactone and that worsened with age. Among the patients with
G151R mutations with follow-up, all have required the radical
intervention of bilateral adrenalectomy to achieve control of hypertension and hypokalemia at very young ages (range 1–4 y). Pathology at adrenalectomy in all but one showed adrenal
enlargement and hyperplasia of the adrenal cortex. The exception,
subject 767-3, underwent adrenalectomy at 18 mo, consistent with
the inference that the adrenal cortex in patients with this mutation
proliferate postnatally; indeed, there is a strong correlation of adrenal weight and age in patients with G151R and T158A mutations
(r2 = 0.83; Fig. S1).
In contrast, patients with the G151E mutation (in K1486 and
K124) showed aldosteronism early in life but had no progressive
disease. These patients had remarkable responsiveness to singleagent treatment with spironolactone, leading to normalization of
blood pressure and K+ in all subjects in whom it has been used and
with effectiveness persisting well into adulthood. Moreover, none
of these affected subjects showed adrenal enlargement on CT or
scintigraphy at ages up to 37 y. In addition, histology of the adrenal
glands of subject 1486-4, which were removed before availability
of spironolactone, was reported as normal. The response to spironolactone was signiﬁcantly different between subjects with
G151R and G151E mutations (4/4 G151E carriers had blood
pressure successfully controlled with spironolactone as a single
agent vs. 0/3 G151R carriers, who failed spironolactone and other
medical therapies and came to adrenalectomy; P = 0.03).
Consistent with these phenotypic differences, it is noteworthy
that, although somatic G151R mutations have been seen in 86
aldosterone-producing adenomas (23% of all APAs), the G151E
mutation has never been seen. This difference in frequency in
APAs (86 vs. 0) vs. inherited aldosteronism (2 vs. 2) is highly statistically signiﬁcant (P = 0.001) and consistent with the inference
that the G151E mutation cannot support development of increased adrenal cell mass.
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Genetic Analysis of KCNJ5. The recent identiﬁcation of inherited

mutations in KCNJ5 in one family with early severe aldosteronism
and massive adrenocortical hyperplasia suggested inherited KCNJ5
mutations as a potential cause of aldosteronism in these subjects.
We directly sequenced KCNJ5 in all available members of each
kindred (Fig. 1). Remarkably, all affected members in the four
families not only had heterozygous mutations in KCNJ5, but all had
mutations that altered the same amino acid, G151, which is one of
the two positions showing recurrent somatic mutation in aldosterone-producing adenomas. This amino acid is a universal element of
K+ channel selectivity ﬁlters from achaebacteria to humans (15, 16).
Most interestingly, affected members of two kindreds (767 and 409)
had inherited mutations that were identical to one of the recurrent
somatic mutations found in APAs, substituting arginine for glycine at
position 151 (G151R); one of these mutations was de novo, present
in the affected daughter (subject 409-1), but not the unaffected biological parents. In contrast, the other two kindreds (1486 and 124)
had a different mutation, resulting in substitution of glutamate for
glycine (G151E). This mutation has not been previously reported.
Both mutations were absent among 6,000 control chromosomes.
Scholl et al.

KCNJ5G151E Causes Marked Na+-Dependent Lethality. To understand

the molecular mechanisms for the distinctive clinical syndromes
resulting from G151R and G151E mutations, we expressed enhanced green ﬂuorescent protein (eGFP)-tagged KCNJ5 bearing
wild-type (WT) sequence, the G151R mutation or the G151E
mutation in the mammalian 293T-cell line. There were immediately obvious effects of the different mutations on cell survival, because independent preparations and transfections of KCNJ5G151E
failed to provide a signiﬁcant number of viable eGFP-positive
cells. Virtually all cells expressing the G151E mutation were dead
within 36 h of transfection.
To explore the kinetics of cell survival, we transfected 293T cells
with WT or mutant KCNJ5 and determined the percentage of
eGFP-positive cells by ﬂow cytometry at 12, 24, and 36 h after
transfection (Fig. 2A). Whereas cells transfected with KCNJ5WT
showed increasing percentages of eGFP-positive cells over this
time period, cells transfected with KCNJ5G151R (associated with
adrenocortical hyperplasia) exhibited a smaller increase in the
percentage of eGFP-positive cells at 24 h and a subsequent decrease by 36 h (Fig. 2A). The percentage of eGFP-positive cells was
signiﬁcantly lower for KCNJ5G151R than KCNJ5WT at 36 h (4.0%
vs. 10.1%; P = 0.003). In further contrast, KCNJ5G151E (associated
with no adrenocortical hyperplasia) produced a much more extreme outcome, with very few eGFP-positive cells detected at any
time after transfection (0.5% at 36 h; P < 0.0001 vs. KCNJ5WT and
0.003 vs. KCNJ5G151R at 36 h). Whether cell lethality was attributable to apoptosis or necrosis was not determined.
PNAS | February 14, 2012 | vol. 109 | no. 7 | 2535
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K1486. The index case, 1486-1, is a 38-y-old female. Her detailed
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Fig. 2. Survival of 293T cells transfected with WT and mutant KCNJ5
channels. WT or mutant eGFP-tagged KCNJ5 was transfected into 293T cells,
and the percentage of eGFP-positive cells was measured at indicated times
by ﬂow cytometry (20,000 events counted per data point). (A) Incubation in
physiologic medium (Materials and Methods) shows lower percentage of
cells expressing KCNJ5G151R than KCNJ5WT at 36 h (P = 0.003) and lower
percentage of cells expressing KCNJ5G151E than either KCNJ5WT (P < 0.0001)
or KCNJ5G151R (P = 0.003). (B) Reduction of extracellular Na+ by choline
substitution signiﬁcantly increased survival of cells expressing KCNJ5G151R
and KCNJ5G151E at 24 and 36 h, with a more pronounced effect on the G151E
mutant (for both mutant channels, P = 0.02 for low Na+ vs. normal medium
at 24 h; P = 0.04 at 36 h).

Because the G151R mutation has been previously shown to
alter the selectivity of KCNJ5, making it permeable to Na+, we
hypothesized that the lethality associated with KCNJ5G151E
might be explained by G151E imparting an even larger Na+
conductance, with the resulting increased intracellular Na+
resulting in cell death. If correct, we posited that reducing extracellular Na+ should improve cell survival. We consequently
prepared a low-Na+ cell culture medium by substituting choline
chloride for sodium chloride and choline bicarbonate for sodium
bicarbonate (Materials and Methods). Four hours after transfection,
the normal culture medium was replaced with the low Na+ medium,
and the percentage of eGFP-positive cells was again recorded (Fig.
2B). There was no substantive impact on the percentage of cells
expressing KCNJ5WT at any time point. In contrast, the percentage
of eGFP-positive cells after transfection with both mutant constructs
showed a signiﬁcant increase at 24 and 36 h (all P < 0.05). Most
strikingly, cells expressing KCNJ5G151E increased nearly sevenfold
at 24 h (from 1.1 ± 0.2% to 7.3 ± 1.6%) and more than eightfold at
36 h (0.5% ± 0.1% to 4.3 ± 1.3%). Consistent with a relative increase in survival of cells expressing KCNJ5G151E vs. KCNJ5WT in
low Na+ medium, the ratio of KCNJ5WT: KCNJ5G151E cells at 36 h
decreased from 22:1 in normal medium to 3:1 in low Na+ medium
(P = 0.004).
KCNJ5G151E Has Markedly Higher Na+ Conductance than KCNJ5G151R.

The results above indicate that the dramatically reduced survival
of cells expressing the G151E mutation can be mitigated by reducing extracellular Na+, suggesting that the G151E mutation
might result in a channel with a larger Na+ conductance. We
expressed WT and mutant KCNJ5 channels in 293T cells and
measured currents from −100 to +60 mV using the patch-clamp
technique with perforated whole-cell recordings. Even brief incubation in physiological solutions with high extracellular Na+
concentrations quickly led to death of cells expressing KCNJ5G151E.
To reduce this effect, a low Na+ extracellular solution (40 mM
NaCl, 100 mM KCl, and 2 mM MgCl2, pH 7.4, adjusted with
KOH) and an intracellular solution containing 140 mM KCl, 4 mM
MgCl2, and 5 mM Hepes (pH 7.4, adjusted with KOH) was used.
Representative whole-cell recordings are shown in Fig. 3A,
and I–V curves are shown in Fig. 3B. Under these conditions,
typical inwardly rectifying barium-sensitive currents were observed for the WT channel, and the reversal potential was close
to 0 mV, reﬂecting the high extracellular K+ level used for
2536 | www.pnas.org/cgi/doi/10.1073/pnas.1121407109
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Fig. 3. KCNJ5G151E channels have higher Na+ permeability than KCNJ5G151R
channels. Whole-cell currents of 293T cells transiently transfected with WT
or mutant KCNJ5 channels were measured by using the patch-clamp technique and the voltage protocol indicated in A. Because incubation in solutions with physiological Na+ concentrations led to death of cells expressing KCNJ5G151E, an extracellular solution containing 40 mM NaCl,
100 mM KCl, and 2 mM MgCl2 (pH 7.4, adjusted with KOH) and an intracellular solution containing 140 mM KCl, 4 mM MgCl2, and 5 mM Hepes
(pH 7.4, adjusted with KOH) was used (control). In Ba2+ conditions, 1 mM
Ba2+ was added to the above extracellular medium. In Ba2+/choline conditions, choline was substituted for Na+ as described in Materials and
Methods. Representative whole-cell recordings are shown in A, and I–V
curves are shown in B. In B, black, red, and green symbols denote control,
Ba2+, and Ba2+/choline conditions, respectively. For better visibility, only
one in two data points is plotted where curves overlap. Currents were
negligible following transfection with empty vector (Fig. S3). Typical inwardly rectifying currents were observed for the WT channel; bariumsensitivity was abolished in the mutant channels. KCNJ5G151E showed larger
currents than KCNJ5G151R, which were abolished by substitution of choline
for Na+, indicating a predominant Na+ conductance. (C ) Mean current amplitudes at −100 mV for WT and mutant channels using the solutions described in A. Net Na+ current is calculated by subtracting the current after
choline substitution from the Ba2+ resistant current. Na+ current is signiﬁcantly larger in the G151E mutant than in G151R mutant (P < 0.001). n ≥ 3
for each condition.

measurements; the WT channel was not inhibited when choline
was substituted for extracellular Na+ (10). In contrast,
KCNJ5G151E channel showed no barium inhibition and increased
permeability to barium (a proxy for increased Ca2+ permeability)
(Fig. S2), and current was virtually abolished by substituting
choline for Na+, indicating that under these conditions the
current is predominantly carried by Na+. Although the
KCNJ5G151E currents were qualitatively similar to those of
KCNJ5G151R (i.e., lack of inhibition by BaCl2 and inhibition by
choline substitution), currents were much larger for KCNJ5G151E
than those elicited by KCNJ5G151R. For example, at −100 mV,
the choline-sensitive Na+ current was nearly fourfold larger with
KCNJ5G151E than KCNJ5G151R (P < 0.001) (Fig. 3C).
Scholl et al.
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replenishment from adrenocortical progenitor or stem cells (21).
Provided that these progenitors do not express KCNJ5, mature
glomerulosa cells would be continuously born, with their expression of KCNJ5 upon differentiation resulting in constitutive aldosterone production before their demise. This hypothesis could
explain the observed dissociation of aldosterone production and
cell mass seen in these patients.
Independent evidence that the G151E mutation cannot support
increased adrenocortical cell mass comes from the observation
that this mutation has never been seen in aldosterone-producing
adenomas, unlike the highly prevalent G151R mutation.
The demonstration of increased cell lethality with both G151R
and G151E mutations has potential implications for the molecular diagnosis of APAs. With only two mutations in KCNJ5
(G151R and L168R) accounting for ∼45% of APAs, it might be
possible to develop speciﬁc tests for these somatic mutations in
DNA released from dying cells in APAs into the circulation.
Identiﬁcation of these mutations in plasma could be used as a
simple noninvasive diagnostic test in patients in whom APA is
suspected. The increased turnover of cells harboring these
mutations increases the likelihood that these mutations might be
of sufﬁcient prevalence in plasma to be detected. This test could
be used to identify individuals with high likelihood of APA.
Alternatively, it might be possible to develop selective inhibitors
of mutant KCNJ5 that would be highly selective and effective in
the treatment of patients with these mutations.
Lastly, these ﬁndings also have implications for other patients
with primary aldosteronism who do not have APA or hyperplasia. The ability of G151E mutations to cause aldosteronism
without hyperplasia or APA raises the question of whether somatic, rather than inherited, G151E mutations might frequently
contribute to development of hypertension featuring high aldosterone:renin ratios and/or primary aldosteronism in the absence
of APA or hyperplasia.
Materials and Methods
PCR and Sequencing of Exon 1 of the KCNJ5 Gene. Genomic DNA was extracted
from peripheral blood cells by using standard methods. KCNJ5 was ampliﬁed
by PCR using gene-speciﬁc primers and genomic DNA as template. Primer
sequences were 5′-GACTCTGTACTAGGCACCAGGGATAC-3′ (KCNJ5-F1) and
5′-GAGGGATTGAATGTGTTGCCTGCG-3′ (KCNJ5-R1), resulting in a 1,274-bp
PCR product. PCR products were analyzed by agarose gel electrophoresis
and directly sequenced by using the forward and reverse primers via Sanger
sequencing.
Flow Cytometry. The 293T cells were seeded on six-well dishes and transfected
in triplicate with 0.3 μg of WT, G151R, or G151E pIRES KCNJ5 eGFP using 0.6 μL
of Lipofectamine 2000 (Invitrogen). Untransfected cells were used as controls.
Four hours after transfection, the medium was changed from OPTI-MEM
(Invitrogen) to either standard DMEM (Invitrogen) containing 1.8 mM CaCl2,
0.25 μM Fe(NO3)3·9H2O; 0.8 mM MgSO4, 5 mM KCl, 44 mM NaHCO3, 110 mM
NaCl, 1 mM NaH2PO4·H2O, 1 mM sodium pyruvate, 25 mM glucose, vitamins,
and amino acids, supplemented with 1% ITS+ (BD Biosciences), but no serum;
or modiﬁed, low-Na+ medium, in which 44 mM choline bicarbonate was
substituted for NaHCO3 and 110 mM choline chloride for NaCl. With the addition of 5.8 mM NaCl via vitamin solution (Invitrogen), this mixture resulted
in a calculated total Na+ concentration of 7.7 mM compared with ∼155 mM in
standard medium. At 12, 24, and 36 h after transfection, 2 mM EDTA was
added to each well, and cells were resuspended. Cells were collected by
centrifugation and resuspended in low-Na+ medium, in which 1.8 mM MgCl2
was substituted for 1.8 mM CaCl2, and 2 mM EDTA was added to prevent cell
adhesion. 20,000 events were recorded on a BD FACSCalibur, and the percentage of eGFP-positive cells was calculated by using FlowJo software (version 9.2; Tree Star). Untransfected cells were used as controls. Data were
plotted by using the SigmaPlot software (Jandel Scientiﬁc), and mean ± SEM
of three biological replicates of independent DNA preparations is shown.
Electrophysiology. The 293T cells were transfected with 0.3 μg of plasmid DNA
encoding WT or mutant KCNJ5, by using TransIT-293 Transfection Reagent
(Mirus). After transfection, the cells were maintained in low-Na+ culture
medium as described for ﬂow cytometry experiments, and experiments were
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Discussion
We have described four families with very early onset of primary
aldosteronism who have germ-line mutations in KCNJ5 that alter
the K+ selectivity of the channel. The increased Na+ conductance
introduced by mutant KCNJ5 channels provides a mechanism for
aldosteronism (10). From the transmission pattern in these kindreds and the presence of a de novo mutation, we conclude that
these heterozygous mutations are sufﬁcient to produce primary
aldosteronism. These ﬁndings conﬁrm and extend the results from
the single small kindred previously reported (10).
These four kindreds collectively harbor two different mutations
that are distinct from the inherited T158A mutation previously
identiﬁed (10). Most surprising is the observation that, although
these two mutations both alter G151, an extraordinarily highly
conserved element of the K+ channel selectivity ﬁlter (15, 16), they
resulted in markedly different phenotypes in vivo and in vitro.
Patients with KCNJ5G151R mutations had severe hypertension
that was poorly controlled by antihypertensives including spironolactone, and all three subjects with follow-up came to the
radical intervention of bilateral adrenalectomy. Pathology in surgical specimens showed marked adrenocortical hyperplasia with
the exception of the subject who had adrenalectomy at 18 mo of
age, consistent with progressive development of hyperplasia with
age. These ﬁndings are highly similar to those in patients with the
previously reported KCNJ5T158A mutation (10).
In contrast, subjects with the KCNJ5G151E mutation had a
markedly different clinical course. Although these patients also
present early in life, disease is not progressive, and those who have
been treated with spironolactone have all had excellent control of
blood pressure with this single agent well into adulthood. Moreover,
imaging studies have revealed no evidence of adrenal hyperplasia as
late as age 37, and the histopathology of the subject with G151E
mutation who came to adrenalectomy before the availability of
spironolactone showed no adrenocortical hyperplasia.
Studies of cell survival and electrophysiology provide an explanation for this striking phenotypic variation. KCNJ5G151E results in
a much larger Na+ conductance than KCNJ5G151R, leading to
dramatic lethality in 293T cells, with virtually no cells expressing
KCNJ5G151E surviving 36 h in physiologic medium. The mitigation
of cell lethality by substitution of choline for Na+ in extracellular
medium demonstrates the role of Na+ in lethality. Both the size of
the Na+ conductance and the cell lethality are markedly greater in
the presence of the G151E mutation compared with G151R.
These striking in vitro effects suggest that the absence of hyperplasia in subjects with G151E mutations is attributable to increased cell death in cells expressing this mutation in vivo, limiting
the glomerulosa cell mass and likely accounting for the absence of
progressive disease. These cells are nonetheless individually producing large amounts of aldosterone, sufﬁcient to cause hypertension. It is interesting that patients with both G151 mutations
present at similar ages, but diverge in severity thereafter, likely due
to the increased mass of aldosterone-producing cells among
KCNJ5G151R carriers. Whether the observed differential response
to mineralocorticoid antagonists is fully explained by differences
in aldosterone levels at young age is unclear; mineralocorticoids
other than aldosterone, such as 18-oxocortisol, are produced in
patients with the T158A mutation (17), and differential production
of these unmeasured mineralocorticoids could play a role. Further
work will be required to explore these issues.
The rapid lethality of cells expressing the G151E mutation in
293T cells may be partially mitigated in vivo in glomerulosa cells by
the presence of constitutively open TASK and TREK K+ channels
(18, 19) and by high activity of the Na+/K+-ATPase (20); both
would reduce the magnitude of cell depolarization resulting from
mutant KCNJ5. The fact that aldosterone-producing cells are not
entirely eliminated in vivo in the presence of KCNJ5G151E, resulting
in an atretic glomerulosa, may be explained by their continuous
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typically performed 12 h after transient transfection. Standard whole-cell
patch clamp recordings were performed by using an Axon Patch 200A ampliﬁer. Pipettes were pulled from borosilicate glass and had resistances between 2 and 4 MΩ. For measurement of Na+ currents, the bath solution
contained 40 mM NaCl, 100 mM KCl, and 2 mM MgCl2 (pH 7.4, adjusted with
KOH), and the pipette solution contained 140 mM KCl, 4 mM MgCl2, and
5 mM Hepes (pH 7.4, adjusted with KOH). K+ currents were inhibited by
application of 1 mM BaCl2. To determine the Na+ current, choline was
substituted for Na+ in the extracellular solution (40 mM choline, 100 mM KCl,
1 mM BaCl2). For measurement of Ba2+ current, the bath solution contained
110 mM BaCl2 and 10 mM Hepes (pH 7.4, adjusted with KOH), and the pipette

solution contained 160 mM CsCl, 5 mM EGTA, 1 mM MgCl2, and 5 mM Hepes
(pH 7.4, adjusted with KOH). The Ba2+ currents, as an index of Ca2+ currents,
were inhibited by application of La3+ (100 μM) at the end of experiments.
Data were collected from at least three cells in each condition and were analyzed by a combination of Axon Clampﬁt 9.2 and SigmaPlot programs.
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