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Abstract

Endocrine tumors such as aldosterone-producing adrenal adenomas (APAs), a cause of severe
hypertension, feature constitutive hormone production and unrestrained cell proliferation; the
mechanisms linking these events are unknown. We identify two recurrent somatic mutations in
and near the selectivity filter of the potassium (K*) channel KCNJ5 that are present in 8 of 22
human APAs studied. Both produce increased sodium (Na*) conductance and cell depolarization,
which in adrenal glomerulosa cells produces calcium (Ca2*) entry, the signal for aldosterone
production and cell proliferation. Similarly, we identify an inherited KCNJ5 mutation that
produces increased Na* conductance in a Mendelian form of severe aldosteronism and massive
bilateral adrenal hyperplasia. These findings explain pathogenesis in a subset of patients with
severe hypertension and implicate loss of K* channel selectivity in constitutive cell proliferation
and hormone production.

Aldosterone, a steroid hormone synthesized by the adrenal glomerulosa, is normally
produced in two conditions, intravascular volume depletion and hyperkalemia (high plasma

lTo whom correspondence should be addressed: richard.lifton@yale.edu.
These authors contributed equally to this work.

Supporting Online Material

www.sciencemag.org/cgi/content/full/331/6018/768/DC1

Materials and Methods

Figs. S1to S8

Tables S1to S5

References



1dudsnueiy Joyiny [INHH

1dudsnuey Joyiny [INHH

L
L
=
>
=
=
e
<
)
S
c
*
Q
5

Choi et al.

Page 2

K* level) (1). Volume depletion activates the renin-angiotensin system, producing the
hormone angiotensin Il (All), which signals via its G protein—coupled receptor (GPCR) in
glomerulosa cells. The resting membrane potential is set by K* channel activity (2); both All
signaling and hyperkalemia cause membrane depolarization and activation of voltage-gated
Ca®* channels. Increased intracellular Ca2* provides the normal signal for aldosterone
production, and sustained increases lead to glomerulosa cell proliferation (1, 3-5); All also
causes increased inositol 1,4,5-trisphosphate (IP3) and transient CaZ* release from
intracellular stores. Aldosterone signaling in the kidney increases electrogenic Na*
reabsorption, defending intravascular volume, and also increases K* secretion.

In primary aldosteronism, the adrenal gland constitutively produces aldosterone in the
absence of All or hyperkalemia, resulting in hypertension and variable hypokalemia (low
plasma K* level). Primary aldosteronism is found in ~10% of patients referred for
evaluation of hypertension. A third or more of these have aldosterone-producing adenoma
(APA, also known as Conn’s syndrome) of the adrenal cortex (6); of the remainder, a small
fraction have mutations that cause constitutive expression of aldosterone synthase (7), and
the rest are classified as idiopathic.

APAs are typically solitary, well circumscribed, and diagnosed between ages 30 and 70 (8).
They come to medical attention due to new or worsening hypertension, often with
hypokalemia. Aldosterone is elevated while renin levels are suppressed (reflected in a high
aldosterone:renin ratio), and a characteristic adrenal mass is seen on computed tomography
(CT). Adrenal vein sampling demonstrates predominant aldosterone secretion from the
gland harboring the tumor. APAs virtually always remain benign, without local invasion or
distant metastasis (9). Surgical removal ameliorates or cures hypertension in the large
majority of patients (10). The mechanisms responsible for neoplasia and cell-autonomous
aldosterone production are unknown.

We studied 22 patients with APA (table S1) (11). All came to medical attention with
hypertension and variable hypokalemia. All had high aldosterone:renin ratios and unilateral
adrenal cortical mass on CT. At surgery, adrenocortical tumors of mean diameter 2.8 cm
were removed, and pathology in all cases confirmed adrenocortical adenoma.

Genotyping of tumors on Illumina 1M-Duo chips demonstrated two gross classes of tumors:
those with zero or few chromosome arms with loss of heterozygosity (LOH) (11 with none,

3 with 1 to 4 LOH events) and those with many large LOH segments (8 with 11 to 19 LOH

segments) (table S1 and fig. S1). Subjects with low LOH tumors tended to be younger with

smaller tumors.

We performed whole exome capture and Illumina sequencing on four APA-blood pairs from
unrelated subjects with no LOH segments. Each tumor sample was assessed by histology to
be free of normal adrenal cells; some admixture with blood and stromal cells is inevitable,
and we accordingly sequenced samples to high depth of coverage to enable detection of
somatic mutations. The mean coverage of each targeted base was 183-fold for blood DNA
and 158-fold for tumor DNA, and 97% of all targeted bases in tumor samples were read at
least eight times (table S2). We identified high-probability somatic mutations in each tumor
(P=10"%1to 10756 of chance occurrence) (fig. S2), and confirmed each by direct Sanger
sequencing (11). Twelve of 13 putative somatic mutations were confirmed by Sanger
sequencing versus 0 of 28 with 1074 < P< 1073 (Table 1, table S3, and fig. S2). The results
identified a small number of somatic mutations in each tumor, with a mean of 2.3 protein-
altering and 0.8 silent mutations (Table 1 and table S3). Among bases covered =40-fold
(86% of all targeted bases), this represents 0.15 somatic mutations per megabase of exome
sequence, a low value compared with a number of malignant tumors (12, 13).

Science. Author manuscript; available in PMC 2012 June 08.
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Considering the small number of somatic protein-altering mutations, it was remarkable that
one gene, KCNJ5 (Kir3.4), was mutated in two tumors (Table 1, Fig. 1, and figs. S3 and S4).
KCNJ5 encodes an inwardly rectifying K* channel (14). One mutation was G151R, which
was present in 33% of tumor reads and none in blood. The other was L168R, present in 29%
of tumor reads and none in blood. Each was confirmed as a somatic mutation by Sanger
sequencing. Both the wild-type (WT) and mutant KCNJ5 transcripts were detected in APA
cDNA (Fig. 1 and fig. S4). The G151R and L168R mutations are absent in the dbSNP, 1000
Genomes, and Catalogue of Somatic Mutations in Cancer (COSMIC) databases. Sequencing
900 KCNJ5 alleles from unrelated subjects revealed neither mutation and only two missense
variants, R39H and M210l, both in cytoplasmic domains. Staining of normal human adrenal
gland with antibodies to KCNJ5 demonstrated selective staining of zona glomerulosa cells
(fig. S5), consistent with tumors arising from mutation in these cells.

Sequencing of KCNJ5in the other 18 APA-blood pairs identified six additional somatic
mutations. Remarkably, all were either the G151R or L168R mutation. In sum, there were
two G151R mutations and six L168R mutations among the 22 tumors (table S1 and fig. S4).
The mutations were expressed in tumor cDNA in the six samples studied (fig. S4). Mutant
allele frequencies in tumor DNA and cDNA are consistent with mutations being
heterozygous in tumor cells. All KCNJ5 mutations were in the low LOH group, including 7
of the 11 tumors with no LOH segments.

Even using an inflated estimate of one somatic mutation per million base pairs in these
tumors, the probability of seeing either of two somatic mutations recur by chance in 6 of 20
other tumors is <10730, strongly implicating these two mutations in the pathogenesis of
APA. The recurrence of the identical mutations strongly implies a genetic gain-of-function
mechanism.

The crystal structures of a number of K* channels have been determined, and the general
features are highly conserved (15); the closest to KCNJ5 is chicken KCNJ12, another
inward rectifier (16). The wild-type amino acids, G151 and L168, lie at highly conserved
positions, which we mapped onto the KCNJ12 structure. G151 is the first glycine of the
GYG motif of the K* channel selectivity filter (Figs. 1D and 2A); glycine at this position is
found in virtually every K* channel in the biological world (17, 18). The main chain
carbonyl groups of G151 face the pore in the channel tetramer (Fig. 2A), and their distances
from one another approximate the distances of oxygen atoms in the hydration shell
surrounding K* ions, stripping water from the ion (15, 16). L168 is also conserved among
KCNJ5 orthologs and inward rectifiers (Fig. 1D). L168 lies in the second transmembrane
domain (inner helix) of KCNJ5; its side chain abuts the highly conserved tyrosine side chain
of the GYG motif (Fig. 2B).

Previous studies have shown that mutations in and near K* channel selectivity filters can
alter channel selectivity to produce nonselective cation channels (17, 19). KCNJ5 exists both
as homotetramers and heterotetramers with KCNJ3 (KCNJ3 is inactive as a homotetramer)
(20); heterotetramers are more active than homotetramers, and activity can be increased by
activation of GPCRs such as dopamine D2 (14, 21). Both KCNJ5and KCNJ3 are expressed
in human adrenal cortex (table S4). We expressed wild-type or mutant KCNJ5 with KCNJ3
in 293T cells (Fig. 3 and fig. S6) and measured currents at voltages from —100 mV to +60
mV using perforated whole-cell recording with physiologic solutions including 140 mM K*
inside and 5 mM K*, 140 mM Na* outside the cell (11). KCNJ3/KCNJ5WT induced a robust
inwardly rectifying Ba2*-sensitive current that hyperpolarized the membrane with a reversal
potential of —65 + 2 mV (Fig. 3). Co-expression with the dopamine D2 receptor and addition
of dopamine increased current by ~50% (fig. S7, A and B). These are all characteristic
features of KCNJ3/KCNJ5 heterotetramers (14). The K*:Na* permeability ratio, estimated

Science. Author manuscript; available in PMC 2012 June 08.
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from the Goldman equation, was 25.3 + 4.4:1. In contrast, KCNJ3/KCNJ5C1%IR channels
produced currents that showed loss of inhibition by Ba2* and membrane depolarization with
a shift of the reversal potential to 0 + 2 mV. This depolarization is attributable to increased
Na* conductance: whereas substitution of choline for Na* had no effect on the WT channel,
elimination of Na* markedly inhibited KCNJ3/KCNJ5G11R cyrrents either with (Fig. 3) or
without (fig. S7, C and D) Ba%*. The calculated K*:Na* permeability ratio is diminished to
1.0 £ 0.1:1, consistent with loss of channel selectivity. This loss of ion selectivity is similar
to effects seen with other selectivity filter mutations (17). KCNJ3/KCNJ5-168R channels
behave similarly, producing a reversal potential of =5 + 1 mV and a K*:Na* permeability
ratio of 1.3 + 0.1:1 (Fig. 3). Similar results were obtained with KCNJ5 homotetramers (fig.
S8). In glomerulosa cells, membrane depolarization activates voltage-gated Ca2* channels,
increasing intracellular Ca2*, thereby increasing aldosterone production (Fig. 4) (1).
Similarly, chronic Ca2* stimulation promotes increased proliferation in glomerulosa (3-5)
and other cell types (22, 23), which can account for clonal expansion of cells harboring these
somatic mutations and adenoma formation.

These inferences from somatic mutations in tumors suggest that inherited mutations in
KCNJ5with similar effect could cause a Mendelian form of primary aldosteronism with
bilateral adrenal hyperplasia, because in this case every adrenal cell would harbor the
mutation. We recently described just such a syndrome of unknown cause in a father and his
two daughters who were all diagnosed between ages 4 and 7 with severe hypertension,
aldosteronism, and massive adrenal hyperplasia (table S5) (24). All three individuals had a
radical intervention, bilateral adrenalectomy in childhood. Pathology demonstrated massive
hyperplasia of the adrenal cortex (paired adrenal weights up to 81 g; normal <12 g). The
sequence of KCNJ5 identified a heterozygous T158A mutation that cosegregated with the
disease (Fig. 1C and fig. S4l). This variant is absent in the dbSNP and 1000 Genomes
databases and in 900 control alleles. This threonine is conserved among KCNJ5 orthologs
and other inward rectifiers (Fig. 1D) and lies in the loop between the selectivity filter and the
second transmembrane domain; its hydroxyl group hydrogen bonds with conserved residues
in the loop between the first transmembrane domain and the pore helix, constraining the
structure (Fig. 2C). The T158A mutation eliminates these hydrogen bonds. Similar to the
other mutations, KCNJ3/KCNJ5T158A channels showed reduced selectivity (K*:Na*
permeability ratio of 2.5 + 0.4:1) and membrane depolarization, with a reversal potential of
—-20 + 4 mV (Fig. 3B). Similar results were seen in homotetramers (fig. S8).

These findings implicate inherited and acquired mutations in KCNJ5 in aldosteronism
associated with cell autonomous proliferation. The very small number of somatic mutations
observed, the young age of many APA subjects with KCNJ5 mutations (four of eight under
age 35), and Mendelian transmission of the inherited syndrome are consistent with the
KCNJ5 mutations being sufficient for both constitutive aldosterone secretion and cell
proliferation. The increased Na* conductance and membrane depolarization resulting from
these mutations implicate activation of voltage-gated Ca*channels in the pathophysiologic
mechanism (Fig. 4) (1, 3-5).

The effects of these mutations in and near the selectivity filter to reduce channel selectivity
are consistent with previous in vitro studies (17, 19). In addition, mutation of the
homologous glycine to serine in KCNJ6in the weaver mouse also produces a Na*-
conducting channel, leading to selective loss of neurons in cerebellum and substantia nigra
(25). Glomerulosa cells have constitutively open “leak™ K* channels and a high Na*/K*
adenosine triphosphatase activity (26); such differences may contribute to different fates in
these cell types.

Science. Author manuscript; available in PMC 2012 June 08.
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Because mutations in and near K* channel selectivity filters can alter ion selectivity (19), the
restricted spectrum of mutations found in APAs is noteworthy. One possible explanation is
that mutant channels must cause sufficient Na* permeability for tumor development but not
S0 great as to cause cell death (23, 25); these requirements may restrict the mutational
spectrum. The lower relative Na* permeability observed with the inherited T158A mutation
is consistent with allelic variation in effect. It will be of interest to determine the prevalence
and spectrum of KCNJ5 mutations in other cohorts of patients with APAs and with
unexplained aldosteronism.

These findings also raise the question of the normal role of KCNJ5 in glomerulosa cells. In
rodent and cow, members of the “leak” K* channel family (KCNK2, KCNK3, and KCNK9)
appear to set the resting potential (27, 28). Dopamine, an inhibitor of aldosterone release,
increases activity of K* channels containing KCNJ5 (21), suggesting that KCNJ5 may
normally inhibit aldosterone production. We sequenced KCNKZ, KCNK3, and KCNK9in
the tumor cohort and found no mutations, consistent with KCNJ5 having a privileged role in
producing APA.

Lastly, these findings demonstrate a role for ion channel mutations in neoplasia. The distinct
mechanism of these KCNJ5 mutations may be related to the benign nature of these tumors.
It will be of interest to determine whether other endocrine neoplasias have related mutations
that account for concomitant cell proliferation and hormone release. Mutations in other K*
channel genes have been identified in various human cancers, but their importance has been
uncertain. These include mutations altering conserved residues in or near voltage-regulating
segments in KCNB2, KCNC2, and KCNQ5 from glioblastoma, breast cancer, and colorectal
cancers (12, 13, 29). Investigation of the functional consequences of these mutations will be
of interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Mutations in KCNJ5 in aldosterone-producing adenoma and inherited aldosteronism. (A)
Sequences of blood and tumor genomic DNA and tumor cDNA of KCNJ5 codons 150 to
152 in APA12. (B) Sequences of KCNJ5 codons 167 to 169 in APA15. (C) KCNJ5
mutation in kindred HPAL. At top, kindred structure is shown; affected members are shown
as filled symbols; gray symbol represents a subject who died at age 36 with severe
hypertension, suspected to be affected. KCNJ5 sequences of codons 157 to 159 are shown.
Reverse strand traces for (A) to (C) are shown in fig. S4. (D) Conservation of G151, T158,
and L168 in orthologs and paralogs. These positions are conserved among chordate
orthologs that last shared a common ancestor 750 million years ago. H.s., Homo sapiens,
M.m., Mus musculus, G.g., Gallus gallus, X t., Xenopus tropicalis, D.r., Danio rerio; C.i.,
Ciona intestinalis. Shown below are the sequences of selected human inward rectifier K*
channels, demonstrating high conservation among diverse members of this family.
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Fig. 2.

Location of human mutations in KCNJ5 mapped onto the crystal structure of chicken K*
channel KCNJ12 (16). (A) Location of mutations. The extracellular and transmembrane
domains of two subunits from the channel tetramer are shown with K* ions (purple)
traversing the selectivity filter; human KCNJ5 and chicken KCNJ12 are 89% identical in the
pore helix and selectivity filter. G151 lies in the selectivity filter at a position conserved
among virtually all K* channels. Its main chain carbonyl group faces the channel pore. T158
lies just above the selectivity filter, and L168 is in the second transmembrane domain (inner
helix) with its side chain projecting toward the selectivity filter. (B) View of the side chains
of L168 and the highly conserved Y152 of the selectivity filter, showing their close
proximity. (C) View of T158, which makes hydrogen bonds with conserved positions P128
and C129.
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Fig. 3.

KCNJ5 mutations result in loss of channel selectivity and membrane depolarization. (A)
Representative whole-cell recordings of 293T cells transfected with empty vector or KCNJ3
plus WT or mutant KCNJ5. The pipette holding potential was 0 mV before clamping, and
the cell was clamped from —100mV to +60 mV, with 20 mV increments. Top row:
extracellular solution contained 140 mM NaCl, 5 mM KCI, 1.8 mM MgCl,, 1.8 mM CaCl,,
10 mM HEPES, pH 7.4; intracellular solution contained 140 mM KCI, 4 mM MgCl,, 1 mM
CaCly, 1 mM EGTA, 5 mM HEPES, pH 7.4. Middle row: 1mM BaCl, was added. Bottom
row: 140 mM choline chloride was substituted for extracellular NaCl. (B) Current-voltage
relationships from cells expressing indicated constructs (r7= 3 to 7 for each construct).
Reversal potentials in control conditions are indicated. WT channel shows a highly negative
reversal potential and is inhibited by Ba2* but not substitution of choline for Na* (see also
fig. S7). Mutant channels show less negative reversal potentials; currents are inhibited by
elimination of Na* but show variable inhibition by Ba2*. (C) K*:Na* permeability ratios
calculated from the reversal potentials (11) show loss of ion selectivity of the mutant
channels. Data in (B) and (C) are shown as mean + SEM. Reversal potentials and K*:Na*
permeability ratios are significantly different between wild-type and mutant channels (P <
0.01 by Student’s ttest).
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Fig. 4.

Proposed mechanism underlying aldosterone-producing adenoma and Mendelian
aldosteronism. (A) Adrenal glomerulosa cells have a high resting K* conductance, which
produces a highly negative membrane potential (2). (B) Membrane depolarization by either
elevation of extracellular K* or closure of K* channels by angiotensin Il activates voltage-
gated Ca?* channels, increasing intracellular Ca2* levels (1). This provides signals for
increased expression of enzymes required for aldosterone biosynthesis, such as aldosterone
synthase, and for increased cell proliferation. (C) Channels containing KCNJ5 with G151R,
T158A, or L168R mutations conduct Na*, resulting in Na* entry, chronic depolarization,
constitutive aldosterone production, and cell proliferation.
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