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Somatic KCNJ5 mutation occurring early in adrenal development
may cause a novel form of juvenile primary aldosteronism
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Abstract

We report a case of non-familial juvenile primary aldosteronism (PA). Super-selective adrenal
venous sampling identified less aldosterone production in the right inferior adrenal segment than
others. Bilateral adrenalectomy sparing the segment normalized blood pressure and improved PA.
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Both adrenals had similar histologies, consisting of a normal adrenal cortex and aldosterone
synthase-positive hyperplasia/adenoma. An aldosterone-driving KCNJ5 mutation was detected in
the lesions, but not in the histologically normal cortex. After taking into account that the two
adrenal glands displayed a similar histological profile, as well as the fact that hyperplastic lesions
in both glands exhibited a common KCNJ5 mutation, we conclude that the specific mutation may
have occurred at an adrenal precursor mesodermal cell, at an early stage of development; its
daughter cells were mixed with non-mutant cells and dispersed into both adrenal glands, resulting
into a form of the condition known as genetic chimerism.
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1. Introduction

Primary aldosteronism (PA) is a condition where the adrenal glands autonomously produce
excess aldosterone. In adults, PA is primarily caused by either an aldosterone-producing
adenoma (APA) or idiopathic hyperaldosteronism (Funder et al., 2016). Somatic mutations
in ion channel/pump genes, including KCNJ5 (potassium channel, inwardly rectifying
subfamily J, member 5), have been identified in adult-onset APAs (Choi et al., 2011,
Beuschlein et al., 2013; Scholl et al., 2013; Azizan et al., 2013). Such mutations lead to
imbalanced ion exchange, which causes the depolarisation of the membrane potential; this in
turn activates the voltage-dependent calcium channels, resulting in a massive influx of Ca?*.
The activation of the calcium cascade leads to increased aldosterone production.

Juvenile PA is very rare and is mainly caused by three types of familial hyperaldosteronism
(FH1-3) (Funder et al., 2016). FH1 is the result of the presence of a hybrid gene formed by
an unequal cross-over between CYP11B1and CYP11BZ2, where the CYP11B1 regulatory
region directs CYPI11B2gene expression. CYP11B2encodes aldosterone synthase, an
enzyme that catalyses the last step of the aldosterone production pathway in the zona
glomerulosa (ZG), under the control of the renin-angiotensin system, potassium, and the
adrenocorticotropic hormone (ACTH). CYP11B1 encodes 11p-hydroxylase, which catalyses
the last step of the cortisol production pathway in the zona fasciculata (ZF), under the
control of ACTH (Hattangady et al., 2012). The presence of the hybrid gene leads to the
ectopic, regulated by ACTH, expression of aldosterone synthase in ZF, resulting in
aldosterone hyper-production. FH1 is treated with glucocorticoids, which suppress the
secretion of ACTH. FH2 is diagnosed on the basis of family history of PA, while the related
genes remain unknown. FH3 is caused by germ-line mutations in ion channel/pump genes
including KCNJ5, and was reported by the same team that discovered the role of somatic
KCNJ5 in adult-onset APAs (Choi et al., 2011).

M.Om and K.Ma in the Yokohama Rosai Hospital have developed a novel super-selective
adrenal venous sampling (ssAVS, also called super-selective ACTH-stimulated adrenal
venous sampling) method to explore additional surgical treatment options for PA (Nishikawa
etal., 2010; Nishimoto et al., 2016; Nishikawa et al., 2009). In conventional adrenal venous
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sampling (CAVS), a catheter is inserted into both adrenal central veins, from which blood
samples are collected. Thus, cAVS is only useful for judging the laterality of PA and not for
identifying surgical options for bilateral PA. In ssAVS, blood samples are collected from
small adrenal tributary veins (TV: smaller upstream branches of the adrenal central veins)
using a specialized microcatheter (Gold Crest Micro Catheter KCV29S1S-OM, Koshin
Medical Inc., Tokyo, Japan) (Nishikawa et al., 2010). Therefore, sSSAVS enables the
identification of specific adrenal segments not producing aldosterone autonomously within
an affected adrenal, thereby allowing bilateral adrenal surgery to be performed on bilateral
PA while sparing an unaffected adrenal segment(s). The first sSAVS was performed on
August 2008. Between January 2014 to December 2015, in the Yokohama Rosai Hospital,
cAVS was performed for 248 cases, and catheterization for both adrenal vein was
accomplished in 246 patients (success rate: 99.2%, confirmed by PCC of adrenal venous
samples (Nishikawa et al., 2011)). Among these cAVS-success patients, blood sample
collection from more than 2 TVs of each of adrenal was accomplished in 242 patients
(98.3%). Recently, the Tohoku University group followed our ssAVS protocol (they call the
protocol segmental adrenal venous sampling) and showed similar success rate and
availability with ours, suggesting that the protocol is potentially available in high volume
referral centers (Satoh et al., 2015a,b; Satani et al., 2016; Satoh et al., 2015a,b; Morimoto et
al., 2016).

Herein, we report a novel type of juvenile PA that is presumably caused by a somatic
KCNJ5 mutation in both adrenals, which may have occurred in a prodromal cell of the
adrenal cortex at an early stage of mesoderm development.

2. Subjects and methods

Detailed data on the clinical course of the case and the methods used are available in the
Supplementary Data. Briefly, we report a 16-year-old woman with severe PA since the age
of 8, diagnosed according to the existing guidelines (Funder et al., 2016; Nishikawa et al.,
2011). Computed tomography revealed hyperplastic lesions in both adrenal glands (Fig. 1A).
The administration of dexamethasone (a synthetic glucocorticoid used for the treatment of
FH-1) did not alleviate her symptoms, while she had no familial history of PA,; thereby all
three types of familial hyperaldosteronism were excluded as possible causes of her PA.
Results from both cAV'S and ssAVS indicated that the inferior segment of the right adrenal
gland produced less aldosterone than the other portions (Fig. 1B—H). She underwent
bilateral adrenalectomy, sparing the right inferior segment; the operation significantly
improved her PA symptoms, and normalized her blood pressure. Tissue and blood from the
patient were used for histological and molecular analyses, after obtaining the patient’s
written informed consent.

3. Results

The surface of the extracted, fresh adrenal glands consisted of both mostly normal tissue and
yellowish hyperplastic/adenomatous lesions, located in the outer portion of both adrenals
(Fig. 2A). Samples from these putative aldosterone-producing lesions, left and right, were
flash-frozen, and later used for DNA and RNA isolation (DNA/ RNA#76-77, Table 1).
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Histological analysis revealed that the normal tissue from the left adrenal gland displayed
the three typical histological layers forming the adrenal cortex (zona glomeruloza, zona
fasciculata, and zona reticularis) (Fig. 2B), whereas the hyperplastic lesions consisted of
heterogeneous clear (lipid-rich) cells arranged in an irregular fashion (Fig. 2C). Double-
immunostaining for aldosterone synthase (blue) and steroid 11B-hydroxylase (brown) was
performed in both the normal tissue and the lesions. The ZG of the normal tissue lacked
aldosterone synthase, suggesting that aldosterone production there was suppressed (possibly
due to low circulating renin), while the ZF contained steroid 11p-hydroxylase, indicating
that cortisol production at that zone remained unaffected (Fig. 2D). In the hyperplastic
lesions, the immunostaining revealed a thick subcapsular area with high levels of
aldosterone synthase, which expanded outward to form nodules and inward to invade a layer
of cells positive for steroid 11p-hydroxylase (Fig. 2E). Unstained formalin-fixed, paraffin-
embedded tissues (FFPE) were macro-dissected to collect control samples from the normal
adrenal cortex (Control#2), as well as samples from the hyperplastic lesions (both the
subcapsular area and the inner layer) for molecular analyses (DNA/RNA#29-31; Fig. 2F,G;
Table 1).

In addition to these hyperplastic lesions, the left adrenal gland contained lesions resembling
APAs, which consisted of heterogeneous tumour-like cells expressing either aldosterone
synthase or steroid 11p-hydroxylase (Fig. 2H,I); these two types of cells were irregularly
arranged, as is observed in APAs (Nishimoto et al., 2010). Inner and subcapsular portions of
the APA-like hyperplasia were macro-dissected to isolate DNA and RNA (DNA/RNA#32-
33, Fig. 2J, K).

The partially extracted right adrenal presented more or less the same histological profile as
the left adrenal, suggesting that the two adrenal glands suffered from the same
pathophysiology. After micro-dissection of the right adrenal cortex, samples from normal
portions (Control#3) and hyperplastic lesions were extracted and used for DNA and RNA
isolation (DNA/RNA#73-75, pages#6—7 in Supplementary Fig. 1).

Real-time quantitative-PCR analysis confirmed the elevation of CYP11B2in the lesion
samples (Supplementary Table 1). Afterwards, next generation sequencing (NGS) was
conducted to detect reported APA-associated mutations as previously reported (Nishimoto et
al., 2016; Nishimoto et al., 2015). NGS detected 114 variants before filtering
(Supplementary Tables 1-2). The KCNJ5 p.Gly151Arg mutation, which is the most
frequently (38-70%) detected mutation in APAs (Fernandes-Rosa et al., 2014; Kitamoto et
al., 2016), was identified throughout the aldosterone-producing lesions (DNA#30-33, 74—
77), although 3 lesions had a lower variant allele frequency (* in Table 1) than the one used
by our filtration criteria (>15%, see Supplementary methods).

Sanger sequencing of cDNAs produced from RNA isolated from flash-frozen, putative
aldosterone-producing lesions (RNA#76-77, Table 1) of both glands confirmed the
expression of the KCNJ5p.Gly151Arg mutated gene in the lesions (Fig. 3A-B).
Determination of the sequence of genomic DNA isolated from the patient’s blood
(Control#1, DNA#78, Table 1), again using the Sanger method, demonstrated that the
KCNJ5 mutated gene was not present in blood cells (Fig. 3C).
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4. Discussion

Both glands of the patient displayed hyperplasia, some areas of which resembled APA. The
similarities in histology, as well as the identification of a common APA-associated mutation
(KCNJ5p.Gly151Arg) in the lesions from both glands, suggest that the abnormalities
observed in the two glands share a common pathology. Although the KCNJ5 mutation could
independently occurred in the different parts of the adrenals simultaneously, the mutation
most likely occurred in a mesodermal cell in an early stage of development, and its daughter
cells were mixed with non-mutant cells and distributed into both adrenal glands, a condition
known as genetic chimerism.

Two models of adrenal zonation have been proposed; the model of centripetal migration
from undifferentiated cells in the subcapsular region that initially differentiate into
aldosterone-producing cells of the ZG which then migrate centripetally and undergo a
lineage change into ZF and continue migrating to the zona reticularis where they eventually
undergo apoptosis (Salmon and Zwemer, 1941). In the second zonal model states that each
zone develops independently from zone-specific progenitor cells (Deane and Greep, 1946).
Studies in mice using lineage tracing have shown that the adrenal cortex arises from cells of
the intermediate mesoderm and after separation of individual adrenal and gonadal primordia
from the shared adrenogonadal primordia; the mesenchymal cells migrate and encapsulate
the foetal adrenal gland (Wood et al., 2013). From where, there is a centripetal migration of
cells from the subcapsular region (zona glomerulosa) undergoing a phenotypic change to
form the zona fasciculata (King et al., 2009). Using an aldosterone synthase-cre mice to
knock out the Steroidogenic Factor 1 (SF-1, a master regulator of adrenal development) in
zona glomerulosa demonstrated that the ZG no longer was able to contribute cells to the ZF,
however, the ZF developed normally (Freedman et al., 2013). This indicated that some cells
of the ZF correspond to a different lineage probably from the foetal adrenal that undergoes
atrophy before birth.

The adrenals of the current case may have non-mutant and KC-NJ5mutant progenitor cells
in the adrenal capsule, which generate a normal adrenal cortex and hyperplasia, respectively.
In fact, outer and inner tissues from hyperplasia in the left adrenal gland had similar KCNJ5
mutation frequencies (16.2% vs. 24.3% and 9.9% vs. 9.4%, respectively; Table 1) despite
the inner hyperplastic portion containing more CYP11B1-positive cells than CYP11B2-
positive cells (Fig. 2E,G). Overall, it is likely that the patient had a KCNJ5 genetic
chimerism, and the mutant cells caused bilateral hyperplasia.

In addition to the KCNJ5 mutation, NGS identified high confidence unreported somatic non-
synonymous variants of A7P1A1and ATP2B3in the left FFPE adrenal samples (Table 1).
Although some variants may be caused by PCR amplification errors due to extensive
amplification (30 cycles), others may be novo mutations associated with the KCNJ5
mutation and chronic aldosterone overproduction.

In the current case, although the ssAVS method is not universally approved, the ssAVS
effectively found a less affected adrenal segment, which enabled surgical treatment sparing
the segment. The spared adrenal have potential to exacerbate PA due to possible remaining
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KCNJ5 mutation. The current study revealed that the adrenal consisted of mutated and non-
mutated adrenal, therefore, even if her PA recur in the future, she may have another surgical
option such as removal of the remaining adrenal with auto-transplantation of unaffected
adrenal. Further medical development on adrenal cortex is needed to explore curable options
for severe “idiopathic hyperaldosteronism” including the current case.

In summary, we encountered a case of juvenile PA, in which bilateral adrenals had almost
the same pathology consisting of a normal adrenal histology without genetic mutations and
aldosterone-producing lesions harboring a KCNJ5 mutation. We propose this novel type of
PA as ‘non-familial juvenile PA (NFJ-PA)’, which may be caused by a somatic KCNJ5
mutation arising in the early stage of mesodermal development. NFJ-PA may be improved
by a combination treatment of sSAVS and bilateral adrenal surgery because the adrenals of
NFJ-PA may have a non-mutated normal adrenal region(s).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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F (rt. central

Fig. 1.
CT, cAVS, and ssAVS A: A frontal section image of computed tomography. Red * and **

indicate right and left adrenal glands, respectively. B: Conventional adrenal venous sampling
(cAVS) from left adrenal vein. Superior, medial, and lateral tributary veins (TVs) were
shown by infusion of contrast medium. C: Superselective AVS (ssAVS) from left superior
TV. D: ssAVS from left median TV. E: ssAVS from left lateral TV. F: cAVS from right
central adrenal vein. Superior and inferior TV were shown. G: ssAVS from inferior TV. H:
ssAVS from superior TV. Bars indicate 1 cm. Pink arrowheads in panels C, D, E, G, and H
indicate head of a microcatheter. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2.

Gross, histochemical, and immunohistochemical findings. A: Gross appearance of the left
adrenal cut surface. Green arrows and black asterisks (*) indicate a normal adrenal gland
portion and hyperplastic/adenomatous portions, respectively. B, C, and H: H&E staining.
Enlarged images of the boxes in pages#1 and #4 of Supplementary Fig. 1. D, E, and I:
Double immunostaining for CYP11B2 (blue) and CYP11B1 (brown). Enlarged images of
the boxes in pages#1 and #4 of Supplementary Fig. 1. F, G, and J/K: Macro-dissected
unstained adjacent FFPE sections of panels D, E, and I, respectively. Dotted lines indicate
the adrenal capsule. White striations and corresponding numbers indicate scraped (macro-
dissected) areas and DNA# in Table 1, respectively. The scale bar in panel A indicates 5 mm.
Scale bars in panels B-K indicate 1 mm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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A. blood genomic DNA B. left APL cDNA C. right APL cDNA
lle Arg Tyr lle Arg Tyr lle Arg Tyr
ATTGGG T TAT ATTGGGTAT ATTGGGTAT
A A

Fig. 3.

Sanger sequencing. A—C: Sanger sequencing results from left aldosterone-producing lesion
cDNA (cDNA#77), right aldosterone-producing lesion cDNA (cDNA#76), and blood
genomic DNA (Control#1, DNA#78), respectively. A known heterozygous somatic
mutation, p.Gly151Arg, was found in the genomic DNA sample from left and right
aldosterone-producing lesion. This mutation was also detected in their corresponding DNA
(DNA#T7 and 76, respectively) by NGS at a variant allele frequency of 7.8% and 34.9%,
respectively (Table 1).
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