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Primary aldosteronism (PA) is the most common cause of secondary hypertension and is
associated with a significant increase in cardio- and cerebro-vascular morbidity (1). The
most common forms of PA are aldosterone-producing adenomas (APA) and idiopathic
hyperaldosteronism (IHA) with APA responsible for 30-50% of cases (1). Recently
discovered somatic mutations of the potassium (K*) channel KCNJ5 gene coding for Kir3.4,
a potassium inwardly rectifying channel, subfamily 1, member 5, were postulated to cause
aldosterone-producing adenomasin 8 of 22 patients (2). While crucia, the KCNJ5
mutations may not completely explain the histological and molecular findingsin APAS;
other events, or a‘second hit,” may be involved.

Three familial hyperal dosteronism syndromes have been described. In FH-I (glucocorticoid-
remediabl e al dosteronism) a gene duplication from the crossover recombination of the
promoter region of CYP11B1and most of the coding region of CYP11B2producing a
chimeric gene expressed in the zona fasciculata (3). FH-I1 is defined as the presence of at
least two close relatives having hyperal dosteronism (either having APA or IHA), in whom
genetic testing for the hybrid gene is negative. The etiology of FH-11 is unknown, though
there is alinkage with chromosomal region 7p22 in some patients (3). FH-111 was described
in single affected family in which all three members had severe hypertension and very high
levels of aldosterone and the hybrid steroids 18-hydroxycortisol and 18-oxocortisol that
were not glucocorticoid-suppressible (4) and required bilateral adrenal ectomy to control the
hypertension and hyperal dosteronism. The adrenals were very large with massive
hyperplasia and hypertrophy of cells with histological features of adrenal fasciculata or
transitional zone cells (4). This family was found to have a germinal mutation in the K*-
selectivity filter sequence of the KCNJ5 gene, T158A, (2).

The aldosterone secretagogues angiotensin |1, K* or ACTH induce adrenal zona
glomerulosa cell membrane depol arization through the activation of K* channels, resulting

in opening of calcium channels and stimulation of calcium-activated signal transduction
pathways, increasing expression of enzymes of aldosterone synthesis, thereby increasing
aldosterone (2, 5). Two somatic mutations in the K*-selectivity filter sequence of the KCNJ5
gene, G151R and L 168R, were present in approximately athird of APA patients (2). These
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3 mutations decrease K* channel specificity, increase Na™ conductance and membrane
depolarization, resulting in loss of control of aldosterone synthesis (2).

Mulatero ef al(6) reports results of a search for KCNJ5 mutations in 46 patients from 21 FH-
[l families. A new germline mutation, G151E, was identified in two related patients which
was absent in 7 unaffected relatives. In addition, 3 somatic mutations were identified in
adenomas from this cohort, G151R, L168R as previously described and T158A, the
germline mutation found in the original FH-111 family (2). The phenotype of the patient with
the T158A somatic mutation was similar to other patientsin this cohort with APA and
milder than that of the FH-111 patients with the T158A germline mutation. This study
demonstrates that the definition of FH-11 istoo broad and comprises multiple etiologies.

The hypertension, hypokalemia and hyperal dosteronism of the 2 patients with the newly
described KCNJ5 mutation, G151E, were mild to moderate and easily controlled with low
doses of mineral ocorticoid receptor antagonists. In one, levels of 18-hydroxycortisol and 18-
oxocortisol were normal (6); in the other they were within the range of patients with APA,
but significantly lower than patients with FH-I and in the FH-111 family with germline
T158A mutation (4). Adrenal glands of the patients with the KCNJ5 G151E mutation were
normal by CT scan. The electrophysiological characteristics of cells transfected with the

K CNJ5CI51E cDNA were similar to those of cells transfected with the G151R and L168R
(2). Thus, FH-I11 caused by germline mutations of the KCNJ5 gene selectivity filter has
variable phenotypes, whether due to the different mutation itself, or as yet unknown factors.

Relatively few APAs have been sequenced, yet the frequency of somatic mutations of the
KCNJ5 channel is very high, suggesting that this is a hot area for mutations and more may
be discovered. The reason for frequent somatic mutationsin APA isunclear. Germline
mutations the KCNJ5 gene are rare and were not found in an analysis of 1,000 genomes (2).

In rats the zona glomerulosa ZG is distinct and forms a continuous zone of 3 to 10 cellswide
depending on sodium intake. The unique enzyme in the synthesis of aldosterone, cypl11b2, is
expressed only in this zone and the number of cells expressing cyp11b2 increases with
chronic sodium depletion (7). A chronically high sodium diet decreases the number of cells
expressing the cypl1b2 in therat ZG, but nests of cells strongly expressing it remain (7).
The human adrenal exhibits areas of a variegated zonation with the ZG comprising small
cells in adiscontinuous pattern and subcapsular aldosterone-producing cell clusters

(APCCs) expressing the CYP11B2 enzyme (8, 9). It islikely that the discontinuous APCC
pattern is analogous to that of arat on a high sodium diet, as most normal human adrenals
are obtained from patients undergoing nephrectomy for renal cancer who are on a standard,
relatively high sodium diet. This pattern of CYP11B2 expression suggests that aldosterone
biosynthesis is regulated by the renin-angiotensin-aldosterone system in the regular and
“discontinuous’ ZG, while aldosterone production may be autonomous in the APCCs (8)
which maybe anal ogous to the nests of cells expressing cypl1b2 in the ZG of rats on a high
sodium diet (7).

The histopathology of APAsiscomplex. A large proportion of patients have peri-tumoral
zona glomerul osa hyperplasia and sometimes micronodules in addition to the adenoma (9).
In most patients, in addition to expression in the APA, CYP11B2 is frequently expressed in
APCCs distant to the adenoma (8, 10). Depending on the patient, CY P11B2 expression
varies from virtually 100% to only 40% of the cellsin the APA (8). CYP11B1 enzyme
expression in APAs varies between just afew to 20% of the cells, however it appears that
CYP11B1 and CYP11B2 are not expressed in the same cell and within adenomas there are
cells that express neither enzyme. 17a- hydroxylaseis also expressed only in the cells
expressing CYP11B1 (8). APCCs are frequently found in adrenal s with cortisol-producing
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adenomas in which the zona fasciculata and most of the ZG are atrophic (8, 10). These
APCCs appear to function autonomously (8), but this remains to be proven.

In the original description of FH-111 (2), the KCNJ5 mutations comprised 33 and 29% of the
reads in the exome sequencing used to detect mutations. It is not known if the KCNJ5
mutations occur in al the cells within an adenoma (2, 6). In addition, whether the KCNJ5
mutations are responsible for increased cell proliferation resulting in adenoma formation is
unclear (8, 9). Geneslinked to adrenal stem/precursor cells and to nuclear receptors that
have a significant role in adrenal development were recently described for normal adrenals,
aswell as APAs and the peri-tumoral area. These include Sonic hedgehog (Shh), p-catenin,
CD586, steroidogenic factor 1, and dosage-sensitive sex reversal-adrenal hypoplasia
congenital critical region on the X chromosome, gene 1 (DAX-1) (10). While Shhis
expressed in only afew cells beneath normal adrenal capsules, it isvery highly expressed in
the entire APA and hyperplastic peri-tumoral ZG. Wnt/B-catenin signaling is also activated
in both the APA and peri-tumoral cortex. It istempting to hypothesize that mutations of the
KCNJ5 gene occur relatively frequently in the activated adrenal stem cell/progenitor cells,
causing the autonomous production of aldosterone and primary aldosteronism. The
hyperplastic zona glomerulosa and APCCs found at a distance from the adenoma suggest
that theinitial yet unidentified event stimulate adrenal stem cell/precursors, followed by a
somatic mutation in one of these stimulated cells, causing excessive production of
aldosterone in addition to proliferation. This might explain the lack of suppression of
aldosterone production by the contralateral adrenal, a very common finding of adrenal vein
sampling to diagnose APA. One can postul ate that adenomas are caused by a second event
within a hyperplastic zona glomerulosa. It will be interesting to know whether suppression
of aldosterone synthesis by the contralateral adrenal occurs in patients with an APA with a
KCNJ5 mutation. Many APA may represent a toxic adenoma within a hyperplastic adrenal
zona glomerulosa, analogous to a toxic nodule within amultinodular goiter, with two ‘ hits
required to develop the APA.

Acknowledgments

Sour ces of funding: We acknowledge the support from funds from the Department of Veterans Affairs and NIH
grants HL27255 and HL 105383-01.

References

1. Funder JW, Carey RM, Fardella C, Gomez-Sanchez CE, Mantero F, Stowasser M, Y oung WF Jr,
Montori VM. Case detection, diagnosis, and treatment of patients with primary aldosteronism: an
endocrine society clinical practice guideline. J Clin Endocrinol Metab. 2008; 93:3266—-3281.
[PubMed: 18552288]

2. Choi M, Scholl Ul, Yue P, Bjorklund P, Zhao B, Nelson-Williams C, Ji W, Cho Y, Patel A, Men
CJ, LolisE, Wisgerhof MV, Geller DS, Mane S, Hellman P, Westin G, Akerstrom G, Wang W,
Carling T, Lifton RP. K+ channel mutationsin adrenal a dosterone-producing adenomas and
hereditary hypertension. Science. 2011; 331:768-772. [PubMed: 21311022]

3. Stowasser M, Pimenta E, Gordon RD. Familia or genetic primary aldosteronism and gordon
syndrome. Endocrinol Metab Clin North Am. 2011; 40:343-368. [PubMed: 21565671]

4. Geller DS, Zhang J, Wisgerhof MV, Shackleton C, Kashgarian M, Lifton RP. A novel form of
human mendelian hypertension featuring nonglucocorticoid-remediabl e aldosteronism. J Clin
Endocrinol Metab. 2008; 93:3117—-3123. [PubMed: 18505761]

5. Spat A, Hunyady L. Control of aldosterone secretion: amodel for convergence in cellular signaling
pathways. Physiol Rev. 2004; 84:489-539. [PubMed: 15044681]

6. Mulatero P, Tauber P, Zennaro MC, Monticone S, Lang K, Beuschlein F, Fischer E, Tizzani D,
Pallauf A, ViolaA, Amar L, Williams TA, Strom TM, Graf E, Bandulik S, Penton D, Plouin PF,

Hypertension. Author manuscript; availablein PMC 2013 July 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gomez-Sanchez and Gomez-Sanchez Page 4

Warth R, Allolio B, Jeunemaitre X, Veglio F, Reincke M. KCNJ5 Mutations in European Families
with Non-Glucocorticoid Remediable Familial Hyperal dosteronism. Hypertension. 2011

. Romero DG, YanesLL, de Rodriguez AF, Plonczynski MW, Welsh BL, Reckelhoff JF, Gomez-

Sanchez EP, Gomez-Sanchez CE. Disabled-2 is expressed in adrenal zona glomerulosaand is
involved in aldosterone secretion. Endocrinology. 2007; 148:2644—-2652. [PubMed: 17303656]

. Nishimoto K, Nakagawa K, Li D, Kosaka T, OyaM, Mikami S, Shibata H, Itoh H, Mitani F,

Yamazaki T, Ogishima T, Suematsu M, Mukai K. Adrenocortical zonation in humans under normal
and pathological conditions. J Clin Endocrinol Metab. 2010; 95:2296-2305. [PubMed: 20200334]

. Boulkroun S, Samson-Couterie B, Dzib JF, Lefebvre H, Louiset E, Amar L, Plouin PF, Lalli E,

Jeunemaitre X, Benecke A, Meatchi T, Zennaro MC. Adrenal cortex remodeling and functional
zona glomerulosa hyperplasiain primary adosteronism. Hypertension. 2010; 56:885-892.
[PubMed: 20937967]

10. Boulkroun S, Samson-Couterie B, Golib-Dzib JF, Amar L, Plouin PF, Sibony M, Lefebvre H,

Louiset E, Jeunemaitre X, Mesatchi T, Benecke A, Lalli E, Zennaro MC. Aldosterone-Producing
Adenoma Formation in the Adrenal Cortex Involves Expression of Stem/Progenitor Cell Markers.
Endocrinology. 2011 In Press.

Hypertension. Author manuscript; availablein PMC 2013 July 19.



