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Germline and somatic genetic basis of primary aldosteronism

Primary aldosteronism (PA), caused in the majority of cases by unilateral aldosterone producing adenoma (APA) or bilateral adrenal hyperplasia (BAH), is the most frequent form of secondary hypertension. In the last decade, new DNA sequencing approaches have allowed identifying mutations in genes coding for ion channels and ATPases as responsible for sporadic and familial PA. Recently, the use of aldosterone synthase guided next generation sequencing has allowed the discovery of somatic mutations in the great majority of APA and to establish ethnic differences in their prevalence. Advances on the knowledge of the genetic basis of PA enlarged the classification of familial PA based on genetic abnormalities. Somatic mutations were also found in aldosterone producing cell clusters (APCC) and adrenal micronodules, as well as in suggested possible precursors of APA. Finally, idiopathic hyperaldosteronism has been attributed to an increased number of APCC carrying somatic mutations. Although these data represent a clear advance on the understanding of APA and BAH, the sequence of events leading to their development remains unclear. The identification of surrogate markers of somatic mutations and the discovery of specific pharmacological inhibitors of the mutated proteins constitute exciting perspectives for the diagnosis and targeted treatment of PA.

Introduction:

Primary aldosteronism (PA), the most frequent form of secondary arterial hypertension, is due to renin-angiotensin independent aldosterone production from the adrenal glands [START_REF] Monticone | Prevalence and Clinical Manifestations of Primary Aldosteronism Encountered in Primary Care Practice[END_REF][START_REF] Hannemann | Prevalence of primary aldosteronism in patient's cohorts and in population-based studies--a review of the current literature[END_REF] . Patients with PA exhibit arterial hypertension associated in many cases with hypokalemia and higher risk for cardiovascular disease than patients with essential hypertension [START_REF] Milliez | Evidence for an increased rate of cardiovascular events in patients with primary aldosteronism[END_REF][START_REF] Rossi | Primary aldosteronism: cardiovascular, renal and metabolic implications[END_REF][START_REF] Rossi | A prospective study of the prevalence of primary aldosteronism in 1,125 hypertensive patients[END_REF][START_REF] Savard | Cardiovascular complications associated with primary aldosteronism: a controlled cross-sectional study[END_REF][START_REF] Born-Frontsberg | Cardiovascular and cerebrovascular comorbidities of hypokalemic and normokalemic primary aldosteronism: results of the German Conn's Registry[END_REF] . The main causes of PA are aldosterone producing adenomas (APA) and bilateral adrenal hyperplasia [BAH, also known as idiopathic hyperaldosteronism (IHA)], and the majority of cases are sporadic. Since the identification of somatic and germline KCNJ5 mutations in APA and familial PA in 2011 [START_REF] Choi | K+ channel mutations in adrenal aldosterone-producing adenomas and hereditary hypertension[END_REF] , different studies have allowed the identification of genetic defects in familial forms and of genes responsible for APA development.

Somatic mutations in APA

During the last decade, whole exome sequencing performed on DNA from APA has allowed the identification of somatic mutations in genes coding for ion channels (KCNJ5 and CACNA1D) and ATPases (ATP1A1 and ATP2B3) 8 9-11 . These different mutations affect zona glomerulosa (ZG) cell membrane potential and/or intracellular ionic homeostasis, resulting in activation of calcium signaling, the major trigger for increased CYP11B2 expression and aldosterone biosynthesis.

KCNJ5 codes for the potassium channel GIRK4 (G protein-activated inward rectifier potassium channel). The majority of KCNJ5 mutations identified in APA are located near or within the selectivity filter and affect channel selectivity, with increase in sodium influx, resulting in cell membrane depolarization. This leads to opening of voltage-dependant calcium channels, increased intracellular calcium concentration, activation of calcium signalling and increased aldosterone production [START_REF] Choi | K+ channel mutations in adrenal aldosterone-producing adenomas and hereditary hypertension[END_REF] . Some KCNJ5 mutations are not localized near the selectivity filter and do not affect channel selectivity; they rather impair the resting membrane potential by reducing cell surface and total abundance of the channel [START_REF] Cheng | Novel KCNJ5 mutations in sporadic aldosterone-producing adenoma reduce Kir3.4 membrane abundance[END_REF] . Somatic mutations in CACNA1D, coding for the voltage-dependent L-type calcium channel Cav1.3 subunit alpha-1D, were identified in APA composed of small and compact cells resembling ZG cells [START_REF] Azizan | Somatic mutations in ATP1A1 and CACNA1D underlie a common subtype of adrenal hypertension[END_REF][START_REF] Scholl | Somatic and germline CACNA1D calcium channel mutations in aldosterone-producing adenomas and primary aldosteronism[END_REF] . CACNA1D mutations directly increase intracellular calcium concentration by promoting channel opening at less depolarized cell membrane potentials or reduced inactivation of the channel [START_REF] Azizan | Somatic mutations in ATP1A1 and CACNA1D underlie a common subtype of adrenal hypertension[END_REF][START_REF] Scholl | Somatic and germline CACNA1D calcium channel mutations in aldosterone-producing adenomas and primary aldosteronism[END_REF] .

ATP1A1 codes for the α1 subunit of the Na + , K + -ATPase. ATP1A1 mutations are localized in the ion binding pocket of the pump, affecting the interaction with potassium and leading to diminished pump activity [START_REF] Azizan | Somatic mutations in ATP1A1 and CACNA1D underlie a common subtype of adrenal hypertension[END_REF][START_REF] Beuschlein | Somatic mutations in ATP1A1 and ATP2B3 lead to aldosteroneproducing adenomas and secondary hypertension[END_REF] . It has been shown that ATP1A1 mutations depolarize adrenocortical cells and lower intracellular pH, however, they do not affect intracellular calcium concentration [START_REF] Stindl | Pathogenesis of Adrenal Aldosterone-Producing Adenomas Carrying Mutations of the Na(+)/K(+)-ATPase[END_REF] . The cytosolic acidification may contribute to autonomous aldosterone production associated with abnormalities in multiple signalling pathways.

Mutations in ATP2B3, coding for the plasma membrane calcium-transporting ATPase 3 (PMCA3), lie in a "PEGL" motif in transmembrane helix 4, a region involved in calcium binding and ion gating [START_REF] Beuschlein | Somatic mutations in ATP1A1 and ATP2B3 lead to aldosteroneproducing adenomas and secondary hypertension[END_REF] . ATP2B3 mutations affect physiological pump function and impair calcium export, which leads to increased intracellular calcium concentration and activation of calcium signalling [START_REF] Tauber | Cellular Pathophysiology of an Adrenal Adenoma-Associated Mutant of the Plasma Membrane Ca(2+)-ATPase ATP2B3[END_REF] . ATP2B3 mutations induce also a pathological sodium leak, resulting in cell membrane depolarization, opening of voltage-dependent calcium channels and consequently increase in intracellular calcium concentration and aldosterone production.

In addition, somatic mutations in exon 3 of CTNNB1, coding for β-catenin, were also identified in 2.1% to 5.1% of APA [START_REF] Scholl | Novel somatic mutations in primary hyperaldosteronism are related to the clinical, radiological and pathological phenotype[END_REF][START_REF] Akerstrom | Activating mutations in CTNNB1 in aldosterone producing adenomas[END_REF] . Similar mutations were described in cortisol producing adenomas and in adrenocortical cancer. These mutations seem to be more prevalent in women and an association was suggested with hyperaldosteronism during pregnancy due to aberrant expression of gonadal receptors in APA [START_REF] Teo | Pregnancy, Primary Aldosteronism, and Adrenal CTNNB1 Mutations[END_REF] . However, the mechanisms underlying excessive aldosterone production due to CTNNB1 mutations seem to be more complex. GNRHR and LHCGR overexpression are frequent in APA (40%) [START_REF] Nakamura | Aberrant gonadotropin-releasing hormone receptor (GnRHR) expression and its regulation of CYP11B2 expression and aldosterone production in adrenal aldosterone-producing adenoma (APA)[END_REF][START_REF] Nicolini | progesterone, and TSH can stimulate aldosterone in vitro: a study on normal adrenal cortex and aldosterone producing adenoma[END_REF] although CTNNB1 mutations are identified only in 5% [START_REF] Akerstrom | Activating mutations in CTNNB1 in aldosterone producing adenomas[END_REF] . Moreover, a recent study showed that aberrant regulation of aldosterone by GnRH or LH is also present in PA patients without somatic CTNNB1 mutations, suggesting that other mechanisms also regulate the GnRH response in PA [START_REF] Gagnon | Genetic Characterization of GnRH/LH-Responsive Primary Aldosteronism[END_REF] . Further studies are necessary to unravel the mechanisms linking CTNNB1 mutations and APA development.

Finally, somatic PRKACA (encoding the cAMP-dependent protein kinase catalytic subunit alpha) mutations were described in two patients with APA 21 ; however their roles in abnormal aldosterone production remain unknown.

Prevalence of somatic mutations and clinical correlates

Sanger sequencing of hotspot mutations performed on DNA extracted from macroscopically identified nodules allowed to estimate the prevalence of somatic mutations in APA being around 54% [START_REF] Scholl | Novel somatic mutations in primary hyperaldosteronism are related to the clinical, radiological and pathological phenotype[END_REF][START_REF] Boulkroun | Prevalence, clinical, and molecular correlates of KCNJ5 mutations in primary aldosteronism[END_REF][START_REF] Fernandes-Rosa | Genetic spectrum and clinical correlates of somatic mutations in aldosterone-producing adenoma[END_REF][START_REF] Akerstrom | Novel somatic mutations and distinct molecular signature in aldosterone-producing adenomas[END_REF][START_REF] Wang | Prevalence and characterization of somatic mutations in Chinese aldosterone-producing adenoma patients[END_REF] . The recent development of aldosterone synthase (CYP11B2) immunohistochemistry-guided, full-gene-based next generation sequencing (NGS) in formalin-fixed paraffin-embedded (FFPE) adrenal tissue from 75 white American patients, identified somatic mutations in 88% of APA [START_REF] Nanba | Targeted Molecular Characterization of Aldosterone-Producing Adenomas in White Americans[END_REF] . Interestingly, some APA were satellite small adenomas adjacent to larger tumors without CYP11B2 expression [START_REF] Nanba | Targeted Molecular Characterization of Aldosterone-Producing Adenomas in White Americans[END_REF] .

Mutations in the KCNJ5 gene are the most frequent alterations observed in APA; however ethnic differences were observed among cohorts, KCNJ5 mutations frequency being comprised between 40% in APA from European and white Americans patients and 59 to 76% in East Asian cohorts [START_REF] Wang | Prevalence and characterization of somatic mutations in Chinese aldosterone-producing adenoma patients[END_REF][START_REF] Taguchi | Expression and mutations of KCNJ5 mRNA in Japanese patients with aldosterone-producing adenomas[END_REF][START_REF] Zheng | Clinical characteristics of somatic mutations in Chinese patients with aldosterone-producing adenoma[END_REF][START_REF] Wu | Prevalence and clinical correlates of somatic mutation in aldosterone producing adenoma-Taiwanese population[END_REF] . In African-American patients, somatic mutations in CACNA1D were reported as the most frequent (42%) followed by KCNJ5 mutations (34%) [START_REF] Nanba | Genetic Characteristics of Aldosterone-Producing Adenomas in Blacks[END_REF] .

In order to identify surrogate markers allowing the prediction of somatic mutations before genetic analysis of the resected APA, association studies were conducted. Association of KCNJ5 mutations to female sex and younger patients was observed in number of studies and confirmed in a meta-analysis comprising 1636 patients from 13 studies [START_REF] Cheng | Novel KCNJ5 mutations in sporadic aldosterone-producing adenoma reduce Kir3.4 membrane abundance[END_REF][START_REF] Scholl | Novel somatic mutations in primary hyperaldosteronism are related to the clinical, radiological and pathological phenotype[END_REF][START_REF] Boulkroun | Prevalence, clinical, and molecular correlates of KCNJ5 mutations in primary aldosteronism[END_REF][START_REF] Fernandes-Rosa | Genetic spectrum and clinical correlates of somatic mutations in aldosterone-producing adenoma[END_REF][START_REF] Akerstrom | Novel somatic mutations and distinct molecular signature in aldosterone-producing adenomas[END_REF][START_REF] Nanba | Targeted Molecular Characterization of Aldosterone-Producing Adenomas in White Americans[END_REF][START_REF] Nanba | Genetic Characteristics of Aldosterone-Producing Adenomas in Blacks[END_REF][START_REF] Azizan | Microarray, qPCR, and KCNJ5 sequencing of aldosterone-producing adenomas reveal differences in genotype and phenotype between zona glomerulosa-and zona fasciculata-like tumors[END_REF][START_REF] Lenzini | A Meta-Analysis of Somatic KCNJ5 K(+) Channel Mutations In 1636 Patients With an Aldosterone-Producing Adenoma[END_REF] . KCNJ5 mutations were also associated with higher aldosterone levels and larger tumor size [START_REF] Lenzini | A Meta-Analysis of Somatic KCNJ5 K(+) Channel Mutations In 1636 Patients With an Aldosterone-Producing Adenoma[END_REF] .

CACNA1D, ATP1A1 and ATP2B3 mutations were associated with male sex and smaller tumors [START_REF] Azizan | Somatic mutations in ATP1A1 and CACNA1D underlie a common subtype of adrenal hypertension[END_REF][START_REF] Scholl | Somatic and germline CACNA1D calcium channel mutations in aldosterone-producing adenomas and primary aldosteronism[END_REF][START_REF] Beuschlein | Somatic mutations in ATP1A1 and ATP2B3 lead to aldosteroneproducing adenomas and secondary hypertension[END_REF][START_REF] Scholl | Novel somatic mutations in primary hyperaldosteronism are related to the clinical, radiological and pathological phenotype[END_REF][START_REF] Fernandes-Rosa | Genetic spectrum and clinical correlates of somatic mutations in aldosterone-producing adenoma[END_REF][START_REF] Akerstrom | Novel somatic mutations and distinct molecular signature in aldosterone-producing adenomas[END_REF] . Other correlations were not replicated in all studies or were heterogeneous. However, all these correlations were performed on DNA extracted from frozen APA, using hot spot region sequencing approach; new correlation studies using CYP11B2 IHC-guided NGS in FFPE adrenal tissue are required to validate these associations.

Correlation of cardiovascular complications with mutational status revealed an association of the left ventricular mass index to KCNJ5 mutations in two studies [START_REF] Kitamoto | Comparison of Cardiovascular Complications in Patients with and without KCNJ5 Gene Mutations Harboring Aldosterone-producing Adenomas[END_REF][START_REF] Rossi | KCNJ5 gene somatic mutations affect cardiac remodelling but do not preclude cure of high blood pressure and regression of left ventricular hypertrophy in primary aldosteronism[END_REF] . KCNJ5 mutations were also associated with better surgical outcome, being an independent predictor of hypertension remission after adrenalectomy [START_REF] Williams | Outcomes after adrenalectomy for unilateral primary aldosteronism: an international consensus on outcome measures and analysis of remission rates in an international cohort[END_REF] using the PASO criteria for outcome [START_REF] Vilela | KCNJ5 somatic mutation is a predictor of hypertension remission after adrenalectomy for unilateral primary aldosteronism[END_REF] . A 7-steroid fingerprint in peripheral vein plasma was able to classify 92% of the APA according to somatic genotype [START_REF] Williams | Genotype-Specific Steroid Profiles Associated With Aldosterone-Producing Adenomas[END_REF] , with a potential impact on PA diagnosis and selection of patients undergoing adrenal vein sampling. Finally, prediction of somatic genotype could open the door to personalized medicine. In vitro studies revealed that at high therapeutic doses, calcium channel blockers as verapamil may block the KCNJ5 mutant p.Leu168Arg, the second more frequent somatic KCNJ5 mutation in APA [START_REF] Tauber | Pharmacology and pathophysiology of mutated KCNJ5 found in adrenal aldosterone-producing adenomas[END_REF] . Macrolides were also able to inhibit KCNJ5 mutant channels, inducing a decrease in CYP11B2 expression and aldosterone production [START_REF] Scholl | inhibition of mutated KCNJ5 channels by macrolides, representing new perspectives for treatment and diagnosis of patients with APa and FH-III harboring KCNJ5 mutations[END_REF] . In primary culture, clarithromycin decreased CYP11B2 expression and aldosterone biosynthesis in a dose dependent manner only in cells from APA harboring KCNJ5 mutations [START_REF] Caroccia | Macrolides Blunt Aldosterone Biosynthesis: A Proof-of-Concept Study in KCNJ5 Mutated Adenoma Cells Ex Vivo[END_REF] . Clinical studies are currently ongoing, in hypertensive patients with PA, to evaluate the potential clinical use of macrolides on PA subtype diagnosis and the identification of APA carrying a somatic KCNJ5 mutation before surgery [START_REF] Maiolino | Macrolides for KCNJ5-mutated aldosterone-producing adenoma (MAPA): design of a study for personalized diagnosis of primary aldosteronism[END_REF] .

APA development

Although the role of these mutations in regulating aldosterone production is well established; their role in adenoma development is still unknown. Some evidences support the occurrence of two consecutive and independent events leading to APA development; the first hit causing abnormal cell proliferation and the second hit (a somatic mutation in an APA driver gene) being responsible for aldosterone production. The adrenal cortex adjacent to an APA presents large remodelling associating ZG hyperplasia, reduced vascularization and increased nodulation [START_REF] Boulkroun | Adrenal cortex remodeling and functional zona glomerulosa hyperplasia in primary aldosteronism[END_REF] .

Furthermore, different mutations in APA driver genes were found in distinct CYP11B2 positive nodules within the same adrenal [START_REF] Dekkers | Adrenal nodularity and somatic mutations in primary aldosteronism: one node is the culprit?[END_REF][START_REF] Fernandes-Rosa | Different Somatic Mutations in Multinodular Adrenals With Aldosterone-Producing Adenoma[END_REF] . On the same line, in some APA heterogeneously expressing CYP11B2, only CYP11B2 regions within the tumour carry somatic mutations [START_REF] Nanba | Molecular Heterogeneity in Aldosterone-Producing Adenomas[END_REF] . These data suggest that the somatic mutations are second events occurring in a previously remodelled adrenal cortex. Recently, the description of a patient with lateralized PA and familial adenomatous polyposis due to a germline mutation in APC gene reinforced the hypothesis of a two hit model of APA development. This patient presented macronodular adrenal hyperplasia due to a loss of APC heterozygosity in adrenal glands and resulting in a constitutive activation of Wnt/β-catenin pathway (first hit). Interestingly, one of the nodules expressed also CYP11B2 and carried a somatic KCNJ5 mutation (second hit) [START_REF] Vouillarmet | Aldosterone producing adenoma with a somatic KCNJ5 mutation revealing APC dependent Familial Adenomatous Polyposis[END_REF] . No additional genetic abnormalities that could explain were identified in a cohort of KCNJ5 mutated APA [START_REF] Lerario | Genetics of aldosterone-producing adenomas with pathogenic KCNJ5 variants[END_REF] .

The molecular mechanisms responsible by cell growth and nodulation in KCNJ5 mutated APA remain to be elucidated. Somatic mutations in CACNA1D, ATP1A1 and ATP2B3 were not only found in APA but also in normal adrenals in specific lesions, the so called aldosterone producing cell clusters (APCC), suggesting that APA may derive from APCC [START_REF] Nishimoto | Aldosterone-stimulating somatic gene mutations are common in normal adrenal glands[END_REF] . This hypothesis was reinforced by the description of possible APCC-to-APA translational lesions (pAATL), structures with a subcapsular APCC-like portion and an inner micro(m) APA-like portion [START_REF] Nishimoto | Immunohistochemistry of aldosterone synthase leads the way to the pathogenesis of primary aldosteronism[END_REF] . The finding, in one adrenal, of a somatic KCNJ5 mutation only in the mAPA portion of this specific lesion, suggests that APA may develop from an APCC after the occurrence of the mutation. In a second case, the same ATP1A1 mutation was observed in the APCC-like and the mAPA-like portion of the pAATL, suggesting a clonal origin [START_REF] Nishimoto | Case Report: Nodule Development From Subcapsular Aldosterone-Producing Cell Clusters Causes Hyperaldosteronism[END_REF] . These data suggest that APA harbouring ATP1A1, CACNA1D or ATP2B3 mutations may originate from APCC, however, the sequence of events remains to be established. APCC seem also to play a role on the pathogenesis of bilateral PA.

Recently, it was suggested an association of somatic mutations in APCC with bilateral PA.

Analysing 15 IHA adrenals, Omata and co-workers observed higher number of APCC than in adrenals of normal controls. In addition, APCC of IHA adrenals carried somatic mutations in CACNA1D (58%) and in KCNJ5 (1%). They suggest that IHA may result from the accumulation of APCC carrying somatic mutations in APA-driver genes [START_REF] Omata | Cellular and Genetic Causes of Idiopathic Hyperaldosteronism[END_REF] . Although these results represent an advance in the understanding of the pathogenesis of bilateral PA, other studies are necessary to confirm this hypothesis.

(New) Familial hyperaldosteronism and germline mutations

Familial forms with Mendelian inheritance represent approximately 5% of PA cases. Until recently, they were classified in familial hyperaldosteronism type I (FH-I) and type II (FH-II).

In the last decade, whole exome sequencing has allowed identification of four new genes responsible for familial hyperaldosteronism (Figure 1).

Patients with FH-I, or glucocorticoid remediable aldosteronism, exhibit severe early-onset hypertension with biochemical findings of PA and high production of hybrid steroids 18hydroxycortisol and 18-oxocortisol [START_REF] Sutherland | Hypertension, increased aldosterone secretion and low plasma renin activity relieved by dexamethasone[END_REF] . It is due to an unequal crossing over resulting in a chimeric gene whereby the regulatory region of CYP11B1 (coding for 11β-hydroxylase, enzyme responsible for the last steps of cortisol biosynthesis) is fused with the coding regions of CYP11B2. This results in an ectopic expression of aldosterone synthase across the zona fasciculata and ACTH-dependent regulation of aldosterone biosynthesis [START_REF] Lifton | A chimaeric 11beta-hydroxylase aldosterone synthase gene causes glucocorticoid-remediable aldosteronism and human hypertension[END_REF] . Treatment with glucocorticoids decrease ACTH production with concomitant suppression of aldosterone biosynthesis. Interestingly, in two siblings with FH-I confirmed by long range qPCR and presenting adrenal adenomas expressing CYP11B2, somatic KCNJ5 mutations were identified in the tumors. Adrenalectomy resulted in a complete clinical cure of PA [START_REF] Lin | Adrenalectomy completely cured hypertension in familial hyperaldosteronism type I patients with somatic KCNJ5 mutation[END_REF] . This case represents a unique presentation of FH-I and lateralized PA. FH-II is a familial form of hyperaldosteronism not remediable by glucocorticoids with an autosomal dominant mode of inheritance [START_REF] Stowasser | Familial hyperaldosteronism[END_REF] . FH-II is clinically and biochemically indistinguishable from sporadic forms of PA [START_REF] Stowasser | Familial hyperaldosteronism[END_REF] . Whole exome sequencing performed in a large FH-II family allowed the identification of a germline mutation in CLCN2 gene (p.Arg172Gln) in 8 subjects [START_REF] Scholl | onset PA. CLCN2 mutations lead to chloride channel opening and zona glomerulosa cell depolarization, resulting in increase expression of aldosterone synthase[END_REF] . While seven patient carrying the CLCN2 p.Arg172Gln mutation exhibited elevated aldosterone to renin ratio (ARR) and positive confirmatory test for PA, one carrier presented normal ARR, suggesting incomplete penetrance. The identical substitution was identified in three other cases and four other germline CLCN2 mutations were identified in early-onset PA patients. CLCN2 codes for the chloride channel CLC-2, a channel opened in hyperpolarized state. Concomitantly, a de novo heterozygous germline CLCN2 mutation was found in a PA patient diagnosed at 9 of age [START_REF] Fernandes-Rosa | A gain-of-function mutation in the CLCN2 chloride channel gene causes primary aldosteronism[END_REF] . This mutation, localized in a well conserved inactivated domain of the channel induces a gain of function of the channel, increasing Cl - conductance at resting potentials, leading to cell membrane depolarization and activation of calcium signaling, resulting in increased CYP11B2 expression and aldosterone production [START_REF] Fernandes-Rosa | A gain-of-function mutation in the CLCN2 chloride channel gene causes primary aldosteronism[END_REF] .

Whole exome sequencing allowed also the identification of KCNJ5 and CACNA1H germline mutations in patients previously classified as FH-II and now classified as FH-III and FH-IV respectively.

FH-III was first described in a father and his two daughters exhibiting with early-onset with marked hyperaldosteronism, very high levels of the hybrid steroids 18-oxocortisol and 18hydroxycortisol, and associated with massive BAH [START_REF] Geller | A novel form of human mendelian hypertension featuring nonglucocorticoid-remediable aldosteronism[END_REF] . A germline KCNJ5 mutation located near the channel selectivity filter (p.Thr158Ala) was subsequently identified [START_REF] Choi | K+ channel mutations in adrenal aldosterone-producing adenomas and hereditary hypertension[END_REF] . Since this discovery, different germline KCNJ5 mutations were identified in families with PA exhibiting phenotypic variability, ranging from mild to severe PA [START_REF] Choi | K+ channel mutations in adrenal aldosterone-producing adenomas and hereditary hypertension[END_REF][START_REF] Charmandari | A novel point mutation in the KCNJ5 gene causing primary hyperaldosteronism and early-onset autosomal dominant hypertension[END_REF][START_REF] Mulatero | KCNJ5 mutations in European families with nonglucocorticoid remediable familial hyperaldosteronism[END_REF][START_REF] Scholl | Hypertension with or without adrenal hyperplasia due to different inherited mutations in the potassium channel KCNJ5[END_REF][START_REF] Monticone | a Novel Y152C KCNJ5 mutation responsible for familial hyperaldosteronism type III[END_REF] . The phenotypic variability was first attributed to the type of KCNJ5 mutation, in vitro studies revealing higher sodium conductance and rapid cell lethality induced by mutations associated with mild phenotypes [START_REF] Scholl | Hypertension with or without adrenal hyperplasia due to different inherited mutations in the potassium channel KCNJ5[END_REF] . However, patients harboring the same KCNJ5 mutation may exhibit differences in adrenal morphology within the same familly [START_REF] Adachi | Discordant Genotype-Phenotype Correlation in Familial Hyperaldosteronism Type III with KCNJ5 Gene Mutation: A Patient Report and Review of the Literature[END_REF] , suggesting that other factors may play a role in the severity of the phenotype.

A recurrent germline CACNA1H mutation (p.Met1549Val), identified in 5 children with PA before age 10 years, with autosomal dominant transmission of the mutation and incomplete penetrance [START_REF] Scholl | Recurrent gain of function mutation in calcium channel CACNA1H causes early-onset hypertension with primary aldosteronism[END_REF] , was identify as causative for FH-IV. CACNA1H codes for the pore-forming α1 subunit of the T-type voltage-dependent calcium channel Cav3.2. In vitro, the CACNA1H p.Met1549Val mutation leads to an increase in CYP11B2 expression and aldosterone production; these effects being reversed by the administration of Mibefradil, a T-type calcium channel blocker [START_REF] Reimer | CACNA1HM1549V mutant calcium channel causes autonomous aldosterone production in HAC15 cells and is inhibited by Mibefradil[END_REF] . The subsequent identification of four additional CACNA1H mutations in patients with different clinical presentation of PA have enlarged the phenotypic spectrum of PA associated with CACNA1H mutations [START_REF] Daniil | CACNA1H Mutations Are Associated With Different Forms of Primary Aldosteronism[END_REF] . These mutations affect channel properties and suggest gain-of-function modification, leading to increased aldosterone production and/or expression of genes coding for steroidogenic enzymes [START_REF] Daniil | CACNA1H Mutations Are Associated With Different Forms of Primary Aldosteronism[END_REF] .

In addition, de novo germline CACNA1D mutations were identified in two unrelated girls with primary aldosteronism, seizures and neurological abnormalities (PASNA) [START_REF] Scholl | Somatic and germline CACNA1D calcium channel mutations in aldosterone-producing adenomas and primary aldosteronism[END_REF] . No adrenal abnormalities were observed on computed tomography scan and, for the first patient, hypertension was controlled with the administration of a calcium channel blocker [START_REF] Korah | An Update on Familial Hyperaldosteronism[END_REF] .

Finally, germline ARMC5 (armadillo repeat containing 5) variants predicted to be damaging were identified in African-American patients with PA [START_REF] Zilbermint | Primary Aldosteronism and ARMC5 variants[END_REF] . ARMC5 germline and somatic mutations were previously associated with hypercortisolism in primary bilateral macronodular adrenal hyperplasia (PBMAH) [START_REF] Assie | ARMC5 mutations in macronodular adrenal hyperplasia with Cushing's syndrome[END_REF] . The link between ARMC5 mutations and PA remains to be determined. No additional somatic mutations in ARMC5 were identified in APA from patients carrying germline ARMC5 mutations [START_REF] Zilbermint | Primary Aldosteronism and ARMC5 variants[END_REF] . Moreover, ARMC5 silencing in H295R cells was associated with decreased CYP11B2 expression [START_REF] Zilbermint | Primary Aldosteronism and ARMC5 variants[END_REF] . Germline ARMC5 variants were also observed in an European cohort of PA patients, however in silico analysis of these variants did not predicted damage in the protein function [START_REF] Mulatero | ARMC5 mutation analysis in patients with primary aldosteronism and bilateral adrenal lesions[END_REF] . Further studies are necessary to confirm the association of germline ARMC5 variants with PA in African-American subjects.

Conclusions

In the last decade, new technologies such as whole exome sequencing allowed the identification of somatic and germline mutations in genes coding for ion channels and ATPases, defining primary aldosteronism as a channelopathy and highlighting the central role of calcium signaling in the development of the disease. Similarly, CYP11B2 immunohistochemistry guided next generation sequencing allowed the identification of somatic mutations in nearly 90% of APA.

However, despite major progresses in our understanding of the pathology, how these mutations lead to APA formation as well as the mechanisms responsible for bilateral adrenal hyperplasia still remain unknown. Finally, prediction of APA mutational status could open new perspectives for targeted treatment of primary aldosteronism.

Key points

• Somatic mutations in genes coding for ion channels and ATPases, leading to increased intracellular calcium concentration and autonomous aldosterone biosynthesis have been identified in APA.

• CYP11B2-IHC guided full gene based NGS allowed the identification of somatic mutations in 88% of APA.

• In addition to glucocorticoid remediable aldosteronism, germline mutations in KCNJ5, CACNA1D, CACNA1H and CLCN2 are responsible for different forms of Familial Hyperaldosteronism.

• The discovery of specific pharmacological inhibitors of mutated KCNJ5 opens new and exciting perspectives for PA diagnosis and treatment. 

Figure 1 .

 1 Figure 1. Mechanisms responsible for Familial Hyperaldosteronism and germline
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