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1 List of abbreviations

11-BHSD2: 11-beta-hydroxysteroid
dehydrogenase

5-HT: 5-hydroxytryptamine

5-HTR4: 5-hydroxytryptamine receptor
type 4

9-cis RA: 9-cis Retinoic acid

ACE: Angiotensin I converting Enzyme
ACTH: Adrenocorticotropic hormone
ADA4BP: Adrenal 4 binding protein
AF: Activating function

AKRIB7: Aldo-Keto Reductase Family 1
Member B7

AML: Acute myeloid leukemia

Ang II: Angiotensin 11

APA: Aldosterone producing adenoma
APC: Adenomatous polyposis coli
APCC: Aldosterone-producing cell clusters
APL: Acute promyelocytic leukemia
AR: Androgen receptor

ARB: Angiotensin Receptor Blockers
Arg: Arginine

ARMCS: Armadillo Repeat containing 5
ARR: Aldosterone to renin ratio

AS: Aldosterone synthase

ASDN: Aldosterone sensitive distal
nephron

Asp: Aspartic acid

ATIR: Angiotensin II receptor type 1
AT2R: Angiotensin II receptor type 2
ATP: Adenosine triphosphate

ATPI1AI: ATPase Na+/K+ Transporting
Subunit Alpha 1

ATP2B3: ATPase Plasma Membrane Ca2+
Transporting 3

ATRA: All-trans retinoic acid

AVS: Adrenal venous sampling
BAH: Bilateral adrenal hyperplasia
BCL6: BCL6 Transcription Repressor
BMI: Body mass index

BP: Blood pressure

BSA: Bovine serum albumin

CACNAID: Calcium Voltage-Gated
Channel Subunit Alphal D

CACNAIH: Calcium Voltage-Gated
Channel Subunit Alphal H

CaMK: Calmodulin-dependent protein
kinases

cAMP: Cyclic adenosine 3,5-
monophosphate

CAR: Constitutive androstane receptor
B-Catenin: p-Cadherin-Associated Protein

Cav 1.3: Voltage-dependent L-type
calcium channel subunit alpha-1D

Cav 3.2: Voltage-dependent T-type
calcium channel subunit alpha-1H

CBP: CREB-binding protein
CD: Collecting duct
ChIP: Chromatin immunoprecipitation

ChIP-Seq: Chromatin immunoprecipitation
followed by high throughput sequencing
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CK1B: Casein kinase 1

CLCN?2: Chloride Voltage-Gated Channel
2

CLC2: Chloride channel protein 2

CM Junction: Cortico-medullary junction
CNT: Connecting tubule

CPA: Cortisol-producing adenoma

CRABP: Cellular retinoic acid-binding
protein

CREB: Cyclic AMP-responsive element-
binding protein

CTNNBI: Catenin (Cadherin-Associated
Protein), Beta 1

CYPI1AI: Cytochrome P450 11A1
CYPI11BI: Cytochrome P450 11B1
CYPI11BI: Cytochrome P450 11B2
CYP17A1: Cytochrome P450 17A1
CYP21A2: Cytochrome P450 21A2
Dab-2: Disabled Homolog 2

DAPI: 4°,6-diamidino-2-phenylindole

DAX1: DSS-AHC Ceritical Region on the
X Chromosome Protein 1

DBD: DNA-binding-domain

DCT: Distal convoluted tubule

DHEA: Dehydroepiandrosterone

DHEAS: Dehydroepiandosterone sulfate
DNA: Deoxyribonucleic acid

DZ: Definitive zone

EB1: Microtubule plus-end binding protein
ECM: Extracellular matrix

EDNRC: Endothelin receptor type B-like
protein

ENaC: Amiloride-sensitive sodium
channel subunit alpha

ER: Endoplasmic reticulum
ER: Estrogen receptor

ERC: Epithelial sodium channel regulatory
complex

ERK: Extracellular signal-regulated
kinases

ESC: Embryonic stem cells

FH: Familial hyperaldosteronism
FSCNI: Fascin 1

FXR: Farnesoid X receptor

FZ: Fetal Zone

Fz: Frizzled

GABA: Gamma-Aminobutyric acid

GILZ: Glucocorticoid induced leucine
zipper

GIRK: G protein-activated inward rectifier
potassium channel 4

GLCCII: Glucocorticoid induced transcript
1

Gly: Glycine

GNA12: Guanine nucleotide-binding
protein a-12

GNRHR: Gonadotropin-releasing hormone
receptor

GPCR: G-protein coupled receptor
GR: Glucocorticoid receptor

GRA: Glucocorticoid-remediable
aldosteronism

GRE: Glucocorticoid response element
GRM3: Metabotropic glutamate receptor 3
GSK-3B: Glycogen synthase kinase-3[3
GTP: Guanosine triphosphate
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HAC: Human adrenocortical cell line
HDAC: Histone Deacetylase

HES: Hematoxylin-eosin-safran

His: Histidine

HK: Human kidney cell line

HL60: Human leukemia cell line

Hr: Hour

HRE: Hormone response element

HSD3B1: hydroxy-delta-5-steroid
dehydrogenase, 3 beta- and steroid delta-
isomerase 1

HSD3B2: hydroxy-delta-5-steroid
dehydrogenase, 3 beta- and steroid delta-
isomerase 2

HSP: Heat shock protein

HT: Arterial Hypertension

ICAM: Intercellular Adhesion Molecule
[F: Immunofluorescence

IGF: Insulin-like growth factor
IHA: Idiopathic hyperaldosteronism
IHC: Immunohistochemistry

Ile: Isoleucine

IP3: Inositol 1,4,5-triphosphate
IRES: Internal ribosome entry site
JDP2: Jun dimerization protein 2
JNK: C-Jun N-terminal kinase

Kbs: Kilo base pair

KCNJ5: Potassium Voltage-Gated Channel
Subfamily J Member 5

Kir: Inward rectifier K(+) channel
KO: Knock-out
LBD: Ligand-binding-domain

LEF: Lymphoid enhancer factor
Leu: Leucine

LHCGR: Leuteinizing hormone-chorionic
gonadotropin receptor

LSR: lipolysis stimulated lipoprotein
receptor

LXR: Liver X receptor

Lys: Lysine

M: Molar

mAPA: micro-APA

MAPK: Mitogen-Activated Protein Kinase
MBS: Mineralocorticoid binding sites
MC2R: Melanocortin receptor 2

Met: Methionine

miRNA: Micro-RNA

MR: Mineralocorticoid receptor
MRA: MR antagonist

MRAP: Melanocortin-2 receptor accessory
protein

MRE: Mineralocorticoid response element
mRNA: Messenger ribonucleic acid
mTOR: Mammalian target of rapamycin
N: number

NDRG2: N-Myc Downstream-Regulated
Gene 2 Protein

NF-kB: Nuclear factor kappa-light-chain-
enhancer of activated B cells

NGS: Next generation sequencing
NGS: Normal goat serum

Noslap: Nitric oxide synthase 1 adaptor
protein

NPM1: Nucleophosmin 1
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NROB1I: Nuclear Receptor Subfamily 0
Group B Member 1

NR1BI: Nuclear Receptor Subfamily 1
Group B Member 1

NR3C2: Nuclear Receptor Subfamily 3
Group C Member 2

NR4A1I: Nuclear receptor subfamily 4
group A 1

NR4A42: Nuclear receptor subfamily 4
group A 2

NR5A1: Nuclear Receptor Subfamily 5
Group A Member 1

NUMAI: Nuclear Mitotic Apparatus
Protein 1

P300: Binding protein 300
PA: Primary Aldosteronism

pAATL: Possible APCC-to-APA
translational lesions

PASNA: Primary Aldosteronism, Seizures
and Neurological Abnormalities

PBS: Phosphate buffered saline
PCP: Planar cell polarity

PCR: Polymerase chain reaction
p-CREB: phospho-CREB

PI3K: Phosphoinositide 3-kinase

PIAS1: Protein Inhibitor of Activated
STAT 1

PKA: Protein kinase A

PMCA3: Plasma membrane calcium-
transporting ATPase 3

PML: Promyelocytic leukemia protein
PMS?2: Postmeiotic segregation increased 2

PPAR: Peroxisome proliferator activated
receptor

PPP4R4: Protein Phosphatase 4 Regulatory
Subunit 4

PR: Progesterone receptor

PRKACA: Protein Kinase CAMP-
Activated Catalytic Subunit Alpha

PRKARIA: Protein Kinase CAMP-
Dependent Type I Regulatory Subunit
Alpha

PRKARIB: cAMP-dependent protein
kinase type I B-regulatory subunit

PTGERI1: Prostaglandin E receptor 1

qPCR: Quantitative polymerase chain
reaction

qRT-PCR: Quantitative real time
polymerase chain reaction

RA: Retinoic acid

RAAS: Renin-Angiotensin-Aldosterone
System

RAR: Retinoic acid receptor
RARa: Retinoic acid receptor alpha
RARE: Retinoic acid response element

RBaK: Retinoblastoma-associated
Kruppel-associated box gene

RBP: Retinol binding protein

RHOC: Ras homolog gene family, member
C

RPA3: Replication protein A3
RSPO: R-spondin
RXR: Retinoic X receptor

SCNNI1A: Sodium channel epithelial 1
alpha subunit

Ser: Serine
sER: Smooth Endoplasmic reticulum

SF1: Steroidogenic factor 1
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SGK1: Serum and glucocorticoid regulated
kinase 1

SHH: Sonic Hedgehog

SLC35F1: Solute Carrier Family 35
Member F1

SRC: steroid receptor co-activator

StAR: Steroidogenic acute regulatory
protein

STAT: Signal Transducer and Activator of
Transcription

STATSB: Signal Transducer and Activator
of Transcription 5B

SUMO: Small Ubiquitin-like Modifier
Supv3 11: Suv3 like RNA helicase

T4: L-thyroxine

TACRI1: Tachykinin receptor 1

TASK: TWIK-related acid-sensitive
potassium channel

TBS: Tris buffer solution
TCF: T-cell factor

TDGF-1: epidermal growth factor-like
cripto protein CR-1

TGF-B: Transforming growth factor beta

Thr: Threonine

TR: Thyroid receptor

TSH: Thyroid stimulating hormone

Tyr: Tyrosine

TZ: Transitional zone

Val: Valine

VDR: Vitamin D receptor

VEGEF: Vascular endothelial growth factor

VEGFR: Vascular endothelial growth
factor receptor

VSNLI: Visinin like 1

WES: Whole exome sequencing
Wnt: Wingless

WT: Wild type

WTI1: Wilm's Tumour-1

XZ: X-zone

ZBTB16: Zinc Finger and BTB Domain
Containing 16

ZF: Zona fasciculata
7G: Zona glomerulosa
ZNF12: Zinc finger protein 12

ZR: Zona reticularis
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2 Résumé

Titre : Role de la signalisation minéralocorticoide et rétinoique dans la physiologie du cortex
surrénalien et le développement de 1’hyperaldostéronisme primaire.

L’hyperaldosteronisme primaire est la cause majeure d’hypertension artérielle secondaire.
Des mutations somatiques récurrentes dans les genes KCNJS5, CACNAID, ATP1AI et ATP2B3
ont ¢té identifiées dans les adénomes produisant de I’aldostérone (APA). Bien que le rdle de
ces mutations dans la régulation de la biosyntheése de 1’aldostérone soit bien établi, les
mécanismes impliqués dans la prolifération et la formation des APA restent a démontrer.
L’objectif principal de mon projet de these était d’identifier le role de la signalisation des
récepteurs a 1’acide rétinoique alpha (RARa) et minéralocorticoide (MR) dans Ie
développement des APA.

Nous avons identifié la signalisation RARo comme étant un ¢lément central dans la formation
des nodules dans les surrénales de patients ayant un APA. L’inactivation de Rara chez la
souris induit une désorganisation structurelle et fonctionnelle majeure dans le cortex
surrénalien dans les deux sexes, avec des modifications de ’architecture vasculaire et de la
matrice extracellulaire, et une réduction de 1’expression des genes de la stéroidogenese. Ces
anomalies sont dues a une augmentation de la prolifération, une réduction de I’expression de
Vegfa et de la signalisation Wnt non canonique, sans modification de la voie Wnt canonique
et de la signalisation PKA. La désorganisation de la corticosurrénale persiste avec 1’age, alors
que les anomalies moléculaires touchant la voie Wnt et la voie du Vegfa et la réduction de
I’expression des geénes de la stéroidogenese régressent. Notre ¢tude suggere que RARa
contribue au développement normal du cortex surrénalien, en modulant les signalisations Wnt
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Enfin, pendant ma thése j’ai également contribué a 1’identification du rdle du canal chlorure
CIC-2 dans I’hyperaldosternonisme primaire.

Les résultats obtenus au cours de mon projet de thése ont permis une meilleure

compréhension des mécanismes impliqués dans les APA et ouvrent de perspectives pour
I’identification de nouvelles cibles thérapeutiques dans I’hyperaldosteronisme primaire.
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3 Abstract

Title: Role of mineralocorticoid and retinoic acid signaling in the physiology of adrenal
cortex and the development of primary aldosteronism

Primary aldosteronism is the major cause of secondary arterial hypertension. Recurrent
somatic mutations in KCNJ5, CACNAID, ATPIAI and ATP2B3 have been identified in
aldosterone producing adenoma (APA). Although the role of these mutations in regulating
aldosterone biosynthesis has been clearly established, the mechanisms involved in
proliferation and APA formation still remain to be elucidated. The main aim of my PhD
project was to identify the role of the retinoic acid receptor alpha (RARa) and the
mineralocorticoid receptor (MR) in the development of APA.

We identified RARa signaling as a central molecular network involved in nodule formation in
adrenals from patients with APA. Inactivation of Rara in mice led to major structural and
functional disorganization of the adrenal cortex in both sexes, with modifications of the vessel
architecture and extracellular matrix and reduced expression of steroidogenic genes. These
abnormalities were due to increased proliferation, decreased Vegfa expression and
modifications in extracellular matrix components. Rara inactivation reduces non-canonical
Wnt signaling, without affecting the canonical Wnt pathway nor PKA signaling. Adrenal
cortex disorganization persisted with aging, while molecular abnormalities affecting Wnt
signaling and Vegfa and steroidogenic gene expression regressed. Our study suggests that
Rara contributes to normal adrenal cortex development, by modulating Wnt and Vegfa
signaling.

Finally, during my PhD I have also contributed to the identification of the role of the chloride
channel CIC-2 in primary aldosteronism.

Results obtained during my PhD have allowed a better understanding of the mechanisms
underlying APA development, and open new perspectives for the identification of therapeutic
targets in primary aldosteronism.



4 Introduction

4.1 Arterial hypertension

Arterial hypertension (HT) is a major health problem that affects 25% of the adult population
(1), resulting in10.4 millions deaths in 2013 (2). Hypertension is defined as an elevated BP of
equal to or above 140 mmHg systolic blood pressure and/or 90 mmHg diastolic pressure. Up
to 53% of patients suffering from high blood pressure (BP) remain unaware of the illness and
are untreated (3). In some cases, patients do not present any symptoms before severe damage
has been made to target organs such as the heart, the kidneys and the brain, which manifest

with heart attacks, kidney failure or strokes.

No treatment was available for HT before the late 50s or early 60s, despite the discovery of
renin by Goldblatt in 1940 (4). Harry Goldblatt had established the first animal model of
hypertension on dogs where he induced hypertension by constriction of both renal arteries (5).
This model helped in uncovering the renin-angiotensin-aldosterone system and BP control,
and led thereafter to the development of enzyme inhibitors for the treatment of chronic

hypertension.

Following this stage, the pharmaceutical industry witnessed a rise in drugs that are focused on
treating HT especially since the first clinical trial on thiazide diuretics in 1957. Since then, a
diverse and vast disposition of drugs for the treatment of hypertension was available, besides
diuretics, renin angiotensin aldosterone system antagonists, more precisely, Angiotensin
Receptor Blockers (ARBs) and Angiotensin I Converting Enzyme (ACE) inhibitors and direct
renin inhibitors, but also, vasodilators, sympatholytic drugs such as (- or a- adrenergic
blocking agents and calcium channel blockers. Different guidelines on patient treatment exist
to assure the best outcome and patient care, however, optimal BP in as much as two thirds of

hypertensive patients is not achieved despite using different drug combination (6).

In many cases, the cardiovascular complications of HT are not reduced due to inadequacies in
prevention, diagnosis and control of the disorder. Identification of secondary causes is
therefore key for implementing efficient treatments in patients with HT. Secondary causes of
hypertension include a number of adrenal disorders, in which increased and autonomous

hormone production increases blood pressure. Those are Primary Aldosteronism, Cushing’s
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syndrome and Pheochromocytoma. In most cases, these diseases are curable and surgical or
medical intervention normalizes blood pressure. However, in many cases these endocrine

disorders remain undiagnosed.

4.2 Regulation of blood pressure and the renin-angiotensin-aldosterone system

One of the major regulators of blood pressure is the renin-angiotensin-aldosterone system
(RAAS). Renin is synthesized and stored in juxtaglomerular cells of the kidney, highly
specialized cells of the afferent arteriole derived from smooth muscle cells. Renin is released

in the following conditions:

- when there is a reduction in the renal perfusion pressure, which is detected by the

baroreceptors on the afferent arteriole

- in case of reduction in sodium reabsorption at the macula-densa, which is due to a reduction

in the glomerular filtration rate

- in case of stimulation of the sympathetic nervous system, which is mediated by the f-

adrenergic receptors (7).

The RAAS can act via many effectors, one of which is Ang II, which is a potent
vasoconstrictor of arterioles. On a systemic level, arteriolar vasoconstriction induces an
increase in total peripheral resistance and therefore increases BP without affecting blood
volume. Ang II exerts its effects by binding to cell surface receptors, which are expressed on
different target organs, mainly, heart, kidney, blood vessels, adrenal glands, liver and the
cardiovascular control centers in the brain. Altogether, these effects lead to an elevation in
BP. Ang II induces its effects by binding to two G-protein coupled receptors, the Ang II type
1 (AT1) receptor and the type 2 (AT2) receptor. Interestingly, pharmacological studies have
shown that Ang II exerts most of its actions via the AT1 receptor, and that AT1 and AT2
receptors signaling have opposing effects, whereas the AT1 receptor mediates vasoconstrictor
responses, AT2 generally exerts blood pressure lowering responses by mediating vasodilator

effects (8, 9).

In addition to vasoconstriction, Angll acts on the adrenal cortex to stimulate aldosterone

production. Aldosterone is the one of the major hormones contributing to BP regulation and is
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one of the most potent sodium-retaining factors in the organism. Under physiological
conditions, aldosterone is produced in response to a decrease in blood pressure, a reduction in
sodium or an increase in potassium levels. Aldosterone acts on the so-called aldosterone-
sensitive distal nephron, to promote sodium reabsorption and potassium secretion (10). These
actions are mediated by the mineralocorticoid receptor (MR), a member of the nuclear
receptor superfamily of transcription factors. Sodium reabsorption is coupled to water

reabsorption, thus increasing blood volume and blood pressure (Fig. 1).
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Figure 1. Renin angiotensin aldosterone system (RAAS). Initiation and effects in the organism (from Wikimedia
Commons, the free media repository; https://commons.wikimedia.org/w/index.php?title=File:Renin-angiotensin-
aldosterone _system.svg&oldid=288052845).

4.3 Primary aldosteronism

PA, also known as Conn’s syndrome, was described by Jerome Conn in 1955 in a thirty-four-
year-old patient who entered the hospital at the university of Michigan complaining of seven
years of episodic muscle weakness that often resulted in virtual paralysis of her lower legs, in
addition to muscle spasms and cramps in her hands (11). In 1964, Conn suggested that up to
20% of hypertensive patients may have PA without hypokalemia. The widespread use of the
Aldosterone to Renin Ratio (ARR) in the 90s showed that PA is more common than what was
Primary aldosteronism (PA) is the most common form of secondary HT, with
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prevalence estimates of up to 10% of cases in referred hypertensive patients, 4%-5% of

patients in primary care (12-14), and as high as 20% of patients with resistant HT (15, 16).

PA is due in the majority of cases either to an Aldosterone Producing Adenoma (APA) or to
Bilateral Adrenal Hyperplasias (BAH, also called idiopathic hyperaldosteronism — IHA). Both
conditions account to 95% of cases of PA (17). The main clinical symptoms of PA are
hypertension which is due to high aldosterone levels, associated to suppressed renin and
hence a high aldosterone to renin ratio and in some cases hypokalemia and metabolic
alkalosis. The ARR has become the main screening tests for PA, alongside adrenal venous

sampling (AVS) for subtype diagnosis (18).

PA 1is associated with an elevated risk of cardiovascular complications; these complications
occur independently from the increase in blood pressure and include heart failure, myocardial
infarction, coronary artery disease, atrial fibrillation and renal damage (19). The correct
diagnosis of PA is very important, as patients can be easily treated by aldosterone antagonists
in the case of BAH or laparoscopic adrenalectomy in the case of APA. Early diagnosis of PA
can improve the prognosis and prevent organ damage, and several studies insisted on the
importance of screening most hypertensive patients for PA to confirm or exclude the
diagnosis (20, 21). Furthermore, PA during pregnancy is very dangerous for both the mother
and the fetus, a case of PA was overlooked resulting in delivery of an infant at a young

gestational age. (22)

Although major advances have been made in the management of PA following the
establishment of guidelines and algorithms for best patient care, the prognosis of PA is very
variable and depends on different criteria such as age, sex, body mass index (BMI), and
duration of hypertension. (21, 23). Indeed, younger and female patients show a better clinical

outcome after adrenalectomy in comparison to older or male patients (21, 24, 25).

4.4 The adrenal gland

4.4.1 Adrenal gland zonation and function
The adrenal glands are a pair of triangular structures located on top of the kidney. From the

10" week of gestation the adrenals are divided anatomically and functionally in two parts: the
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outer part or adrenal cortex and the inner part or adrenal medulla, which have different
developmental origins. The cortex produces the three main steroid hormones, aldosterone,
cortisol and dehydroepiandrosterone (DHEA) in the zona glomerulosa, the zona fasciculata
and the zona reticularis respectively. The uniqueness of each of these zones lies in the
capacity to produce specific hormones through their specific stimulatory and regulatory
signals, as well as the zone-specific expression of steroidogenic enzymes. This is known as
the functional zonation of the adrenal cortex. The medulla, on the other hand, secretes
catecholamines (adrenaline and noradrenaline), which control short-term response to stress

and blood pressure.

The adrenal cortex, which forms ~90% of the human adult adrenal gland, is composed of
three concentric zones: The Zona Glomerulosa (ZG), the Zona Fasciculata (ZF) and Zona
Reticularis (ZR). All three zones are enclosed within a capsule made up of fibroblasts and
myofibroblasts. The outer layer, the ZG, is a narrow zone constituting ~15% of the whole
cortex, contains small cells generally arranged in large clusters. ZG cells present intense
nuclei with basophilic cytoplasms and these cells have low lipid content. The ZG produces the
mineralocorticoid hormone aldosterone, which is mainly responsible for regulating blood
volume and water/salt balance. The second layer, the ZF, is formed of lipid-rich polygonal
cells that are arranged in radial columns. The ZF produces glucocorticoids, cortisol in humans
and corticosterone in mice and rats; glucocorticoids are mainly implicated in regulating
metabolic functions, the cardiovascular system and the immune response. The inner most
cortical zone is the ZR, consists of polyhedral cells arranged in a net-like structure. The ZR
produces glucocorticoids and C19 adrenal androgens including dehydroepiandrosterone

(DHEA) and its sulfate (DHEAS) as well as androstenedione (Fig. 2).

The medulla composes the inner mass of the adrenal gland; it is composed of cells that
originate from the neural crest. The medulla produces catecholamines such as adrenaline,
noradrenaline and dopamine. The medulla is separated from the cortex with little to no-

connective tissue, meaning that the two zones are in direct contact.
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Figure 2. Structure and cellular distribution of the adrenal gland. (Modified from: Junqueira’s basic histology: Text and Atlas,

http://www.accessmedicine.com)

4.4.2 Vascularization of the adrenal cortex

The adrenal cortex is a highly vascularized tissue, where almost every single cell is in contact

with a blood vessel to assure hormone distribution to the blood following its production in the

adrenocortical cells. Sparrow and Coupland showed in 1987 that only 7.4% of the adrenal

blood passes directly to the medulla, whereas the larger part passes through the cortex (26).

The adrenal arteries split up on the capsule to form a dense arterial plexus, trabecular in shape

in the ZG and rather in the shape of fenestrated capillaries in the ZF. In the ZR there exists an

interconnecting network of blood vessels forming another arterial plexus, while small venules

pass between the medullary cells and end up in the adrenal vein. This delicate and well

ramified vasculature in the adrenal gland ensures that every cell is in contact with a blood

vessel (27), creating an efficient environment for adrenal hormone delivery to the blood

stream and oxygenation to the adrenal cells (Fig. 3).
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Figure 3. Vasculature of the adrenal gland. Left panel: Methyl methacrylate (resin or plexiglass) microcorrosion cast
of a rat adrenal gland, CS-cortical surface, AC-cortical vascular bed, cr-corticomedullary venous radicals, sv-
subcortical veins, pr-premedullary venous radicles, dd-medullary capillaries (28). Right panel: Podocalyxin staining
from an adult mouse adrenal, t-trabecular, f-fenestrated and ap-atrial plexus.

4.4.3 Innervation of the adrenal gland:

Before the 1970s, little was known about the adrenal gland innervation, however, thanks to
the introduction of nerve fiber tracing techniques as well as other methods, the adrenal
innervation began to emerge. Evidence points to the existence of both sympathetic and
parasympathetic innervations in the adrenal gland. Cholinergic terminals are found throughout
the cortex and medulla and is regarded as the main type of innervation in the adrenals. In the
cortex, adrenergic terminals are also found to be associated with cortical cells and blood
vessels (29, 30). These nerve endings could modulate steroidogenesis indirectly by affecting
mast cell degranulation or vascular tone. Interestingly, there is an upregulation in APA of the
expression of genes that code for neurotransmitter G-protein coupled receptors (GPCR), such
as the metabotropic glutamate receptor 3 (GRM3) and tachykinin receptor 1 (TACRI) the
receptor for substance P, thus suggesting a potential role for these receptors in APA and/or

steroidogenesis (31).
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4.4.4 Adrenal cortex extracellular matrix composition

Different studies have indicated that components of the adrenal gland extracellular matrix
(ECM), could influence the development of the adrenal gland. In particular, it has been shown
that collagen IV favors secretion of ACTH and DHEAS and that laminin promotes cell
proliferation, while fibronectin promotes cell death (32, 33). Experiments in primary cultures
of fetal adrenal cells grown on Petri dishes coated with laminin, collagen IV or fibronectin
show that cell morphology and the steroidogenic profile of the cells are modified by the
different culture conditions, thus suggesting that ECM is an important regulator of adrenal

gland physiology, cell turnover and homeostasis.

4.4.5 Adrenal cortex development and remodeling

Starting from the 10™ week of embryonic human life, the fetal adrenal cortex is divided into 2
zones, the definitive zone and the larger inner fetal zone. The definitive zone seems to remain
with minimal activity until the end of the second trimester (28 weeks of gestation). In the
early postnatal life, the definitive zone differentiates into the ZG and the ZF and this occurs in
parallel to an involution and disappearing of the fetal adrenal. The ZR emerges at age 6-8
years inducing the adrenarche. The process causing this development is not fully understood,
due to the lack of animal models, as mice for example do not express the Cypl7 enzyme (34).
The adrenal gland is a very dynamic organ; cells undergo constant turnover to replace dying
cells. Both layers (ZG and ZF) are continuously renewed throughout life and undergo
dynamic hormonal feedback regulation. Different theories exist regarding the turnover of
cells, such as the model of centripetal zonation that was first proposed by Salmon and
Zwemer in 1941. Different studies supported this theory, showing that cells have a tendency
to proliferate in the outer cortex near the capsule into ZG, and then centripetally move into the
ZF, and finally undergo apoptosis at the corticomedullary junction (35). Another zonal model
of lineage development was suggested by Deane and Greep in 1946, where each zone is
thought to develop independently. Using lineage tracing to map cell fate of Shh and Glil
expressing progenitor cells, King et al showed that there were radial stripes that seem to
migrate through the ZG into the ZF, supporting the centripetal model. Many studies suggest
that the conversion of one fully differentiated cell type into another is possible, following
overexpression of specific transcription factors (36). These studies underscore the role of

transcriptional modulators in cell fate determination. In 2012, Sisakhtnezhad and Matin
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demonstrated that a direct conversion between cell types could occur spontaneously in vivo
during early development, chronic injury and regeneration (37). However, the mechanisms
behind these conversions remain poorly understood. SF1 (NR541, AD4BP) is well known to
be an essential regulator of adrenal development (38). In adult mice, Sfl is essential for
regulating steroidogenic gene expression and adrenocortical cell homeostasis. A study has
shown that unilateral adrenalectomy on WT mice induced a significant compensatory adrenal
growth in the remaining adrenal. However, this was not the case in Sfl heterozygous mice,
which were not able to undergo compensatory adrenal growth following the loss of one
adrenal gland (39). Sf1 has also been shown to play a role in lineage conversion by converting
embryonic and mesenchymal stem cells into steroid producing cells (40, 41). Using lineage
tracing studies, Freedman et al showed that ZG cells undergo lineage conversion into ZF cells
in postnatal mice. They also highlighted the importance of Sfl in this process, where the loss
of Sf1 in ZG cells still led to a fully functional ZF, suggesting that ZF could differentiate in a
ZG non-dependent fashion. This could be due to the loss of the ability of ZG cells lacking Sfl
to differentiate, and highlights the plasticity and adaptability of the adrenal gland to
compensate and give a fully functional ZF despite lack of ZG lineage conversion (42). In
humans, during embryonic life the adrenal cortex consists of 3 layers, the outer definitive
zone (DZ), the transitional zone (TZ) and the fetal zone (FZ). The latter undergoes involution
after birth through apoptosis (43). The adult adrenal cortex develops from the DZ and the TZ,
which convert into the ZG and the ZF, respectively. In mice, apart from the ZG and ZF, there
is a third layer that develops after birth and is thought to be analogous to the FZ, namely, the
X-zone (XZ). The XZ degenerates at puberty in male mice, while in females, it undergoes
gradual slow degeneration as the mouse grows older or vacuolar degeneration at the first
pregnancy (44). However, the XZ persists in both sexes if they undergo castration, suggesting
that sex hormones are important in the process of the degeneration of the XZ (45). Once
developed, the mature adrenal cortex is constantly supplied with steroidogenic cells to
compensate for the apoptosis at the cortico-medullary junction. This process involves
recruitment of cells from the capsular stem cells and subcapsular ZG progenitor cells through
RSPO/Wnt/f-catenin and SHH signaling pathways. These mechanisms allow maintaining
adrenal size, function and homeostasis. Supporting this theory, studies have shown that most
cell mitoses occur on the outer part of the adrenal cortex, and most cell deaths occurs in the
inner part, and that most cells accumulated in the ZR were, in fact, cells that have migrated

from the outer parts of the cortex (46, 47). Other studies have shown that most cell division
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occurs in the ZG, by showing that ERK-1 and ERK-2, which are involved in the regulation of

cell division and proliferation, were exclusively expressed in the ZG (48).

The adrenal cortex is highly sexually dimorphic. Many studies reported sexual dimorphism in
mice adrenals and female adrenal glands are larger, with higher plasma levels of
corticosterone, aldosterone and ACTH than male mice (49). Moreover, sex hormones have
been shown to affect the adrenal cortex physiology. Female adrenal cortex cells undergo 3-
fold faster turnover compared to male mice (50), and several mouse models of adrenal disease

show different phenotypes between both sexes.

4.5 Steroidogenesis

Adrenal steroids are synthesized from cholesterol by a series of enzymatic steps involving
cytochrome P450 (CYP) family enzymes and hydroxysteroid dehydrogenases. These
reactions take place either in the mitochondrial membrane or in the endoplasmic reticulum

(ER) (Fig.4).

4.5.1 Aldosterone biosynthesis

Aldosterone is produced in the ZG of the adrenal cortex, the major enzyme in aldosterone
biosynthesis is Aldosterone Synthase (AS), encoded by CYPI1B2. Cholesterol is transported
to the inner mitochondrial membrane by the transporter enzyme steroidogenic acute
regulatory protein (StAR). The next step is the removal of cholesterol’s side chain by
CYPI11A1 generating pregnenolone. Pregnenolone is then translocated to the ER where 3f3-
hydroxysteroid dehydrogenase enzymes will convert it to progesterone. Afterwards, the 21-
hydroxylase (CYP21A2) converts progesterone to 11-deoxycorticosterone. This is transported
back to the inner membrane of the mitochondria where AS will catalyze the three final steps
in aldosterone biosynthesis. 11-deoxycorticosterone is hydroxylated at the C11 position
giving corticosterone, hydroxylation at the C18 position to generate 18 (OH) corticosterone,

which is finally oxidized at the C18 position to produce aldosterone.

Aldosterone biosynthesis is mainly regulated by the renin-angiotensin system through
stimulation of ZG cells by Angiotensin II (Ang II), or by extracellular potassium levels, and to

a lesser extent by the adrenocorticotropic hormone (ACTH). Angiotensinogen is secreted by
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the liver into the blood stream where it will be cleaved by renin, secreted by the kidneys, into
Angiotensin I. Renin secretion is stimulated by sympathetic innervation due to decreased
renal perfusion pressure, decreased sodium delivery to the distal tubule or catecholamines.
Angiotensin-converting enzyme (ACE), located at the surface of renal and pulmonary
endothelium, will hydrolyze Angiotensin I into Ang II. Ang II on its own can stimulate
vasoconstriction, increase contraction of the heart, but also stimulate aldosterone synthesis via
its receptor AT1, a 7 transmembrane GPCR, which is expressed at the surface of ZG cells.
Binding of Ang II to AT activates the Gaq-phospholipase C-mediated signaling pathway,
which increases inositol 1,4,5-triphosphate (IP3) and 1,2-diacylglycerol concentrations. This
cascade results in the increase of intracellular calcium levels via calcium release from
intracellular stores. Furthermore, Ang II inhibits the background TWIK-related acid-sensitive
potassium channels (TASK), Na', K" -ATPase as well as the potassium channel GIRK4
(encoded by KCNJ)5), inducing cell membrane depolarization, which leads to opening of
voltage-gated Ca®" channels and increased intracellular calcium concentrations (51). ZG cells
are very sensitive to changes in extracellular K™ levels due to their strong potassium
conductance, which is controlled by potassium channels such as TASK1 and TASK3, which
are highly expressed in the ZG cells. Increases in extracellular K" close these channels, which

in turn induces cell membrane depolarization (52).
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Figure 4. Steroidogenic pathway for the biosynthesis of aldosterone, cortisol and DHEAS in humans (53).
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In resting conditions, the cell membrane of a ZG cell is in hyperpolarized state, close to the
equilibrium potential of potassium channels, which are highly expressed in these cells (Fig.
8A). Cell membrane depolarization leads to opening of voltage-gated calcium channels and an
increase in intracellular calcium levels, which activate calcium signaling. This chain of events
leads to the release of deesterified cholesterol from its cytoplasmic stores and its translocation
to the inner mitochondrial membrane. Increased calcium signaling also upregulates
transcription factors regulating the expression of cytochrome P450 enzymes. Elevated
calcium levels activate calmodulin and CaMK (calmodulin-dependent protein kinases); which
phosphorylate transcription factors such as nuclear receptor subfamily 4 group A 1 and 2
(NR4A1 and NR4A42 coding for NUR77/NGF1B and NURRI respectively) and the cyclic
AMP-responsive element-binding protein (CREB). These transcription factors are major

regulators inducing the expression of CYP11B2 (54) (Fig. 5).
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Figure 5. Regulation of aldosterone synthase expression. Left and right panels: the actions of K™ and Ang II on
CYP11B2 expression, respectively (54).

ACTH can also induce aldosterone production in an acute and transitory manner via cAMP
signaling (55). However, chronic administration of ACTH, over the course of 3 days or more,
suppresses aldosterone production with a decreased expression of Ang II receptor in the ZG
and a decrease of the renin-angiotensin-system activity. This chronic exposure to ACTH
induces ZG cells to differentiate into ZF-like cells, which alters their cellular functioning and

steroidogenesis (56-60).
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Reports have shown that a paracrine regulation of aldosterone by other factors exists. Among
these regulators, Serotonin (5-HT) which is produced in mastocytes, contributes to steroid
production (61). Serotonin acts through the 5-HT type 4 receptor (HTR4) which is expressed
in adrenocortical cells. Binding to this receptor activates the cAMP pathway and induces
calcium influx into the cells, therefore regulating aldosterone and cortisol production.
Agonists of this receptor such as cisapride and zacopride have also been shown to induce

aldosterone production in healthy volunteers (62-65).

4.5.2 Cortisol production

In humans, cortisol is produced with a circadian rhythmicity at ~10 mg/day (66) and is the
major glucocorticoid hormone produced by the ZF. It his has major roles in the regulation of
metabolism, the cardiovascular system, the immune system, inflammatory responses.

Cortisol is also a derivative of cholesterol and is synthesized in the ZF of the adrenal cortex.
Cortisol synthesis is similar to aldosterone synthesis, with one major difference due to the
presence of 17a-hydroxylase (encoded by CYPI7A1) in the ER of ZF and ZR cells, which
converts progesterone into 17-hydroxyprogesterone. Hydroxylation by the 21-hydroxylase
will generate 11-deoxycortisol, which is then hydroxylated in the mitochondria by the 11f3-
hydroxylase (CYPI1BI) at the CI1 position to form cortisol. Interestingly, the CYP17
enzyme is not expressed in the cortex of mice and rats and this results in corticosterone being
the major glucocorticoid produced by the ZF of these animals. The main regulator of cortisol
biosynthesis is the hypothalamic pituitary axis. ACTH binds to its receptor, the melanocortin
receptor 2 (MC2R). Unlike AT1R, MC2R is a Gas type GPCR and binding of ACTH causes
the a subunit to associate with adenylate cyclase. ATP is converted to cAMP which activates
downstream signaling pathways, most importantly the cAMP-dependent protein kinase
(PKA). PKA consists of two subunits, one regulatory subunit and one catalytic subunit. In
unstimulated conditions, PKA is in a tetrameric form, consisting of 2 regulatory subunits and
2 catalytic ones. Following cAMP binding to the regulatory subunits, conformational changes
occur and the catalytic subunits are no longer bound and inhibited by the regulatory subunits.
The catalytic subunits of PKA phosphorylate and activate cholesteryl ester hydrolases and
StAR, increasing the amount of cholesterol delivered to the inner mitochondrial membrane.

cAMP can also upregulate the transcription of StAR, CYPI11AIl and CYPI7Al. Increased
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amounts of glucocorticoids can induce a negative feedback on the production of ACTH and
therefore cortisol production itself (67) (Fig. 6).

MRAP (melanocortin-2 receptor accessory protein) is a single transmembrane protein. MRAP
is essential for the activity of MC2R, as it binds to MC2R in the ER and exports it to the cell
membrane (68). Both MRAP and MC2R are highly expressed in the adrenal cortex, where
MRAP/MC2R complexes are necessary to mediate the actions of ACTH (69). Mutations in

MC2R are associated to cases of familial glucocorticoid deficiency (70).
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Figure 6. ACTH regulation of CYP11B1 expression and cortisol production (71).

4.6 Signaling pathways and transcription factors in adrenal gland development and

steroidogenesis

4.6.1 Wnt signaling pathway
Wnt signaling plays an important role in proliferation, mitosis, cell polarity, apoptosis,
inflammation and differentiation. In the adrenal cortex, Wnt signaling plays an important role

since early development and in the functional activity of the adrenal cortex. There exists two
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separate Wnt signaling pathways, a canonical 3-catenin dependent pathway and another non-
canonical B-catenin-independent pathway. Depending on the Wnt-receptor complex, one of
the two pathways is activated. Many Wnt ligands and receptors have been identified, which
have been attributed to specific canonical or non-canonical Wnt signaling. However, studies
have reported controversial data concerning this matter; whether or not the activated pathway
depends on the tissue or cellular type is yet to be confirmed. The canonical Wnt/B-Catenin
signaling pathway is a central contributor to the development and functioning of the adrenal
cortex and to steroid biosynthesis (72). In the absence of a Wnt ligand, B-catenin activity is
suppressed by action of the destruction complex which phosphorylates the amino terminal
region of B-catenin. The destruction complex consists of CKI (casein kinase 18), GSK-3f3
(glycogen synthase kinase-38), APC (adenomatous polyposis coli), the scaffolding protein
Axin and the adenomatous polyposis coli binding protein EB1. B-catenin is subsequently
ubiquitinated and degraded by the proteasome. Binding of a Wnt ligand to its cell-surface
receptor frizzled (Fz) results in the activation of the signaling pathway by inhibition of the
phosphorylation of [B-catenin. B-catenin dissociates from the destruction complex and
translocates to the nucleus, where it acts as a transcriptional co-activator and enhances the
expression of Wnt target genes, notably the transcription factors TCF (T-cell factor) and LEF
(lymphoid enhancer factor) (72) (Fig. 7A).

The non-canonical P-catenin-independent Wnt signaling pathway has been shown to be
responsible for embryonic development, tissue development and homeostasis. It is mediated
either by JNK signaling (planar cell polarity pathway), or by intracellular calcium signaling
(73). Interestingly, the non-canonical signaling pathway, when activated, has been shown to
antagonize the canonical pathway (74) (Fig. 7B).

Besides its its function as a transcriptional co-activator with the transcription factors TCF and
LEF, B-catenin regulates the interaction of cadherin complexes, implicated in cell-cell
junctions and in cellular cytoskeletons. Canonical Wnt signaling has been suggested to work
exclusively in the ZG, as B-catenin is solely expressed in the ZG of the adrenal cortex (72).
Wnt4 has been shown to have an important role in the organogenesis of several tissues (75-
78). Wnt4-deficient mice show an underdeveloped zona glomerulosa; this is associated to
reduced expression of CYPI1B2 and abnormalities in its localization. These mice also exhibit
an abnormal ectopic expression of adrenal-like cells that are in fact of adrenal origin in the

gonads, which 1is attributed to abnormal adrenocortical progenitor cell migration during
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development, suggesting a role of Wnt4 in cell sorting during development. Indeed, adrenal
cortex cells and gonads derive from the same progenitor cells during development (79).

Although Wnt4 and B-catenin are co-expressed in the adrenal ZG, suggesting that they belong
to the same signaling pathway, a study showed that Wnt4 antagonizes B-catenin activity by
disrupting its recruitment at or near SF-1 binding sites. This indeed indicates that Wnt4 could

in fact activate the non-canonical Wnt signaling (75).

Canonical B Non-canonical

A
/ Wnt off \K Wnt on \ / Ca?* pathway \/ PCP pathway \

{7

0000001080000

Polarity/
Cytoskeleton
rearrangement

\ A A 4

Figure 7. Wnt signaling pathway. A. The canonical Wnt/B-catenin signaling cascade. Wnt off: in the absence of
active Wnt singaling, B-catenin is phosphorylated at its inactivation sites by the destruction complex and then
degraded by the proteasome. Wnt on: Following binding of Wnt ligand to its receptor Frizzled and other
coactivators (LRP family members), the destruction complex is inhibited from phosphorylating -catenin, which
translocates to the nucleus where it regulates target gene expression with the transcription factors TCF and LEF. B.
Non-canonical Wnt signaling pathway: non-canonical Wnt signaling passes through one of two pathways, the
Wnt/Ca®* pathway or the planar cell polarity (PCP) pathway. The Wnt/Ca®" pathway involves activation of G-
proteins, this activates intracellular calcium signaling as well as JNK/AP-1 signaling. The Wnt/PCP pathway
involves polarity and cytoskeletal rearrangement; it can also activate AP-1 signaling. Canonical and non-canonical
signaling pathways have also been shown to negatively interact: when non-canonical signaling is activated it could
inhibit the transcriptional effects of the canonical pathway (80).
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4.6.2 PKA signaling

Protein Kinase A (PKA) signaling has been shown to be important for the differentiation and
homeostasis of the ZF and its function. In particular, PKA signaling has to be activated for the
conversion of ZG cells into ZF cells and to maintain normal zonation of the cortex (81). PKA
is a symmetrical tetramer complex that consists of two catalytic subunits (PRKACA) that are
inactive due to binding to two other regulatory subunits (PRKARA). Different isoforms exist
for each regulatory or catalytic subunits. Binding of ACTH to its receptor MC2R and co-
receptor MRAP, activates cAMP, which binds to two sites on each of the regulatory subunits
inducing their dissociation from the complex, freeing the catalytic subunits, the effectors of
PKA signaling (82). PKA regulates transcription by phosphorylating transcription factors
such as the cAMP-response element-binding protein (CREB), which interacts with CREB-
binding protein (CBP) and p300 to regulate target genes expression (83).

In the adrenal cortex, PKA is active particularly in the ZF. Interestingly, the over-activation of
PKA signaling by knocking out the regulatory subunit of PKA (Prkarla) in mice in an adrenal
specific manner induce disorganized zonation and Cushing’s syndrome (84). PKA has been
also shown to accelerate the regeneration of the adult adrenal cortex and to favor ZF
differentiation (85). It has been suggested that PKA acts as a tumor suppressor in the adrenal
cortex through repressing the activity of Wnt signaling (81). Modifications in PKA signaling
are frequently reported in adrenal gland disorders, including cortisol producing adenoma and
Carney complex, where different activating mutations of subunits of PKA induce cortisol
excess (86).

Wnt and PKA play essential and complementary roles in the functional zonation of the
adrenal cortex, with Wnt signaling favoring a ZG phenotype, while PKA activation promotes

a ZF phenotype (81).

4.6.3 Vascular signaling

The adrenal gland one of the most highly vascularized organs in the body (87), where
each cell is in direct contact with a vessel (27). One of the major contributors to vessel
development and maintenance is vascular endothelial growth factor (VEGF) signaling. It
has been shown that VEGF was more abundant in APA compared to normal adrenals,
and inhibiting the effects of VEGF and VEGFR resulted in a decrease in cell growth (88).
Interestingly, in the adrenal gland, it has been shown that VEGFA not only participates in

the development of the vasculature, but has also a role in steroidogenesis. In H295R
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adrenocortical cells, stimulation with VEGF resulted in a significant increase in
aldosterone biosynthesis, this effect being additive to that of Ang Il when the cells were
incubated with both stimulants. Moreover, inhibition of VEGF by the overexpression of
soluble fms-like tyrosine kinase-1 resulted in a decrease of aldosterone synthesis in rats

(89).

ACTH, which is required for the maintenance of a normal adrenal cortex vasculature,
stimulates the expression of VEGF mRNA through a post-transcriptional mechanism (90,
91). It has been proposed that reduction of VEGF is a secondary effect of ACTH
deprivation. Besides VEGF signaling, the epidermal growth factor-like cripto protein CR-
1 (TDGF-1) has been shown to be upregulated in APA, and had effects on H295R cells

such as reduction of apoptosis and increased aldosterone production (92).

4.6.4 Steroidogenic Factor-1

Steroidogenic Factor-1 (SF-1) is one of the major drivers of adrenal cortex development and
very important for steroidogenesis and function of the hypothalamic-pituitary-adrenal and
gonadal axis (93, 94). It is an orphan nuclear hormone receptor also known as Ad4BP or
NRSAT1 and is highly expressed in the adrenal cortex and the gonads, where it regulates the
transcription of genes involved in both steroidogenesis and reproduction. It is also expressed
in other tissues such as the brain, the skin and the spleen (95). Mouse embryonic stem cells
and bone marrow cells overexpressing SF-1 differentiate into steroidogenic cells that respond
to ACTH and produce deoxycorticosterone and 170H progesterone (40, 96). SF-1
overexpression has also been shown to increase CYPI1B]1 levels and decrease CYPI1B2 and
CYP2IA2 in basal conditions and following Ang II treatment in H295R cells (97).
Suppression of SF-1 expression led to the repression of CYPIIBI and CYPIIB2 as well as
other steroidogenic enzymes, indicating that SF-1 is also important in regulating CYPI/I1B2
expression (98).

Sf-1 KO mice lack adrenal glands and gonads and show increased levels of ACTH. These
mice survive intrauterine life, possibly due to the passage of maternal steroids by the placenta,
but die shortly after birth (~8 days) when their steroid levels are diminished due to the lack of
adrenal glands (99).

SF-1 activity could also be altered post-translationally by its state of sumoylation; ubc9 and

PIAS1, two enzymes involved in sumoylation (the conjugation of small ubiquitin-like
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modifier 1 — SUMOI) of SF-1 have been shown to be co-expressed in the ZG. Sumoylation
of SF-1 has been shown to regulate its activity and been proposed to increase steroidogenesis

(100).

4.6.5 Other signaling pathways

Many signaling pathways have been linked to the development, function and organization of
adrenal cortex. SHH is mostly expressed during the early development of the young adrenal
cortex and is barely detectable in the subcapsular cortex in the outer ZG of the adult adrenal
gland. However, it is highly expressed in APA and its adjacent cortex, suggesting that these
cells have acquired characteristics of stem and progenitor cells, which could underlie the
excessive proliferation of the ZG and hence nodule formation (101).

The GATA transcription factors are a family of 6 zinc finger transcription factors that regulate
gene expression, differentiation, cellular proliferation and apoptosis in various tissues. The
KO of any of these factors (except Gata5) is lethal during embryonic life, thus highlighting
their role in development (102). In the adrenal gland, Gata4 and Gata6 are expressed (103).
Gata4 has been shown to interact with SF-1 and has been shown to induce the expression of
the CYP17 enzyme and StAR (104). Gata6 is expressed during development and also regulates
steroidogenesis by enhancing the expression of CYP17A1, CYP11A1l and StAR, also by
interacting with SF-1 (104, 105). Interestingly, Gata4 is upregulated in adrenal cortex tumors,
while Gata6 is downregulated (106). Gata4, which is a transcription factor and a marker of
gonadal differentiation, should not be expressed in the adult adrenal gland; if present, it could
indicate dedifferentiation in the sense of the common adreno-gonadal precursor cell type
(107). During mouse embryonic development, the adrenal primordium expresses Wnt4, SF-1
and WT1 (Wilm’s Tumor-1), which participate in the differentiation of adrenocortical and
gonadal cells (108). The WT1 gene is a transcription factor and mutations in this gene are
associated with defects in kidney and gonad development (109). However, Wt1 KO mice do
not survive past the 14" day post conception due to heart failure, and partially rescued mice
by a human WTI transgene survive with urogenital malformations and an impaired adrenal

development (110).

PI3K (phosphoinositide 3-kinase)/AKT/mTOR (mammalian target of rapamycin) signaling is
a major regulator of metabolism and cell proliferation and is implicated in the regulation of
the activity of growth factor receptors such as receptors of vascular endothelial growth factor

(VEGF) and insulin-like growth factors (IGF) (111, 112). The expression of AKT seems to be
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mostly abundant in the ZR in normal adrenals glands and scarce in the ZG and ZF (113),
indicating that PI3K/AKT/mTOR signaling could contribute to androgen production through
IGF in the ZR. The expression of AKT has been found to be significantly elevated in
adrenocortical carcinomas (113). Interestingly, it has been reported that PI3K/AKT pathway
stimulates aldosterone biosynthesis (114). Moreover, mTOR signaling is upregulated in APA
and THA, and on a proteomic level, it was among the mostly deregulated signaling pathways
in APA (115). Furthermore, inhibition of mTOR by rapamycin led to a decrease of cell

proliferation and aldosterone production in H295 cells (116).

4.7 APA, somatic and germline mutations, familial forms of PA

The discovery and application of high throughput sequencing techniques has helped in
uncovering underlying genetic mechanisms in many diseases. This emergence was notably
important in identifying somatic mutations implicated in the development of APA. Ion
channels and ATPase pumps are major contributors to the normal function of ZG cells, given
their role in maintaining ZG cell membrane potential and ionic homeostasis. During the last
ten years, different studies have identified somatic mutations in APA, affecting mainly 4
genes (KCNJ5, CACNAID, ATPIAl and ATP2B3), coding for potassium and calcium
channels and ATPases (Fig. 8). Those mutations are found in nearly 90% of APA when
applying CYP11B2 immunohistochemistry guided next-generation sequencing (NGS) for

genetic screening.

4.7.1 Somatic mutations in PA

Using whole exome sequencing (WES), Choi and colleagues identified two somatic mutations
in KCNJ5, coding for the potassium channel GIRK4, in 8 out of 22 APA (117). This channel
is the G protein-activated inward rectifier potassium channel 4 (also known as Kir3.4), and is
mainly expressed in the ZG. GIRK4 belongs to the family of inwardly rectifying potassium
channels, which induce large inward currents at the cell membrane. GIRK4 comprises two
membrane-spanning domains (M1 and M2), cytoplasmic N- and C- termini that participate to
the pore structure and one pore forming region (HS). Mutations occurring near to or within
the channel pore affect its selectivity filter, notably between amino acids Thr149 and Gly153.

This induces a loss of channel selectivity, which renders the channel permeable to sodium,
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leading to sodium entry into the cell. This again leads to cell membrane depolarization and
thus opening of voltage gated calcium channels, with increased intracellular calcium
concentrations and activation of calcium signaling in the cell (117). Oki and colleagues
transfected adrenocortical HAC15 tumor cells with KCNJS5 mutants, this increased CYPI1B2
expression and aldosterone production in a calcium dependent manner (118). In some cases,
KCNJ5 mutations reduce the abundance of GIRK4 at the cell membrane (119). However,
KCNJ5 mutations do not affect cell proliferation, and surprisingly their overexpression in
HACI15 leads to reduced cell viability or sodium dependent cell death (117, 120). Therefore,
KCNJ5 mutations do not explain cell proliferation, but only the mutation’s contribution to
aldosterone biosynthesis. Interestingly, it has recently been shown that knockout of Kcnj5 in
mice results in lower plasma aldosterone levels in female, but not in male mice. This sexual
dimorphism could be due to the activity of the peroxisome proliferator activated receptor
(PPAR) a which could modify signaling pathways and alter aldosterone production in female
adrenal glands. Interestingly, in female mice, treatment with Ang II resulted in higher
aldosterone levels in KO mice compared to the WT. Similar to humans, Kcnj5 is exclusively
expressed in the ZG of mouse adrenals cortex. Further testing on H295R cells showed that
activation of PPARa by Fenofibrate increased the expression of CYP//B2 and stimulated

aldosterone production (121).

One of the calcium channels involved in ZG cell physiology is Cav 1.3 (Calcium channel,
voltage-dependent, L type, alpha-1d subunit), which is encoded by CACNAID. Cav 1.3 is a L-
type calcium channel composed of four repeat domains (I — IV), each of these domains
consists of six transmembrane segments (S1-S6) with a membrane associated loop between
S5 and S6 (122). Whereas the S4 segments are involved in voltage sensing, the S5 and S6
domains as well as the loop in between line the pore of the channel (123). More than 20
different somatic CACNAID mutations have been identified in APA. These are gain-of-
function mutations, which lead to channel activation at less depolarized cell membrane
potential and delay channel inactivation, leading to increased calcium signaling in the cell and

induction of aldosterone biosynthesis (124-126).

The alH subunit of the voltage gated calcium channel 3.2 (Cav 3.2), encoded by CACNAIH,
is also prone to genetic alterations, as it has been recently shown to be involved in familial
forms of PA, which will be discussed further below (127, 128). CACNAIH 1is located on
chromosome 16 and codes for the pore-forming al subunit of the T-type voltage-dependent

calcium channel Cav3.2, which consists of a single polypeptide chain of four homologous
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domains (I-IV); each domain consists of 6 transmembrane spans (S1-S6), where S4 serves as
a voltage sensor, and cytoplasmic N- and C- termini. Mutations in CACNAIH induce a
change in the electrophysiological properties of the channel, in particular a shift in the
activation threshold of the channel to more negative currents, and a delay in their inactivation.
As a consequence, the channel is activated at less depolarized states of the ZG cellular

membrane, leading to activation of calcium signaling and overproduction of aldosterone.

The Na', K'-ATPase alpha-1 Subunit and plasma membrane transporting ATPase 3 (PMCA3)
are both members of the P-type family of ATPases, and are encoded respectively by ATP1A41
and ATP2B3. Both pumps consist of 10 transmembrane domains (M1 — MI10) and
intracellular C- and N- termini. Na’', K'-ATPase is an important regulators of plasma
membrane potential in ZG cells by its activity on ionic exchange and homeostasis. PMCA3

regulates intracellular calcium concentrations by extruding calcium from the cell.

In physiological conditions, when ATP1AL1 is activated by ATP, it exchanges Na’ and K"
ions by extruding 3 Na' ions against 2 K' ions. Mutations in ATPIAI lead to a loss of
function of the pump and induce a proton leak. This induces cell membrane depolarization
and increased Ca’" influx (124, 129). However, transfection of adrenocortical H295R cells
with two of the described ATP1AI mutations surprisingly did not show changes in basal
calcium concentrations. Moreover, it barely had an effect on potassium stimulated calcium
influx into the cells, even though it led to cell membrane depolarization and aldosterone
biosynthesis. In contrast, the mutated pump led to a proton leak of H' ions into the cells,
which caused intracellular acidification, suggesting that intracellular acidification could be

responsible for the increased aldosterone biosynthesis (130).

Like ATP1A1, PMCA3 (ATP2B3) is expressed at the cell membrane and is also involved in
maintaining intracellular ionic homeostasis, by extruding intracellular calcium in exchange
with hydrogen ions. Mutations in A7P2B3 are found in region coding for the M4
transmembrane domain; they consist mainly in small deletions between Leu422 and Leu433.
One particular mutation studied by Tauber and colleagues, Leu425 Val426del, resulted in a
pathological Na" and possibly Ca*" leak into the cells and a reduced calcium export, resulting
in loss of the physiological function of the pump. This ultimately leads to increased calcium
concentrations in the cell and to autonomous aldosterone biosynthesis. Interestingly,
transfection of H295R cells with this mutation caused the cells to express not only more

CYPI11B2 but also more CYPI1BI as well (129, 131), a finding consistent with the literature,
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where one study showed that ATPase mutations

CYPI11B2 aswell as CYPI11BI (132).

can indeed induce high expression of
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Figure 8. Aldosterone synthase expression in physiological and pathological conditions. A. Zona glomerulosa cell
potential in resting conditions. B. Ang II binding to ATIR or increases in extracellular K+ levels lead to cell
membrane depolarization and activation of intracellular calcium signaling and CYP11B2 expression. Ang II also
induces, through inositol triphosphate (IP3), the release of Ca2+ from the sarco/endoplasmic reticulum. C.
Mutations in ion channels (KCNJ5, CACNA1D and CACNA1H) and in ATPases (ATP1A1 and ATP2B3) lead to a

constitutively depolarized cell membrane or directly to increased Ca*"

CYP11B2 and autonomous aldosterone production (133).

signaling, leading to increased expression of

41



Although Wnt signaling has been shown to be constitutively active in up to 70% of APA
(134), somatic mutations in CTNNBI coding for B-catenin in APA occur at a frequency of
~5% (135, 136). Somatic CTNNBI mutations have been shown to be associated with very
high levels of expression of the leuteinizing hormone-chorionic gonadotropin receptor
(LHCGR) and the gonadotropin-releasing hormone receptor (GNRHR) in APA. They were
found in pregnant and menopausal women with severe hypertension, suggesting that these
two conditions may trigger the development or reveal an underlying PA (137). Primary cell
cultures from APA transfected with the mutant CTNNBI expressed high levels of LHCGR, as
opposed to their untransfected counterparts that did not express the receptor. All mutations
occur in the phosphorylation consensus motif of B-catenin and thus impair B-catenin from

being degraded leading to an upregulated Wnt activity (137).

Mutations have also been found in the PRKACA gene, encoding the alpha-isoform of the
catalytic (Ca) subunit of Protein Kinase A (PKA), in two APA out of 122 APAs (1.6%) (138).
One of the mutations, p.Leu206Arg, corresponds to the most frequent PRKACA mutations
described in cortisol-producing adenomas (CPA). The patient carrying the mutation indeed
showed both PA and Cushing’ syndrome (139-141). The second mutation, p.His88Asp, was
found in a patient with APA but without cortisol hypersecretion. The role of these mutations
in aldosterone biosynthesis remains to be established. Further mechanistic testing showed that
p.-His88Asp was not associated to any gain-of-function despite the strong expression of

CYP11B2.

PRKACA mutations and CTNNBI mutations are found in CPA as well. There is evidence of
an overlap of genetic determinants between aldosterone and cortisol excess, such as the
cortisol co-secretion observed in a subset of APA, particularly APA harboring KCNJ5
mutations. How the same mutations can lead to the production of two different hormones and

the mechanisms behind it remain to be elucidated (142).

4.7.2 Inherited forms of PA

Similar to somatic mutations in PA, our knowledge on inherited forms of PA has increased
exponentially in the last few years, from two forms (glucocorticoid remediable and non-
glucocorticoid remediable), to 4 different subtypes of familial hyperaldosteronism (FH).
Although most of the cases are sporadic, PA can be transmitted as a Mendelian trait in

familial forms of the disease. These forms account for 4-5 % of cases and are transmitted in
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an autosomal dominant manner (143-145). To date, four different forms of FH have been

defined, based on their underlying genetic alterations.

4.7.2.1 Familial hyperaldosteronism type I, the chimeric gene

FH-1, also known as glucocorticoid-remediable aldosteronism (GRA), is an autosomal
dominant disease with a prevalence of =1% in adult PA patients and up to 3% in pediatrics
cohorts (143, 145-147). This disease is characterized by early and severe hypertension,
associated to suppressed plasma renin, hypokalemia, metabolic alkalosis, and high serum
levels of the hybrid steroids 18-hydroxycortisol and 18-oxocortisol; suppression of
aldosterone by high levels of dexamethasone is efficient in reducing plasma aldosterone levels
(148). The genetic cause underlying FH-I is a chimeric CYPIIBI1/CYPI11B2 gene. Indeed,
CYPIIB2 and CYPIIBI lie in close proximity on chromosome 8. Under physiologic
conditions, CYP11B2 encoding aldosterone synthase is expressed exclusively in the ZG under
the control of Ang II and extracellular K, while CYPIIBI encoding 11-B hydroxylase is
expressed in the ZF under the control of ACTH. In GRA, in addition to the two normal genes,
a chimeric gene is formed by unequal crossing over during meiosis, which is composed of the
regulatory regions of CYPIIBI and the coding regions of CYP/1B2 and is expressed in the
ZF under the control of ACTH. Consequently, CYPI1B2 is ectopically expressed in the ZF
under the control of ACTH, and follows the circadian rthythm of cortisol (149, 150). Patients
with FH-I are at increased risk of cardiovascular and cerebrovascular events as a consequence
of high aldosterone levels in young patients (151, 152). Replacement doses of exogenous
glucocorticoids can reduce ACTH levels by negative feedback in the hypothalamus, thereby,
diminishing the expression of the chimeric gene and suppressing the ectopic aldosterone

production.

4.7.2.2 Familial hyperaldosteronism type II and CLCN2 mutations

FH-II is a non-glucocorticoid remediable form of FH transmitted in an autosomal dominant
manner, diagnosed in =4% of adult patients with PA. Generally, patients present a family
history of PA, with either APA of BAH sometimes in the same family (143-145, 153). FH-II
is difficult to distinguish from sporadic PA, the diagnosis is made in the presence of two or
more affected family members, after exclusion of other genetic forms involving KCNJS5 or

CACNAIH mutations. A genetic locus on chromosome 7p22 has been found to be associated
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with FH-II in 2000. The authors suggested many candidate genes in this locus that could be
implicated, such as retinoblastoma-associated Kruppel-associated box gene (RBaK),
postmeiotic segregation increased 2 (PMS2), guanine nucleotide-binding protein o-12
(GNA12), replication protein A3 (RPA3), zinc finger protein 12 (ZNF12), glucocorticoid
induced transcript 1 (GLCCII), fascin 1 (FSCNI), and the cAMP-dependent protein kinase
type I B-regulatory subunit (PRKARIB). However, no causal mutations were identified in any
of these genes (154). The ambiguity of the underlying causes of this disease were still
unknown until very recently, where two studies identified, using WES, a new gene that was
associated with FH-II. Different gain-of-function mutations in the CLCN2 gene, encoding the
chloride channel CLC-2, were identified in patients with FH-II and in young onset PA. These
findings also showed for the first time the implication of a chloride channel in the

pathogenesis of PA and specifically the production of aldosterone.

Our laboratory identified a de novo mutation in the CLCN2 gene, p.Gly24Asp, in a 9 year-old
female patient who suffered from severe hypertension due to PA (155). This is a gain-of-
function mutation affecting a highly conserved region in CLC-2, which leads to a constitutive
activation of the channel (156). We found that this channel had a high expression in the
human and mouse adrenal zona glomerulosa. Patch clamp analyses on cells from mouse ZG
ex vivo slices showed bona fide chloride currents, which were completely abolished in Clcn?2
knockout mice, indicating that CLC-2 is the major chloride conducting channel in the ZG
(155). We also showed that transfection of the mutant CLC-2 channel in the adrenocortical
cell line H295R-S2, leads to increased chloride currents and depolarization of the ZG cell
membrane, leading to opening of voltage-gated calcium channels and induction of

autonomous aldosterone production.

In the other study, Scholl and colleagues performed WES on the original FH-II family
described by Stowasser et al in 1992 (157). WES revealed a germline mutation in the CLCN2
gene, p.Argl72Gln, in affected family members. This same mutation was identified in three
additional cases with early onset PA, from which one was a familial case and another de novo.
Apart from this mutation, the authors also identified 4 other mutational variants occurring in
the CLCN2 gene in 4 unrelated patients with early onset PA, p.Tyr26Asn, p.Ser865Arg,
p.Lys362del and p.Met22Lys. (158) All in all, Scholl et al demonstrate that 17 patients within
8 families had CLCN2 mutations.

These studies report for the first time an implication of an anion channel in PA, where
mutations induce increased chloride conductance at resting potentials, leading to ZG cell
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membrane depolarization, and expressing aldosterone synthase. Based on these results,
screening for CLCN2 mutations should be included in the in the panel of susceptibility genes

which are screened in patients with early onset PA.

4.7.2.3 Familial hyperaldosteronism type Il and KCNJ5 mutations

FH-IIT is also a non-glucocorticoid remediable form of FH with early onset severe HT,
hyperaldosteronism, hypokalemia and high levels of the hybrid steroidsl8-hydroxycortisol
and 18-oxocortisol. (159) The adrenals show massive bilateral hyperplasia of the adrenal
cortex, and patients generally need a bilateral adrenalectomy to normalize their blood
pressure. As in somatic KCNJ5 mutations, the germline mutations affecting this channel are
also gain-of-function mutations, affecting the selectivity filter of the channel, which leads to
Na' leaking, cell membrane depolarization and autonomous aldosterone production. (117,
118) However, other germline KCNJ5 mutations have been described, some of which are not
associated with a severe phenotype of PA. (160) These patients were thought to have FH-II
due to the lack of bilateral adrenal phenotype, however, following the genetic diagnosis they

were re-classified as mild forms FH-III.

4.7.2.4 Familial hyperaldosteronism type [V and CACNAH mutations

As FH-II and III, FH-IV is also a non-glucocorticoid remediable form of FH that is inherited
in an autosomal dominant manner but with a reduced penetrance. Scholl and colleagues
performed WES on a cohort of 40 patients diagnosed with PA at an early age, all having 10
years of age or less. They identified recurrent mutations in the CACNAIH gene in 5 blood
unrelated patients in this cohort. Shortly after, our group reported mutations in the same gene
in two unrelated patients that were originally diagnosed with FH-II, as well as two other
patients, one being de novo and the other was a female patient with APA and a germline
mutation of CACNAIH. (127, 128) Interestingly, germline CACNAIH mutations have been
linked to several mental and neurological disorders, notably, autism, epilepsy and
amyotrophic lateral sclerosis. (161-163) The mutations that were described in Scholl’s and
Daniil’s papers result in a decrease in the deactivation of the channel, consequently, the
channel remains open for longer periods with increases in Ca®" influx, and higher levels of
CYP11B2. Intriguingly, Reimer and colleagues showed that treatment with the non-selective

calcium channel blocker Mibefradil of HAC15 adrenocortical carcinoma cells overexpressing
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a Cav 3.2 channel carrying the p.Metl1549Val mutation, reduced the expression of CYP11B2
and aldosterone biosynthesis, indicating that calcium channel blockers may be used in patients

with FH-TV (164).

4.7.2.5 Germline mutations in sporadic forms of PA

De novo germline CACNA 1D mutations have been described in two very young children with
Primary Aldosteronism, Seizures and Neurological Abnormalities (PASNA). One of the
subjects, had a CACNA 1D mutation (p.Ile770Met) suffered from cerebral palsy and complex
seizures right after birth, with HT, with hyperaldosteronism and hyperkalemia. The other
patient was a 3-year-old female who had severe HT (199/78 mmHg), high aldosterone levels
as a newborn, high aldosterone to renin ratios, hypokalemia with biventricular hypertrophy
and neurological abnormalities. This patient also harbored a germline mutation in the

CACNAID gene (p.Gly403Asp) (165, 166).

Germline mutations have also been identified in ARMCS5 (Armadillo Repeat containing 5) in
sporadic cases of PA (138, 167). This gene that codes for an apoptosis regulator which
belongs to the armadillo/B-catenin-like superfamily. ARMC5 mutations have been mainly
described in adrenocortical disease which is associated with cortisol excess and sporadic and
inherited forms of primary bilateral macronodular hyperplasia. Generally, mutations in
ARMCS promote cell survival and steroid hormone production in vitro (168, 169). However,
more studies have to be attributed to decipher the real role of ARMCS in PA, as a study
suggested that the mutations that have been identified in this gene in PA are likely non-

pathogenic (170).

Despite the major advances in our knowledge concerning FH, a few points need to be
addressed, the difference of the presentation of the diseases, and the difference in the
penetrance as well as the clinical heterogeneity. Yet, the advances that have been so far made
are quite promising, especially if it could contribute to the development of new diagnostic and

therapeutic approaches.

4.7.3 Genomic and proteomic changes in APA
A recent study performing quantitative proteome and phosphoproteome analysis on APA and

adjacent non-tumoral adrenal cortex from 6 PA patients, identified different proteomic
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changes in APA. In particular, it discovered upregulation of enzymes involved in increased
steroidogenesis, such as CYP11B2, HSD3B2, CYP21A2, and genes that are involved in
cholesterol uptake such as LSR (lipolysis stimulated lipoprotein receptor). Some of these
enzymes were regulated by phosphorylation, notably CYP21A2 and HSD3B2. Components
of the extracellular matrix (ECM) were also altered: the authors reported a downregulation of
ECM components and enzymes involved in ECM turnover, as well as collagen and collagen
fibril assembly. Interestingly, there was also a deregulation of kinases affecting cytoskeletal
remodeling. Moreover, RHOC (Ras homolog gene family, member C), a GTPase that controls
actin organization, was upregulated in APA, and significantly induced CYPIIB2 but not
CYPI11B1 expression in adrenocortical carcinoma H295R cells transfected with a RHOC-
encoding vector. Whether RHOC exerts its effects by affecting the cytoskeleton of the cells or
by affecting signaling pathways remains to uncovered (115). Furthermore, APA express high
levels of proteins involved in N-glycosylation, which affects the activities of ATIR and
MC2R and other membrane receptors, as well as proteins that are involved in cholesterol and
steroid metabolism and thus affect steroidogenesis in the adrenal cortex (115, 171). The
authors also show that APAs had a low level of GABAergic signaling, which could modulate
aldosterone biosynthesis, as activation of GABAergic signaling has been shown to decrease

steroidogenesis in rat adrenal glands (172).

GPCRs, notably MC2R, are known effectors in the overproduction of cortisol in cortisol
producing adenomas (CPA). GPCRs have been shown to be aberrantly expressed in APA and
play a role in the regulation of aldosterone production. Ye et al. showed that several GPCR,
such as HTR4, GnRHR, LHCGR, MC2R, metabotropic glutamate receptor 3 (GRM3),
endothelin receptor type B-like protein (EDNRC), had significantly higher expression in APA
when compared to normal adrenal glands. The ectopic expression of these receptors is
hypothesized to upregulate aldosterone production in APA where the renin-angiotensin
system is suppressed (173). Interestingly, the CYP11B2 gene is reported to be hypomethylated
in APA, along with a hypomethylation of GPCR and GPCR-related genes, such as HTR4,
MC2R, tachykinin receptor 1 (TACRI) the receptor for substance P, GRM3 and the
prostaglandin E receptor 1 (PTGERI). Concomitantly, mRNA levels of HTR4 and PTGER1
were upregulated, showing a significant correlation to their hypomethylation status.
Remarkably, it is well known that HTR4 increases aldosterone production by activating the
cAMP pathway and calcium signaling (64), whereas prostaglandin E2 increases aldosterone

production by inducing the conversion of cholesterol to pregnenolone through its receptor
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PTGERI1 (174). These alterations in GPCRs and their related proteins could lead to increased
expression of CYPIIB2 and stimulation of aldosterone biosynthesis in APA (31). The
changes in methylation and gene expression seemed to be independent from the mutational
status (KCNJ5 or ATPIA1) of APA; moreover, transfection of HACI1S5 cells with mutated
KCNIJ5 channels (T158A) did not affect methylation of CYPI1B2 or CYPI11BI1 genes (175).
Furthermore, the methylation levels of CYP71B2 were not associated to transcription levels of
CYPI1B2 in APA, thus, the role of the methylation status of CYP//B2 in APA remains to be

elucidated.

Different studies showed an upregulation of several genes regulating the expression of
CYPIIB2, such as NURRI and NGFIB (176), as well as essential transcription factors for
adrenal cortex development and steroidogenesis, such as the steroidogenic factor SF-1, DAX1
and VSNLI (visinin like 1), an SF-1 target gene that has been shown to increase aldosterone
biosynthesis in H295R cells, (177, 178). It has further been reported that CYP17A41 expression
is higher in APA with ZF-like cells harboring KCNJ5 mutations in comparison to ATP1A1
and CACNA 1D mutated adenomas (179, 180).

4.7.4 The pathogenesis of APA
The relationship between the occurrence of somatic mutations and aldosterone biosynthesis is
very well understood; however, the impact of these mutations on cell proliferation, nodule and
APA formation is still far from being understood. Intriguingly, APA show a very pronounced
molecular heterogeneity in terms of both its mutational status and aldosterone synthase
expression within the APA itself, and in the adjacent tissue. Studies have shown the
occurrence of different somatic mutations within different aldosterone producing nodules in
the adrenal gland (181, 182). These findings, suggest that somatic mutations could occur as
several independent events in a previously remodeled adrenal cortex. Other studies have
reported similar findings, where one study described one patient who was diagnosed with PA
and Cushing’s syndrome with two adrenocortical adenomas, one harboring a KCN.J5 mutation
and the other a PRKACA mutation (183). In another study, the same group reported an APA
that presented heterogeneity in aldosterone synthase expression, with the mutation being only
present in the aldosterone synthase-expressing region (184). Our group has also described a
case of a young patient with severe lateralized PA, bilateral macronodular adrenal hyperplasia
and Gardner syndrome. This patient carried a germline APC mutation and a somatic KCNJ5
mutation leading to the development of APA (185). This case further supports a two-hit
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model for APA development with the APC mutation favoring nodule formation and the

KCNJ5 mutation causing aldosterone overproduction (Fig. 9).

Another hypothesis on the pathogenesis of APA was suggested by Nishimoto and colleagues
in a study that described aldosterone-producing cell clusters (APCC) as being the origin of
APA formation (186). APCC are structures that consist of cell clusters in contact with the
inner part of the capsule and the outer part of the ZF. Cells in the outer part resemble ZG
cells, while those in the inner part resemble ZF cells. These structures are mainly identified by
a very strong staining for aldosterone synthase which they produce autonomously, however,

they lack 11p-hydroxylase expression (186, 187) (Fig. 9).

APCC are distinctive from APAs in their size, cellular arrangements, and their enzyme
expression profiles. APCC are hypothesized to increase in number in normal adrenal glands
with age; in the human adrenal gland, at a young age and up to 11 years, aldosterone synthase
expression is rather continuous in the ZG, while with age the ZG loses the continuity of the
aldosterone synthase expression in favor of an irregular discontinuous expression with
increased numbers of APCC. This discontinuation is suggested to be due to a negative

feedback by the autonomous production of aldosterone by APCC (188).

Although there are no sex differences in the prevalence of APA, APCC seem more frequent in
female adrenal cortex (189). APCC are found in normal adrenal cortex and in adrenal cortex
with APAs. Sequencing of DNA extracted from APCC from normal adrenal glands showed
that up to 35% of these APCCs harbor mutations of APA-driver genes such as ATPIAI,
ATP2B3 and CACNA1D, but not KCNJ5, which is the most frequently mutated gene in APA.
It is suggested that APCC with KCNJ5 mutations are rare events, or that APCC harboring
KCNJ5 mutations rapidly progress to APA and thus are hard to be witnessed. Moreover,
transcriptome analysis on APCC showed, in addition to high expression of CYP/IB2 in
comparison to ZG and ZF, that APCC express high levels of MC2R, SLC35F1 and PPP4R4,
implicated in steroid production, glucose transport and regulation of intracellular
phosphorylation and dephosphorylation, respectively (189). The transition from APCC to
APA is thought to occur through the development of structures called possible APCC-to-APA
translational lesions (pAATL) (190). These structures consist of an outer APCC-like portion
sprouting into an inner micro-APA (mAPA)-like portion. In a case of a pAATL, a KCNJ5
mutation occurred only in the mAPA-like portion and not the APCC-like portion (190); this
could suggest that the APA and the pAATL did not share the same origin. In another case,
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both portions of the pAATL harbored an ATP1AI mutation, indicating that both portions had
the same origin. Clearly, APA development from APCC through pAATL and mAPA is
interesting and has to be further investigated to gain a better understanding of the genomic

and proteomic events involved in this transition (190).

Remarkably, it has been recently shown that accumulation of APCC could be the cause of
idiopathic hyperaldosteronism (IHA). In a multicenter study on 15 IHA adrenal glands that
were examined by CYP11B2 immunohistochemistry and NGS, Omata and colleagues showed
that IHA adrenal glands presented a significantly higher number of APCC than normotensive
controls. All THA adrenal glands harbored at least one APCC positive for CYP11B2 or
mAPA. Interestingly, in this cohort the authors identified somatic CACNA /D mutations in
58% of cases and a mutation in KCNJJ5 in one case. These data suggest that IHA may not only
be due to hyperplasia but also to the accumulation and enlargement of APCC (191).
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Figure 9. The current model for APA development. Left panel (Two-hit model): Two hit model of APA
development, where activation of specific pathways such as Wnt pathway leads to increased cell proliferation, this
creates a suitable environment for the occurrence of somatic mutations. Right panel (APCC model): In ZG cells, the
occurrence of mutations in certain APA-driver genes would lead to the formation of APCC which produce
aldosterone autonomously, APCC would eventually evolve into APA by passing through an intermediate phase of
PAATL (126).
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4.7.5 Genotype-phenotype correlations in patients with APA

It is important to unravel clinical and biochemical markers of PA, as this could be beneficial
for the management of the disease. KCNJ5 mutations, for example, seem to occur more
frequently in women and younger patients and tend to be also associated with higher plasma
levels of aldosterone, larger tumors and higher left ventricular mass index. KCNJ5 mutations
tend to be more prevalent than other mutations in Caucasians and much more in east Asian
patients and this type of mutation has also been linked to a better outcome in younger patients
with APA (125, 192-197). CACNA 1D mutations on the other hand, have been associated with
smaller APA (125). Williams and colleagues have performed a promising study that could be
translated to clinical care, where they identified a 7-steroid fingerprint capable of predicting
the underlying mutational status of APA with high accuracy through steroid profiling in
adrenal and peripheral venous plasma samples by liquid chromatography-tandem mass
spectrometry (132). Consistently with what was previously reported, KCNJ5 mutations were
associated with significantly higher levels of hybrid steroids like 18-hydroxycortisol and 18-

oxocortisol compared to other genotypes.

51



5 Thesis project

5.1 Background

Arterial hypertension is a major cardiovascular risk factor that affects 25% of the global
population. Primary aldosteronism (PA) is the most common form of secondary arterial
hypertension, accounting for 5-10% of the hypertensive patients and up to 20% of patients
with resistant hypertension (198). PA results from autonomous production of aldosterone by
the adrenal cortex. This is associated to low renin levels and in some cases hypokalemia. The
identification and diagnosis of secondary forms of arterial hypertension is of importance as
this allows the adequate treatment and targeting of the underlying disease, and prevention of
cardiovascular complications and organ damage. Despite our vast knowledge on PA, the
disease remains poorly diagnosed due to the complexity of the process and the correct
diagnosis is often concluded late, in some cases several years after the patients had been
suffering from hypertension (20). Additionally, PA is associated with high cardiovascular
complications such as myocardial infarction, heart failure and atrial fibrillation; more
importantly, these events occur independently from high blood pressure, they are rather

associated to deleterious effects of excess aldosterone on heart and vessels (19).

5.2 Rational of the study

In the last few years, major advances have been made in the comprehension of the genetics of
APA. By whole exome sequencing, recurrent somatic mutations have been identified in genes
that code for ion channels (KCNJ5, CACNAID) and ATPase pumps (ATPIAIl, ATP2B3).
These genes regulate the intracellular ionic homeostasis and membrane potential. Somatic
mutations lead to the activation of calcium signaling, which is the main trigger of aldosterone
synthase expression. This ultimately leads to the autonomous production of aldosterone.
Despite the fact that the role of these mutations in aldosterone biosynthesis is well established,

their role in cell proliferation and nodule formation is far from being understood.

Our group has shown that the cortex of adrenals harboring APA undergoes significant

remodeling, characterized by increased nodulation, diminished vascularization and ZG
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hyperplasia (187). Our group has also shown that multinodular adrenals harbor different
somatic mutations, suggesting a polyclonal cellular origin of these nodules (182). These
findings suggest that somatic mutations could be a secondary event in an already disorganized

adrenal cortex through mechanisms that are unknown to date.

5.2.1 Aims Partl

We aimed at identifying signaling pathways involved in nodule formation and adrenal cortex
remodeling. To this end, we performed a large scale analysis integrating transcriptomic and
histological analysis with clinical and biological data from patients with APA. This led to the
identification of retinoic acid receptor oo (RARa) signaling as a molecular network involved
in nodule formation. My objective was to identify the role of RARa in the adrenal cortex
development and function. To understand the role of RARa, we studied the adrenal gland

phenotype of Rara. KO mice, on a morphological, functional and molecular level.

5.2.2 Aims PartII

It has been clearly established that aldosterone and MR are both implicated in inducing
structural deleterious modifications in different tissues (199). Our group has shown that MR is
expressed in the adrenal cortex, specifically in the ZG and in APA (187). Given the role of
MR in tissue remodeling and its expression in the ZG and APA, we hypothesized that
aldosterone could be involved in the pathophysiology of APA through MR by an autocrine-
paracrine mechanism. To investigate this hypothesis, we sought to identify the role of MR, in
regulation of aldosterone production and cell proliferation in the adrenal cortex. To this aim,
we have generated ZG-specific Mr knock-out mice and investigated their adrenal gland

phenotype and function.
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PART 1: ROLE OF RETINOIC ACID RECEPTOR ALPHA
SIGNALING IN THE ADRENAL CORTEX
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6 THESIS WORK

6.1 The nuclear receptor superfamily of transcription factors

The nuclear receptor superfamily is the largest family of transcription factors in eukaryotes
and regulates the expression of specific target genes. They regulate different physiological
processes, such as development, inflammation, apoptosis, metabolism, cell differentiation.
Nuclear receptors are zinc finger transcription factors which bind to specific response
elements on DNA and act in a cell type-specific manner on regulatory regions of target genes.
Although most nuclear receptors are activated by ligand binding, for some of them, the so
called orphan receptors, the ligand is unknown. A few of them do not require ligand binding
for their transcriptional activity (200). Nuclear receptors bind DNA either as homo- or hetero-
dimers. Different dimerization patterns, as well as different ligands, modulate the
transcriptional activity of nuclear receptors, by modulating transcriptional coregulatory

recruitment and DNA binding site selection (201).

Nuclear receptors typically consist of a DNA-binding domain (DBD), a C-terminal ligand-
binding domain (LBD), a hinge region in between the DBD and LBD for some of them, and
an N- terminal domain of variable length. The DBD consists of two well conserved zinc
finger motifs rich in cysteine (202). These motifs interact with the double helix of DNA and
have very important roles in determining the specificity of the nuclear receptor to a given
DNA sequence (203). Among the known examples of zinc finger short protein motifs are the
P-box which is present in nuclear receptors of the steroid receptor subfamily, such the
mineralocorticoid receptor (MR), the glucocorticoid receptor (GR), androgen receptor (AR)
and progesterone receptor (PR); this sequence allows these receptors to recognize their
response element (AGAACA) (204). Another group of nuclear receptors also have a P-box
which differs from the first group by two amino-acids, this motif facilitates the recognition of
the AGGTCA sequence, which is an elementary sequence for receptors such as retinoic acid
receptor alpha (RAR), retinoic X receptor (RXR), vitamin D receptor (VDR), thyroid

hormone receptor (TR) and estrogen receptor (ER).

The LBD consists of eleven to twelve helices and two beta-sheets, which form a triple
sandwich structure composed of three sheets of antiparallel helices which form a hydrophobic
cavity for ligand binding within the core of the LBD (205). The binding of the ligand induces

conformational changes that depend on the nature of the ligand. Agonists induce
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conformational changes that promote receptor activation by generating interfaces for
coactivator recruitment. On the other hand, antagonists induce a disruption in the structure of

the LBD and disrupt the recruitment of transcriptional co-regulators (206).

The middle hinge region is thought to be a flexible region in between the DBD and LBD. The
N-terminal hinge domain is involved in nuclear receptor dimerization, co-regulator
recruitment, and binding site recognition (207). The C-terminal part of the hinge region is

suggested to participate in the regulation of ligand interactions (208, 209).

The nuclear receptor superfamily consists mainly of four subclasses of receptors, which are
separated based on their dimerization preferences and their DNA-binding properties. The first
subfamily consists of receptors that form dimers with RXR, this group recognizes direct
repeats as a response element. The second subfamily includes steroid receptors, these function
as ligand induced dimers, and they recognize and bind to specific hormone response elements
(HRE) which are mostly inverted palindromic repeats. The third subfamily of nuclear
receptors bind as homodimers primarily to direct repeats. The fourth subfamily members bind

as monomers to extended core sites.

6.2 Retinoic acid receptors

Retinoic signaling is mediated by two subfamilies of retinoic receptors, the retinoic acid
receptors (RAR) and the retinoid X receptors (RXR), which act as RAR/RXR heterodimers or
RXR/RXR homodimers (210). Each family of receptors consists of 3 subtypes : o, 3 and y.
Retinoid receptors share the common structure of most nuclear receptors, apart from the
activation functions (AF domains); they have a well conserved DBD as well as a conserved
LBD, which contains not only the ligand-binding pocket, but also the main dimerization
domain and the ligand-dependent transactivation domain (211, 212). Retinoid receptors are
primarily found in the nucleus bound to retinoic acid response elements (RARE). Whereas in
the absence of a ligand, the DNA-bound receptors repress transcription due to recruitment of
corepressors, following ligand binding the receptors dissociate from corepressors and recruit
transcriptional coactivators and chromatin remodeling complexes; this complex will
reorganize and decompact the chromatin and guide RNA polymerase II and other
transcription factors to the promoter region of target genes (213-215) (Fig. 10). The main

ligands of retinoid receptors are all-trans retinoic acid (ATRA or tretinoin), the abundant
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natural retinoid, or its 9-cis homologue. RAR are activated by ATRA and 9-cis RA, while
RXR are only activated by 9-cis RA. At high concentrations, ATRA (10 M) is converted to
9-cis RA (216). Retinoic acid receptors play roles in a variety of processes, notably,
development, differentiation, proliferation and apoptosis; they also have the capacity to

integrate and to cross-talk with other signaling pathways.

Corepressors complexes
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Figure 10. Three step genomic activity of RAR. A. In the absence of a ligand, retinoic receptors are bound to
response elements on target genes and are associated to a corepressor complex (HDAC complex) which inhibits
transcription. B. Retinoic acid binding leads to HDAC complex dissociation, this allows the recruitment of
coactivator complexes and opens and decompresses the chromatin. C. The final step is the dissociation of the
coactivator complex, and the recruitment of RNA polymerase Il and other transcription factors, leading to the
initiation of transcription (217).
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A wide variety of experimental and clinical approaches have shown that Vitamin A (retinol)
and its derivatives play a crucial role in embryonic development and organogenesis, metabolic
homeostasis, proliferation, differentiation and apoptosis (218). Vitamin A deficiency leads to
congenital ocular malformations, as well as alterations in the development of cardiac,
respiratory and urogenital systems (219). Retinol is mainly stored in the liver, from there it is
transported by the plasma retinol binding protein (RBP) and enters the cells via RBP
membrane receptors. In the process of retinoic acid production, retinol undergoes a series of
enzymatic steps. Retinol is first oxidized to retinal through a reversible step by retinaldehyde,
then in an irreversible manner by retinaldehyde dehydrogenase to RA. RA is suggested to
have a short half-life of 0.5 hr (220), suggesting that RA is produced at the site or near to the
site of its action. RA is transported to the nucleus by the cellular RA-binding protein
(CRABP) where it binds to its receptor (221). Retinoid signaling sometimes in a non-genomic
manner, interacting with other signaling pathways such as AP1, NFKB, TGF-B, PI3K and
intracellular calcium signaling, cAMP, VEGF and Wnt; these interactions in addition to RAR
ubiquitous expression support the involvement of RAR in different processes in the organism
as early as the embryonic stages (222-229). RXR interacts and forms dimers not only with
RAR, but also with a big variety of nuclear receptors such as peroxisome proliferator
activated receptor (PPAR), vitamin D receptor (VDR), constitutive adrostane receptor (CAR),
farnesoid x receptor (FXR) and liver x receptor (LXR) (230-236).

Different knockout models of mice have been generated to understand the roles of retinoid
receptors in the organism. RARP KO mice are growth deficient and exhibit abnormalities in
their eyes and cervical vertebrae and motor and locomotion coordination (237). RARy KO
mice have growth deficiency, skeletal and epithelial defects and male sterility (238). RXRa
KO is lethal for the mice in the fetal period due to underdeveloped myocardium (239). It was
shown that RXRa mediates the teratogenic effects of retinoids, since mouse embryos lacking
RXRa were immune to retinoic acid induced limb defects (240). RXRP KO led to the death
of almost half of the embryos in utero, with males being sterile due to testicular defects (241).
However, mice with impaired RXRf function, due to a defect in the transcription activation
function 2 (AF-2), do not display the spermatid defects observed in RXRB KO mice. These
mice do, however, have abnormal lipid metabolism in Stertoli cells, suggesting the existence
of a functional interaction between RXRP and other nuclear receptors which control lipid

metabolism (242). RXRy mice on the other hand, are fertile, but show high serum levels of
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thyroid stimulating hormone (TSH) and L-thyroxine (T4) as well as high metabolic rates

compared to control mice (243).

RARa, encoded by the NRIBI gene, was the first member of the family to be cloned in 1987.
It was found to be induced by retinoic acid and to resemble to other nuclear receptors for
steroid and thyroid hormones and vitamin D3 (244). RARa has the uniqueness among other
RARs that it is ubiquitously expressed in early and adult life, especially the more abundant
isoform RARal, whose promoter region resembles the promoter region of a housekeeping
gene, in contrast to the more restricted transcript levels of the RA-inducible isoform RARa2

(245-248). RAR«a shows a high degree of conservation between humans and mice (249).

RARa- and RARal- null mice were generated in the laboratory of P. Chambon. RARal KO
mice appeared to be normal, possibly due to compensation by other isoforms of the receptor.
However, homozygous RARa complete KO mice, were sterile due to testicular abnormalities,
including degeneration of the germinal epithelium of the testes. Moreover, the seminiferous
tubules were atrophic and did not carry spermatozoids, suggesting that RARa KO disrupted
spermatogenesis in these mice. Although KO mice represented 25% of the embryos and
fetuses during gestation or after cesarean delivery, more than 90% of homozygous mice died
before the age of 2 months apparently due to unexplained cannibalism by their mothers. These
mice also present webbed-digits which was restricted to soft bones, they were emaciated and
lethargic and showed slower growth rates than their WT and heterozygote littermates. RARa
KO mice also present impaired alveolar formation, homeotic transformations, malformation
of the vertebrae and the squamosal bone and laryngeal cartilage and pterygoquadrate cartilage

(250).

RARa, like other retinoid receptors, has been suggested to have different functions. Besides
its heterodimerization with RXR after ATRA binding, it has also been shown to
heterodimerize with ERa in an ATRA-independent manner. This could explain the role of
RARa in breast cancer and the inhibitory activity of RARo on the growth of breast cancer
cells; it has also been shown that RARa is a target gene of ERa (251, 252). RARa has also
been shown to interact with mRNA in the cytosol of neuronal cells, where it is able to control
translation, and thus is implicated in spinal formation following activation with ATRA

independently from transcriptional regulation (253).
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RARa was also found to be expressed on cell membrane lipid rafts where it forms complexes
with Gaq proteins; in RA-resistant breast cancer cells, the formation of RARo/Gogq
complexes is suppressed. The activity of this complex is involved in rapid non genomic
effects such as the induction of the activity of pP38MAPK/MSK1 pathway. Interestingly, the
activation of this pathway induces the phosphorylation of RAR and the expression of their
target genes. These effects occur rapidly, indicating a non-genomic effect. The reason why
RARa is the only subtype of RAR that is expressed on the cellular membrane was attributed
to its N-terminal domain, which is not conserved across RAR and appears to be necessary for

targeting RARa to lipid rafts (254).

RAR have been shown to be involved in tumorigenesis and cancer. In skin cancer, transcript
levels of RARa and RARY are decreased in mice and their mRNA levels are significantly
reduced in human squamous cell carcinomas (255, 256). The RARa. gene has been shown to
be susceptible to form fusions with various genes, such as in acute promyelocytic leukemia
(APL), which accounts for up to 10 to 15 % of acute myeloid leukemia (AML) cases. APL is
sensitive to ATRA, which induces the differentiation of immature leukemic promyelocytes
into mature granulocytes. In most cases of APL, a fusion gene is created between RARa and
the promyelocytic leukemia protein (PML) (257). Other genes that have been reported to form
fusion proteins with RARo are ZBTB16, NPM1, NUMAI, STAT5B, BCL6, PRKARIA (258).
The resulting fusion proteins behave as transcriptional repressors of retinoic acid signaling,
thus inhibiting the differentiation of promyeolocytes. However, treatment with ATRA triggers

the differentiation into granulocytes in most patients (259, 260).

Interestingly, it has been shown that ATRA induces angiogenesis and tube formation via
RAR through enhancement of VEGF signaling, indicating that RAR can interact with
VEGF signaling and induce vascularization (228).

RARa as well as other receptors of retinoic signaling, have also been shown to interact with
Wnt signaling. In one study on embryonic stem cells (ESC), RA treatment induced the
activity of the non-canonical Wnt signaling pathway, resulting in the suppression of the
canonical pathway (261) (Fig. 11). RARa has also been shown to interact with Wnt signaling
in esophageal carcinoma, where RARa is highly expressed. Knockout of RARa in an
esophageal carcinoma cell line activated GSK3f3, part of the destruction complex involved in
Wnt signaling, leading to an increase in the degradation of B-catenin (262). Other studies

showed that GSK3p, in turn, phosphorylates RARa in a way that resembles a negative
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feedback, where the treatment combination of ATRA and GSK3p inhibitors ameliorate the

prognosis of the treatment in acute myeloid leukemia (263, 264).
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Figure 11. Effect of activation of retinoic acid signaling on the Wnt signaling pathway. A. In the absence of RA
signaling, canonical Wnt signaling is activated. B. When RA signaling is active, it promotes the activity of non-
canonical Wnt signaling; in turn, non-canonical Wnt signaling inhibits the activity of the canonical Wnt pathway by
reducing the transcription of canonical pathway target genes and transcription factors (261).

Intriguingly, a proteomic characterization of adrenal glands in mice over different time points
during embryonic life and at the first postnatal day showed that retinoic acid signaling
components, notably involved in retinol binding (Rbpl, Crabpl and Crabp2) are decreased
during development of the adrenal gland. This suggests that these components are important
for the early development of the adrenal gland but possibly less involved during postnatal life.
This study also showed that proteins involved in fatty acid binding and cholesterol transporter

activity (including Star) were increased over the course of adrenal gland development (265).
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6.3 Results

Role of retinoic acid receptor oo (RAR) in adrenal cortex development and function
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Retinoic acid receptor o as a novel
contributor to adrenal cortex
structure and function through
interactions with Wnt and Vegfa
signalling

Rami M. El Zein®?, Audrey H. Soria®??, Jose Felipe Golib Dzib3, Amanda J. Rickard?,
Fabio L. Fernandes-Rosa’?, Benoit Samson-Couterie'?, Isabelle Giscos-Douriez*?,
Angélique Rocha?, Marko Poglitsch*, Celso E. Gomez-Sanchez®, Laurence Amar®2$,
Norbert B. Ghyselinck’-%°, Arndt Benecke®3'?, Maria-Christina Zennaro®%!1 &
Sheerazed Boulkroun®?2

Primary aldosteronism (PA) is the most frequent form of secondary arterial hypertension. Mutations
in different genes increase aldosterone production in PA, but additional mechanisms may contribute
to increased cell proliferation and aldosterone producing adenoma (APA) development. We performed
transcriptome analysis in APA and identified retinoic acid receptor alpha (RARa) signaling as a central
molecular network involved in nodule formation. To understand how RARa. modulates adrenal
structure and function, we explored the adrenal phenotype of male and female Rara. knockout mice.
Inactivation of Rara in mice led to significant structural disorganization of the adrenal cortex in both
sexes, with increased adrenal cortex size in female mice and increased cell proliferation in males.
Abnormalities of vessel architecture and extracellular matrix were due to decreased Vegfa expression
and modifications in extracellular matrix components. On the molecular level, Rarcc inactivation leads
to inhibition of non-canonical Wnt signaling, without affecting the canonical Wnt pathway nor PKA
signaling. Our study suggests that Rara. contributes to the maintenance of normal adrenal cortex
structure and cell proliferation, by modulating Wnt signaling. Dysregulation of this interaction may
contribute to abnormal cell proliferation, creating a propitious environment for the emergence of
specific driver mutations in PA.

Primary aldosteronism (PA) is the most common and curable form of secondary arterial hypertension, with preva-
lence estimations of up to 10% of cases in referred hypertensive patients, 4% of patients in primary care? and 20%
of patients with resistant hypertension®*. Rapid diagnosis and treatment are important to prevent severe cardiovas-
cular consequences of long term aldosterone exposure, which are independent of blood pressure levels and are due
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Figure 1. Transcriptome analysis reveals two distinct subgroups of APA. (A) Hierarchical clustering using
Euclidean distance and complete linkage of 48 APA and 11 control adrenals. Heat-map of the whole gene
expression is displayed using black for low expression and green for high expression. (B) Principal Component
Analysis in the correlation space over the entire transcriptome. The first two principal components and their
associated inertia are displayed. (C) Singular-value-decomposition-initialized multidimensional scaling
under the correlation space over all genes®®®”. Kruskal error is indicated as “stress”. (D) Aldosterone synthase
immunohistochemistry performed on adrenals from APA_A and APA_B. (E) Three groups (APA_A, APA_B
and CA) are pair-wise compared to obtain a list of statistically significantly expressed candidate genes for each
of the three comparisons. The common and comparison-specific genes are classified in seven different groups
some of which are associated to a biological process. Venn-diagrams are displayed for statistically significantly
differentially expressed candidate genes. The smaller Venn diagrams on the right-hand side of the figure
represent the overlap for up-regulated and down-regulated genes. Bars are displayed next to the represented

SCIENTIFIC REPORTS |

(2019) 9:14677 | https://doi.org/10.1038/s41598-019-50988-2


https://doi.org/10.1038/s41598-019-50988-2

www.nature.com/scientificreports/

sets to indicate the relative proportion of the overlapping regions to the corresponding list of candidate genes.
Figures displayed are the number of genes that populate each of the selected sets. (F) Expression of RAR«
was investigated by RT-qPCR on mRNA extracted from 6 control adrenals and 19 APA. Values are presented
as the mean & SEM; p values were calculated using a two-sided Mann-Whitney test. *p < 0.05. (G) RARa
immunohistochemistry performed on control adrenal and in APA.

to deleterious cardiovascular effects of the hormone>®. Indeed, patients with PA have an increased risk of developing
stroke, coronary artery disease, atrial fibrillation, left ventricular hypertrophy, and heart failure*>’-°. In the majority
of cases, PA is due to an aldosterone producing adenoma (APA) or bilateral adrenal hyperplasia (BAH)'?. Patients
with PA present hypertension, a high aldosterone to renin ratio and variable hypokalemia''. Over recent years,
whole exome sequencing (WES) unraveled different somatic mutations in genes encoding ion channels (KCNJ5 and
CACNAID) and ATPases (ATP1A1 and ATP2B3)'?"!° in about 50% of APA'S. Recently, use of aldosterone synthase
immunohistochemistry-guided next-generation sequencing identified somatic mutations in up to 88% of APA".
In physiological conditions, these channels and pumps play an important role in regulating intracellular ion home-
ostasis as well as maintaining cell membrane potential. When mutated, they induce cell membrane depolarization
leading to opening of voltage-gated calcium channels, or directly affect intracellular calcium concentrations. This
ultimately leads to activation of calcium signaling, the main trigger of aldosterone production. Although the link
between mutations and aldosterone production has been clearly established, their role in promoting abnormal cell
proliferation and/or APA development is not well understood. Activating mutations in the CTNNBI gene (encod-
ing 3-catenin) were also identified in 2-5% of APA'®!°, and the Wnt/3-catenin signaling pathway has been shown
to be constitutively active in ~70% of APA?*?!, This signaling pathway plays an important role in the development
of the adrenal cortex and in aldosterone biosynthesis®?. Recent studies have suggested a two-hit mechanism of APA
development, whereby a first hit induces adrenal cortex remodeling and/or increases nodule formation and a sec-
ond hit, involving mutations in APA driver genes, specifies the hormonal secretory pattern®4,

In mice, the adrenal cortex is composed of two distinct functional zones, the zona glomerulosa (ZG) and the
zona fasciculata (ZF), with different functions. The ZG is located under the capsule and produces mineralocorti-
coids that play a major role in the regulation of blood pressure by regulating sodium and potassium homeostasis.
The ZF produces glucocorticoid hormones that are involved in stress response and energy homeostasis. Adrenal
cortex undergoes continual renewal, with stem/progenitor cells that first differentiate into ZG cells and then
migrate centripetally acquiring ZF cells characteristics?. Different studies report sexual dimorphism in mouse
adrenal cortex, with adrenals being larger in females than in males and plasma ACTH, corticosterone and aldos-
terone levels being higher?. At the transcriptome level, a core sexually dimorphic expression program has been
identified®®. Moreover, sexual dimorphism in the adrenal cortex pathophysiology has been reported in several
genetically modified mouse models**~?. Interestingly, adrenal cortex renewal has been recently shown to be
3-fold faster in females than in males, highlighting the role of sex hormones in this process®.

Here we have performed a large-scale study integrating transcriptome, histological and immunohistological
analyses with clinical and biological information of patients with APA to better understand the mechanisms
involved in increased cell proliferation in BAH and APA development and to identify specific signaling pathways
responsible for abnormal cell proliferation and nodule formation. We identified retinoic acid receptor (RAR) v
signaling as a central molecular network involved in nodule formation. Analysis of the adrenal phenotype of mice
lacking Rara revealed structural and functional disorganization of the adrenal cortex at 12 weeks of age, which
was associated with modifications of the extracellular matrix and vessel architecture in both male and female
mice. This was accompanied by increased adrenal cortex weight in female, and increased cell proliferation in male
mice. In males, morphological abnormalities were associated with alterations in non-canonical Wnt signaling as
well as reduced expression of steroidogenic genes, without modifications in canonical Wnt signaling nor PKA
signaling. Abnormalities of vessel architecture and extracellular matrix were due to decreased Vegfa expression
and modifications in extracellular matrix components. With aging, adrenal cortex disorganization was still pres-
ent, but without evidence of modification of Wnt signaling and Vegfa or steroidogenic gene expression. In female
Rara™~ mice, morphological abnormalities of the adrenal cortex were also present at both ages. However, even at
12 weeks, no alterations in Wnt signaling and Vegfa expression were observed, suggesting that molecular abnor-
malities may have occurred at an earlier time point in adrenal cortex development. Our study suggests that Rara
contributes to the maintenance of normal adrenal cortex structure and cell proliferation, by modulating Wnt
signaling. Dysregulation of this interaction may contribute to abnormal cell proliferation, creating a propitious
environment for the emergence of specific driver mutations in PA.

Results

Decrease of retinoic acid receptor o expression is associated with nodulation in APA.  We com-
pared the transcriptome profile of 48 APA and 11 control adrenals. Unsupervised clustering revealed the presence
of at least three different groups of samples (Fig. 1A). The first one being composed exclusively of control adrenals,
whereas the 48 APA were subdivided into two groups of 43 and 5 samples defined as APA group A (APA_A) and
APA group B (APA_B), respectively. The APA_B is spatially separated from the rest of the samples (Fig. 1B), and
from this perspective control adrenals seem to be very similar to samples in APA_A. However, using the first
three dimensions of a Principal Component Analysis (PCA), APA_A are clearly separated from control adrenals
and from APA_B (Fig. 1C). By comparing clinical and biochemical characteristics of patients from APA_A and
APA_B, we found no difference between groups except for the tumor size [15mm (9-18) for APA_A versus
40mm (32-52.5) for APA_B (Table 1)]. Interestingly, another major difference characterizing these two groups
of tumors was the level of expression of CYP11B2 (aldosterone synthase) detected by immunohistochemistry,
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Group A Group B P value
Gender (male/female), % 51/49 40/60 1
Age at PA dg (ys) 39 (33, 44.5) 43 (36.5,51) 0.29
Lowest plasma K (mmol/l) 3.2(2.9,3.5) 3.1(3.0,3.55) 0.78
Systolic BP (mmHg) 150 (135, 167) 154 (143, 175) 0.49
Diastolic BP (mmHg) 90 (82, 99) 95 (85, 102) 0.56
Treatment score (n) 2(1,3.5) 1(0,2) 0.07
Urinary aldosterone (nmol/24 h) 95 (76, 126) 115 (87.5, 153.5) 0.57
Plasma aldosterone (pmol/l) 845 (508, 1127) 1168 (633.5,1797) 0.32
Plasma renin (mU/1) 2.2(1.4,4.3) 1.7(1.2,3.4) 0.42
ARR (pmol/mU) 271.8 (179.8, 602.5) 831.0 (385.5,1152) 0.16
Adenoma size (mm) 14.5 (9.0, 18.0) 40 (32.0, 52.5) <0.0001
Systolic BP at FU (mmHg) 131 (120, 149) 116 (112, 142) 0.31
Diastolic BP at FU (mmHg) 84 (80, 96) 73 (72,94) 0.34
Treatment score at FU (n) 0(0,2) 0(0,2) 0.63
Plasma K at FU (mmol/l) 4.1(3.8,4.3) 4.0 (3.6,4.2) 0.45
Plasma aldosterone at FU (pmol/l) 130 (85, 251) 74 (36, 200) 0.15
Plasma renin at FU (mU/I) 11.0(6.8,17.2) 9.0(7.9,101.3) 0.80
ARR at FU (pmol/mU) 14.1(7.0,17.8) 9.0 (7.9,101.3) >0.99

Table 1. Clinical and biochemical correlates of patients from group A and B. PA: primary aldosteronism; HTN:
hypertension; K: potassium; BP: blood pressure; ARR: aldosterone to renin ratio; FU: follow-up. Categorical
data reported as number (percentage) and compared with Fischer’s exact test; quantitative data reported as
median (interquartile range) and compared with the Mann-Whitney test (p significant if <0.05).

which was higher in APA_A compared to APA_B (Fig. 1D). The three groups were pairwise compared to obtain
a list of statistically significantly differentially expressed genes for each of the three comparisons (Supplementary
Tables 1-3). The common and comparison-specific genes were then classified into 7 different groups, some of
which were associated to a specific biological process (Fig. 1E and Supplementary Fig. 1; Supplementary Tables 4-
10). In particular, we made the hypothesis that genes commonly differentially expressed in APA_A (high aldos-
terone production) and APA_B (low aldosterone production) compared to control adrenals would be involved
in nodulation (Fig. 1E, subgroup 2) rather than steroid biosynthesis. Within this group, the expression of retinoic
acid receptor oo (RAR«) was significantly down regulated in APA (logQ[APA_A vs CA] —3.8852; logQ[APA_B
vs CA] —3.0056). RT-qPCR performed on 6 control adrenals and 19 APA confirmed the down-regulation of
RARa mRNA expression in APA (Fig. 1F). Inmunohistochemistry showed that RAR« was expressed through-
out the adrenal cortex, and to a lesser extent in the medulla; its expression was heterogeneous in APA (Fig. 1G).
Our transcriptome data also revealed that all the enzymes necessary for the biosynthesis of RA are expressed
in control adrenal cortex as well as in APA (Table 2), supporting the possibility of RA biosynthesis and action
in the adrenal gland. Modulation of RAR« target genes was investigated by retrieving, from our transcriptome
data, the expression of 511 genes described as RAR« target genes and expressed in humans®' (Supplementary
Table 11). Among them, 147 were found to be differentially expressed between APA_A and control adrenals (67
were up-regulated and 80 down-regulated) and 123 between APA_B and control adrenals (10 up-regulated and
113 down-regulated).

Significant disorganization of the adrenal cortex in 12 weeks old male and female Rara. =/~ mice.
To evaluate the role of Rara in adrenal cortex structure and function, we compared the adrenal phenotype of 12
weeks old male and female Rara*/* and Rara~'~ mice. As previously described??, the Rara~/~ mice exhibited
growth retardation characterized by lower total body weight (Table 3). Relative adrenal weight of Rara™'* and
Rara™'~ was similar in male mice, while it was significantly increased in female Rara~'~ mice (Table 3) com-
pared to wild type littermates. HES staining revealed marked disorganization of the adrenal cortex, character-
ized by a loss of the radial organization of the zona fasciculata (ZF) in both male and female mice (Fig. 2A and
Supplementary Fig. 2), with a conserved zona glomerulosa (ZG). Confirming the HES observation, the expres-
sion of Disabled-2 (Dab-2), a marker of ZG*, was not affected in Rara”'~ mice (Fig. 2A,B), indicating that only
the ZF was affected in both males and females. We also investigated the expression of 20-aHSD, a marker of the
fetal X-zone*, which regresses at puberty in males and after the first gestation in females. No modification of
20-oHSD expression was observed in Rara™'~ mice compared to wild type littermates, with the X-zone being
visible in females but not in males in both genotypes (Supplementary Fig. 3), suggesting that the development and
the regression of the fetal X-zone was unaffected. Total number of nuclei in adrenal cortex, indirectly reflecting
adrenal cortex size, was significantly higher in 12 weeks old male and female Rara.~/~ mice (Fig. 2C). In males,
this was associated with an increased proliferation, highlighted by an increase of Ki67 positive nuclei in the adre-
nal cortex in Rara™'~ mice, (Fig. 2A,D). Although the proliferative index was not changed (Fig. 2A,D) in 12 weeks
old female Rara™'~ mice, the adrenal weight was significantly increased (Table 3) in addition to ZF expansion,
suggesting that increased proliferation may have occurred at an earlier time point during development.
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Control

Gene name adrenal APA P

Retinol Binding Protein 1 56.16 £7.30 81.77+6.934 0.0673
Stimulated by Retinoic Acid 6 1.11+0.13 1.48540.1561 0.3187
Retinol Dehydrogenase 5 1.05+£0.22 0.8240+0.0730 0.2858
Retinol Dehydrogenase 11 19.304+2.21 | 22.07 £ 1.466 0.2179
Retinol Dehydrogenase 12 (probe 2) 1.81£0.35 5.70442.323 0.6776
Retinol Dehydrogenase 14 2.54+0.32 3.914+0.2692 0.0058
Aldehyde dehydrogenase 1 Family Member A1 24284263 | 22.47+2.589 0.3540
Aldehyde dehydrogenase 1 Family Member A3 2.724+0.33 1.098 40,1432 <0.0001
Cytochrome P450 Family 26 Subfamily B Member 1 | 1.69+0.37 0.8811+0.1179 0.0189
Cellular Retinoic Acid Binding Protein 2 1.04+£0.31 1.076 +0.0825 0.2858

Table 2. Expression of enzymes responsible for retinoic acid biosynthesis in control adrenals (n=11) and in
APA (n=48). Data are presented as mean £ SEM and are compared with the Mann-Whitney test or t-test (p
significant if <0.05). Data are expressed as log2.

Male
12 weeks 52 weeks
Rara*'* Rara~'~ P Rara*'* Rara~'~ P
Total body weight (g) 28.124+0,59 26.45+0,70 0.0135 | 40.87+1.31 31.531+0.94 <0.0001

Left adrenal weight/total body weight (x1000) 1.531+0.112 1.678+0.144 0.7584 | 1.135£0.507 1.458+0.817 0.2736
Right adrenal weight/total body weight (x1000) | 1.3624-0.099 1.161+0.137 | 0.1112 | 1.17340.684 1.460+0.687 | 0.1354

Left adrenal size (mm) N.D. N.D. 2.130+0.124 2.080+0.073 0.6663

Right adrenal size (mm) N.D. N.D. 2.01540.068 2.069+0.066 | 0.7756
Female

Total body weight (g) 20.49+0.45 19.4840.55 0.1612 | 29.97+1.75 23.25£0.71 0.0005

Left adrenal weight/total body weight (x1000) 2.04440.091 2.474+0.188 0.0332 | 1.912+0.164 1.991+0.130 0.7108
Right adrenal weight/total body weight (x1000) | 1.6234-0.097 2.116+0.126 0.0036 | 1.506+0.105 1.784+0.162 0.1598
Left adrenal size (mm) N.D. N.D. 2.568+0.173 2.463+0.085 0.6095
Right adrenal size (mm) N.D. N.D. 2.43040.156 2.260+0.132 0.3524

Table 3. Clinical characteristics of 12 and 52 weeks male and female Rara*'+ and Rara~'~ mice. N.D,,
Not Determined. Quantitative data reported as mean £+ SEM and compared with the Mann-Whitney test
(p significant if <0.05).

Aldosterone synthase expression was found to be restricted to the ZG in both Rara*/* and Rara~'~ male and
female mice (Fig. 3A). Interestingly, in both sexes, the localization of 113-hydroxylase was not modified, despite
ZF disorganization (Fig. 3A). However, the expression of genes coding for steroidogenic enzymes, including
Star (Fig. 3B), Cypl1al (Fig. 3C), and Cyp11bI (Fig. 3D) was reduced in 12 weeks male Rara ™'~ mice, while the
expression of Cyp11b2 was not significantly affected (Fig. 3E). Plasma aldosterone (Fig. 3F) and corticosterone
levels (Fig. 3G), plasma renin concentration (Fig. 3H) and aldosterone to renin ratio (Fig. 3I) were not different
in 12 weeks male Rara:™/~ mice.

Modification of vessel architecture and extra cellular matrix composition in Raro.~/~ mice. To
gain mechanistic insight into the activity of Rara in the adrenal cortex, microarray analysis was performed on
adrenals from four Rara"'* and four Rara™/~ male mice. Hierarchical clustering allowed separating three out of
four Rara™'~ mice from WT mice (Fig. 4A,B). Among the 243 statistically significantly differentially expressed
genes, 184 genes (75.72%) were found to be upregulated and 59 (24.28%) down-regulated. Gene Ontology anal-
yses allowed the identification of specific molecular functions and biological processes enriched in 12 weeks
Rarat'* versus Rara™'~ mice (Supplementary Fig. 2), which are mainly involved in specific metabolic processes,
such as lipid, carboxylic acid or fatty acid metabolism. Interestingly, among the differentially regulated genes,
Vegfa mRNA expression was found to be downregulated in Rara™'~ mice compared to Rarat'* mice (Fig. 4B,
Supplementary Table 12). The down-regulation of Vegfa mRNA expression was confirmed by RT-qPCR in male
mice only (Fig. 4C). The expressions of Vegfc, involved in angiogenesis and lymphangiogenesis, and of Hifla, a
marker of hypoxia, were unchanged (Fig. 4D,E). Sirius red staining, performed in male mice, revealed dilatation
of vessels (Fig. 4F). In addition, podocalyxin staining of endothelial cells revealed disorganization of vessel archi-
tecture in both male and female Rara~/~ mice (Fig. 4F). Expression of fibronectin 1, microfibrillar associated
protein 2 and 5 (Mfap2 and Mfap5) and of collagen 3au1, all components of the extracellular matrix (ECM), was
found to be up-regulated in male Rara~'~ mice (Supplementary Table 12). To evaluate if Rara inactivation alters
ECM structure, laminin 31 staining was performed. Laminin 31, a component of the basement membrane of
the ECM, was expressed homogeneously throughout the adrenal cortex in both male and female Rara™* mice

SCIENTIFIC REPORTS |

(2019) 9:14677 | https://doi.org/10.1038/s41598-019-50988-2


https://doi.org/10.1038/s41598-019-50988-2

www.nature.com/scientificreports/

A.
Male Female
Rara+ || Rara™” Rara+* Rara”
A 5 X} ST ‘\, £ " S

\
©
o ~ . A
v i A ”
B Dab-2 C. Cortex size D Proliferation

30 30 400 *k
" @ 4 s * 3
5 o S T _ £ .
O x ° s 2 25 * ° £ w
o g ° 3 o = 300 o
>t < 200
238 % . 252 . FoC
8T 5 o o= L
ag o ., 9% 15 o ° % 22 5 200 A
g ) = |09 2882 00 e
8% ) E S 1013 N o5 & A
SE | ° & o e 25 .| oo %3§ 100 —E—O %ﬁ_‘f
& o O eee 4 £ 5 = o At

+/+ -/- ++ -/- 0 ++ -/- +/+ -/- o +/+ /- +/+ -/-
Male Female Male Female Male Female

Figure 2. Rara affects adrenal cortex morphology in 12 weeks old male and female mice. (A) Morphological
characterization of adrenals from 12 weeks old Rarat/* and Rara~'~ mice. HES staining, Dab-2
immunofluorescence and Ki67 immunohistochemistry were performed on adrenal sections from the indicated
group of mice. (B) Number of Dab-2 positive cells in the cortex was determined in 7 to 11 animals of each
genotype and sex using an automated molecular imaging platform (Vectra, Perkin Elmer) and is expressed

as a percentage of total number of cells in the entire cortex area. (C) Number of nuclei in the adrenal cortex
was determined in 7 to 11 animals of each genotype and sex using an automated molecular imaging platform
(Vectra, Perkin Elmer). (D) Relative proliferative index of adrenals from male and female Rara*'* and Rara ™/~
mice. Ki67 positive cells were separately counted in the adrenal cortex in 5-6 animals per genotype and age.
Values are presented as means + SEM. *p<0.05; **p<0.01.

(Fig. 4F). In Rara~/~ mice, expression of laminin 31 showed a gradient, with higher expression in the ZG than in
the inner part of the ZF in male but not in female mice (Fig. 4F). Since expression of laminin (31 was not modified
in microarray analyses, this suggests that modification of the expression of other components of the ECM may
alter proper laminin 31 localization.

Inhibition of Wnt signaling in young Raro.~/~ male mice.  Wnt/B-catenin and PKA signaling are cen-
tral regulators of adrenal cortex development and function, with a fine equilibrium between the activation of
Wnt/B3-catenin pathway in the ZG and of PKA signaling in the ZF. To gain mechanistic insight into the changes
responsible for structural modifications of the adrenal cortex in Rara™'~ mice, we thus explored Wnt/3-catenin
signaling (Fig. 5). Whereas in female Rara ™'+ animals, 3-catenin expression was restricted to the ZG with mem-
branous, cytoplasmic and nuclear localization, in male mice low expression was also detected in the external part

SCIENTIFIC REPORTS |

(2019) 9:14677 | https://doi.org/10.1038/s41598-019-50988-2


https://doi.org/10.1038/s41598-019-50988-2

www.nature.com/scientificreports/

A.

Male

Female

Aldosterone
Synthase

11B-Hydroxylase

'
~
v

StAR i Cyp11at & Cyp11b1 = Cyp11b2
S 9 o
§ 200 2 250 2 200 2
g g g N g?
k3 - s x
8% 8% 2001 © s 5%, o 5t
& 2 150 2 s 150 * z 8
°c ER s o as Z8
=3 T g150{ © * Zs 0o® z<
x 5 100 £ o, € 3 100 & = €2
E2 “>’91009$2 o S af 20 e - 23
23 ® S .. Pacy ® 8 e ‘A E 4
£ E 50 TE oo s X TE 500 & 4 o g
©3 58 %000 % Mo =8 by a8
5 - S L ==
7] o = (o} = 0 =
8 +/+ /- +/+ /- é +/+ /- +/+ -/~ 6‘
Male Female Male Female
Plasma Corticosterone Plasma Aldosterone Plasma Renin Aldosterone to renin ratio
1000 1000 250 o 50
s = S o
2 800 5 800 200 © c 40
£ £ = & e
@ 600 S 600 £ 150 x 30
< 5 2 L -
£ 400 & 400 o 100 e 220
8 2 g 5
€ 200 = 200 . % 10{ ©
3 < i *
0 0 T olo *
e +/+ s
Male Male Male Male

Figure 3. Impact of Rara inactivation on adrenal steroidogenesis. (A) Expression of aldosterone synthase and
113-hydroxylase in 12 weeks old male and female Rara*/* and Rara™'~ mice. (B-F) Expression of steroidogenic
genes in male and female Rara*/* and Rara~'~ mice. mRNA expression of Star (B), Cyp11al (C), Cyp11b1 (D)
and Cyp11b2 (E) was assessed by RT-qPCR. RT-qPCR were performed on mRNA extracted from 6-11 adrenals
from 12 weeks old male and female Rara '+ and Rara~'~ mice. (F,G) Measure of plasma aldosterone (F) and
corticosterone (G) concentration by mass spectrometry in male mice. (H,I) Plasma renin concentration (PRC)
(H) and aldosterone to renin ratio (I). Measure of plasma aldosterone, plasma corticosterone and plasma renin
were done on 5-6 animals per group. Values are presented as the mean + SEM; p values were calculated using a
Mann-Whitney test or t-test. For correlation, Pearson calculations were performed. *p < 0.05; **p < 0.01.

of the ZF (Fig. 5A). In male Rara~/~ mice, high expression of 3-catenin was observed in the outer layer of the
adrenal cortex, extending into the ZF (Fig. 5A); the localization of 3-catenin was unaffected in female Rara =/~
mice (Fig. 5A). Western blot performed on whole adrenals showed that the expression of 3-catenin was not signif-
icantly increased in male and female Rara™'~ mice compared to wild type littermates (Fig. 5B,C), although a large
variation of its expression was observed in male Rara~'~ mice (Fig. 5C) consistent with the extended localization
observed in some animals. 3-catenin phosphorylation is a marker of its activation state; phosphorylation on
inactivating (T41/S45) (Fig. 5D) or activating (S552, S675) (Fig. 5E,F) residues was not affected by Raro expres-
sion, indicating absence of activation of the canonical Wnt/3-catenin pathway in Rara ™'~ mice. This was also
supported by unchanged mRNA expression of Axin2 (Fig. 5]), a target gene of the canonical Wnt/3-catenin path-
way. In contrast, nRNA expression of Wnt4 (Fig. 5G), Tcf3 (Fig. 5H) and LefI (Fig. 51), effectors and targets of
non-canonical Wnt signaling, was reduced in adrenals from 12 weeks old Rara~/~ male mice. Modification of the
expression of Wnt4 (Fig. 5G), a ligand involved in non-canonical Wnt signaling, of Frizzled-2, a transmembrane
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Figure 4. Rara affects vessel architecture and extra cellular matrix composition. (A) Hierarchical clustering of
samples using the 243 differentially expressed genes in adrenals from 12 weeks old Rara*'* and Rara™'~ male
animals (4 animals per group). (B) Volcano plot showing the differentially expressed genes in 12 weeks old
Rara™'* and Rara™'~ animals. The x-axis is the fold change between the two conditions; the adjusted p value
based on -log,, is reported on the y-axis. Genes significantly different are highlighted as green (down-regulated
in Rara™'~ mice) or red (up-regulated in Rara~/~ mice) dots. (C, D, E) The expression of genes involved in
angiogenesis, Vegfa (C) and Vegfc (D) and in hypoxia, Hifl« (E) was investigated by RT-qPCR on mRNA
extracted from 6-11 adrenals from 12 weeks old male and female Rara*/* and Rara~'~ mice. (F) The vascular
architecture was assessed by Sirius red staining and podocalyxin immunofluorescence and extra cellular matrix
integrity by laminin 81 immunofluorescence. Values are presented as the mean + SEM; p values were calculated
using a Mann-Whitney test. **p < 0.01.

receptor of the non-canonical pathway (Supplementary Table 12) and of Tcf3 (Fig. 5H), a transcription factor that
can act as a transcriptional repressor independently of 3-catenin binding, suggests that the non-canonical Wnt
signaling pathway is altered in Rara:™/~ mice.
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Figure 5. Rara inactivation alters Wnt signaling pathway in 12 weeks old male mice. (A) Expression of
(3-catenin was evaluated by immunofluorescence in 12 weeks old male and female Rara "'+ and Rara~/'~ mice.
(B) Expression and phosphorylation of 3-catenin in response to Rarc invalidation. Proteins were extracted
from total adrenal and submitted to western blot analysis. Phosphorylation/dephosphorylation in activating
(pS552 and pS675) and inactivating (pT41/545) residues and total expression of 3-catenin was investigated. (C—-
F) Quantification of 3-catenin expression (C) and of phospho-specific signals in inactivating (D) and activating
(E,F) residues was performed in Rara™'* and Rara~'~ adrenal. (G-]) The expression of Wnt4 (G), Tcf3 (H), Lef1
(I) and Axin2 (J) was investigated by RT-qPCR on mRNA extracted from 6 to 11 adrenals from Rara™'* and
Rara~'~ male and female mice. Values are presented as mean =+ SEM; p values were calculated using a Mann-
Whitney test or t-test. *p < 0.05; **p < 0.01.

Since Rara~'~ mice show significant abnormalities of the ZF, we also explored protein kinase A (PKA) acti-
vation, which plays an important role in adrenal cortex development and function. It has been proposed that
PKA prevents ZG differentiation through Wnt pathway inhibition, suggesting that PKA activation in the ZF is
a key driver of Wnt inhibition*. PKA is the main kinase responsible for the phosphorylation of specific tran-
scription factors including the cAMP response element-binding protein (CREB)*. p-CREB was detected in the
entire cortex in Rara™'" and Rara~/~ (Supplementary Fig. 4), where its expression was detected in >70% of
the cells (Supplementary Fig. 4). Western blot analysis of CREB and p-CREB expression, performed on whole
adrenals, revealed no change in total CREB expression or in its phosphorylation status depending on genotype
(Supplementary Fig. 4). mRNA expression of Prkarla and Prkaca, the genes coding for the regulatory and cata-
lytic subunit of PKA, was reduced in Rara™'~ animals (Supplementary Fig. 4); given the concomitant modifica-
tion of both subunits, this did not affect the expression of S100a4, a target gene of PKA activation in the adrenal®”
(Supplementary Fig. 4).

Significant disorganization of the adrenal cortex persists with aging. As Rara was identified as
associated with abnormal cell proliferation and nodule formation in APA, we evaluated the evolution of adrenal
abnormalities with aging by investigating the adrenal phenotype of Rara™~ animals at 52 weeks of age (Fig. 6
and Supplementary Fig. 5). Growth retardation was more pronounced in 52 weeks old compared to 12 weeks
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old mice, with smaller weight for both male and female Rara~'~ compared to Rara™'* mice; the relative adrenal
weight was similar in both genotypes (Table 3). Adrenal morphology and size, evaluated by magnetic resonance
imaging, was also similar in both genotypes and sexes (Table 3). Similar to 12 weeks old Rara~/~, we observed
loss of radial organization of the ZF with a conserved ZG in both male and female mice at 52 weeks of age
(Fig. 6A,B), and absence of the fetal X-zone in both genotypes (Supplementary Fig. 3). However, at 52 weeks, the
proliferation index and adrenal cortex size were similar in Rara~/~ mice compared to their wild type littermates
(Fig. 6C,D). No differences were observed in the localization of aldosterone synthase or 11 3-hydroxylase expres-
sion (Fig. 6A). Unlike 12 weeks old animals, there was no difference in the expression of steroidogenic genes
such as Star (Fig. 6E), Cyp11al (Fig. 6F), and Cyp11b2 (Fig. 6H) in Rara~'~ mice; a slightly decreased expression
of Cyp11b1 (Fig. 6G) was observed in female mice only. Again, plasma aldosterone (Fig. 6I) and corticosterone
(Fig. 6]) levels, plasma renin concentration (Fig. 6K) and aldosterone to renin ratio (Fig. 6L) were not different in
Rara~'~ mice. However, 50% of male Rara™'~ mice showed high plasma aldosterone concentrations (up to 1000
pmol/l), which were associated with higher plasma renin concentration (Fig. 6K).

Vessel dilatation (Sirius red) and disorganization (podocalyxin) as well as abnormal laminin 31 localization
were still present in both male and female mice (Supplementary Fig. 5), but expression of Vegfa was not modified
in Rara™'~ mice at 52 weeks of age (Supplementary Fig. 5). 3-catenin was localized to the ZG (Supplementary
Fig. 5), with an extended expression in ZF that could be observed in restricted areas in some animals (data not
shown). Consistently with this observation, despite similar 3-Catenin protein levels in Rara™/* and Rara™/~
mice (Supplementary Fig. 5), a large variation in its expression was observed (Supplementary Fig. 5). Again,
3-Catenin phosphorylation on activating (pS552 and pS675, Supplementary Fig. 5) or inactivating (pT41/545,
Supplementary Fig. 5) residues were unchanged, indicating again that canonical Wnt/3-Catenin signaling was not
modified in 52 weeks old Rara~/~ mice. In contrast to 12 weeks old Rara~'~ mice, only the expression of LefI was
reduced in 52 weeks old male Rara~'~ mice (Supplementary Fig. 5), while the expression of Wn#4 (Supplementary
Fig. 5), Tcf3 (Supplementary Fig. 5) and Axin 2 (Supplementary Fig. 5) was similar in both genotypes. Similar to
12 weeks old mice, PKA signaling was unaltered at 52 weeks of age (Supplementary Fig. 4). However, p-CREB
expression was reduced (<20% of cells, Supplementary Fig. 4) and found to be restricted to the external part of
the adrenal cortex, mainly the ZG, in both Rara™* and Rara™'~ animals at that age (Supplementary Fig. 4).

Microarray analysis performed on adrenals from four Rara’* and four Rara ™/~ 52 weeks old male mice
revealed that 63 genes (60%) were upregulated and 42 (40%) down-regulated in Rara~/~ mice. Despite the low
number of differentially regulated genes, hierarchical clustering allowed separating adrenals form Rara™* and
Rara™'~ mice (Supplementary Fig. 6). The expression of some genes involved in retinoic acid biosynthesis was
found to be increased (alcohol dehydrogenease 1 and 7), possibly to compensate for the lack of Rara expression
(Supplementary Table 13). Furthermore, the expression of Mrap (Melanocortin 2 receptor accessory protein) was
also found to be upregulated in these mice. Mrap has recently been shown to play a role in adrenal cortex zonation
through the modulation of adrenal progenitor cell differentiation. Absence of Mrap was found to be associated
to Wnt4/3-Catenin pathway dysregulation in ZG cells, showing an involvement of both the canonical and the
non-canonical Wnt/3-Catenin pathway in adrenal gland zonation®®.

Discussion

Several germline and somatic mutations cause excessive aldosterone production in PA. Although the functional
link between those mutations and aldosterone production has been clearly established, the mechanisms leading
to nodule formation appear to be complex and to partly involve different mechanisms*. Here we report the
identification of RAR« as being a key element in the regulation of adrenal cortex structure and cell prolifera-
tion. Inactivation of Rara in mice led to significant structural disorganization of the adrenal cortex in male and
female, with increased adrenal cortex size in female mice and increased cell proliferation in males, but no major
modifications of aldosterone production. This disorganization is associated with modifications of the vessel archi-
tecture and ECM due to decreased Vegfa expression and modifications in ECM components. On the molecular
level, Rarc inactivation leads to inhibition of the non-canonical Wnt signaling, without affecting the canonical
Wnt Pathway nor PKA signaling. These molecular abnormalities were detected at 12 weeks in male mice only,
suggesting that in female mice they may have occurred earlier in adrenal cortex development. At 52 weeks of age,
the marked disorganization of the adrenal cortex persists in absence of molecular abnormalities in Wnt or Vegf
signaling.

RAR belongs to the super-family of nuclear receptors; there are three subtypes of RAR: o (NRIBI), 3 (NRIB2)
and ~ (NR1B3). RAR functions as a ligand dependent transcription factor, which heterodimerizes with another
receptor of the same family, the retinoic X receptor (RXR). RXR/RAR heterodimers bind to specific DNA
sequences, the retinoic acid (RA) response element (RAREs) composed of two direct repeats of a core hexameric
motif (A/G) G [G/T] TCA located in the regulatory regions of target genes***!. In the absence of ligand, RARs
are bound to RARE:s in association with large protein complexes, which maintain chromatin in a condensed and
repressed state*?. Ligand binding is facilitated by association of RAR with cellular RA binding proteins. This bind-
ing induces conformational changes in the ligand-binding domain of the receptor, resulting in corepressor release
and coordinated recruitment of a series of coregulator complexes.

RA mediated transcription plays critical roles in a variety of biological processes, including development,
reproduction, immunity, organogenesis and homeostasis*>. Moreover RARs are involved in cancer development,
due to mutations, fusions to other proteins, altered expression or aberrant post-translational modifications. These
alterations result in modified function and disruption of homeostasis, due to the capacity of RAR to regulate
growth and differentiation. In human myeloid leukemia, the RAR« gene is the target of chromosomal rearrange-
ments resulting in the production of fusion proteins that allow the cells to continue to proliferate and/or prevent
the terminal differentiation seen in normal myelocytes*!. Considering the associations between RAR and tumor-
igenesis, RAR are considered as tumor suppressor. In some cases, RAR have been correlated with survival instead
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Figure 6. Adrenal cortex disorganization persists with aging in Rara~/~ mice. (A) Morphological
characterization of adrenals from 52 weeks old male and female Rara:t’* and Rara™/~ mice. HES staining,
Dab-2, aldosterone synthase and 113-hydroxylase immunofluorescence and Ki67 immunohistochemistry
were performed. (B) Number of Dab-2 positive cells in the cortex was determined in 3 to 9 animals of each
genotype and sex using an automated molecular imaging platform (Vectra, Perkin Elmer) and is expressed as

a percentage of total number of cells in the entire cortex area. (C) Relative proliferative index of adrenals from
male and female Rara '+ and Rara~/~ mice. Ki67 positive cells were separately counted in the adrenal cortex in
5-6 animals per genotype. (D) Number of nuclei in the adrenal cortex was determined in 3 to 9 animals of each
genotype and sex using an automated molecular imaging platform (Vectra, Perkin Elmer). (E-H) Expression
of steroidogenic genes in male and female Rara™*/* and Rara~/~ mice. mRNA expression of Star (E), Cypl1lal
(F), Cyp11b1 (G) and Cyp11b2 (H) was assessed by RT-qPCR. RT-qPCR were performed on mRNA extracted
from 6-8 adrenals from 52 weeks old male and female Rara™'* and Rara~/'~ mice. (LJ) Measure of plasma
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aldosterone (I) and corticosterone (J) concentration by mass spectrometry in male mice. (K,L) Plasma renin
concentration (PRC) and aldosterone to renin ratio. Measure of plasma aldosterone, plasma corticosterone and
plasma renin were done on 5-6 animals per group. Values are presented as means = SEM. *p < 0.05; **p < 0.01.

of growth arrest. Recently, proteomic characterization of adrenal gland embryonic development suggested a role
of the retinoic acid receptor pathway in the early stages of adrenal gland development*. Moreover, transcriptome
analysis identified LPS/IL-1 mediated inhibition of RXR function pathway in the top 5 canonical pathways asso-
ciated with genes differentially regulated in APA compared with adjacent ZG, suggesting a role of RXR pathways
in APA*S,

RA is a derivative of vitamin A (retinol), which is provided exclusively by diet. Vitamin A is converted into
retinal by the action of alcohol dehydrogenases and short chain dehydrogenases/reductases. Then retinal is oxi-
dized into RA by retinaldehyde dehydrogenase®’. In mice, the half-life of RA has been estimated to be about
0.5hours whereas retinol’s half-life is longer (3.6 hours)*®, suggesting that RA could be produced locally in target
tissues instead of being transported. All components of retinoic acid biosynthesis were identified in human and
mouse adrenals in this study, supporting RA biosynthesis and action in the adrenal gland. Our data support a role
for Rara signaling in regulating cell proliferation: indeed, 12 weeks old male Rara™'~ mice show an increased
proliferative index compared to wild type littermates. Despite no changes in proliferative index observed in
female mice at 12 weeks of age, their adrenal weight was increased, suggesting that a proliferative phase may have
occurred at earlier stages of adrenal development®.

The Wnt/3-catenin pathway is known to play an important role in embryonic development, stem cell main-
tenance, and differentiation in many tissues?>**~>2. Depending on the Wnt-receptor complex formed, a 3-catenin
dependent (canonical pathway) or independent response (non-canonical pathway) is activated. In the canonical
pathway, the binding of Wnt ligands (Wnt1, Wnt2, Wnt3a, Wnt8a, Wnt8b...) to specific frizzled - Low-density
lipoprotein receptor-related protein (Lrp) complex leads to the dissociation of 3-catenin from the degradation
complex and its translocation into the nucleus where it induces the expression of specific target genes (LefI, Axin
2, c-jun, Cyclin D1, c-myc...)** through binding to specific transcription factors (T-cell factor/lymphoid enhancer
factor, Tcf/Lef). The Tcf/Lef family is composed of four members Tcfl, Lefl, Tcf3 and Tcf4. Whereas Tcfl and
Lef]l mediate transcriptional activation of Wnt target genes, Tcf3 acts as a transcriptional repressor, independently
of B-catenin binding®. In addition to this canonical Wnt/3-catenin pathway, a non-canonical Wnt pathway has
been described involving binding of other Wnt ligands (Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7a, Wnt7b and Wnt11)
to frizzled receptors (Fzd2, Fzd3, Fzd4 and Fzd6), which signals through the c-Jun N-terminal kinase (JNK) and
the Ca*" signaling pathways?>**. Activation of the non-canonical pathway replaces Tcfl by Tcf3 in the Tcf/Lef
complex, changing the transcriptional program induced by Tcf/Lef binding to DNA®.

In the adrenal cortex, 3-catenin expression is restricted to the ZG, suggesting a role for this pathway in the
development of the adrenal cortex®. In Wni4-deficient mice, a decrease in ZG cell number has been reported,
resulting in a decrease of Cyp11b2 mRNA expression and aldosterone production. These mice also show ectopic
expression of adrenal-like cells in the gonads, probably due to abnormal adrenocortical progenitor cell migration
during development, suggesting a role for Wnt4 in cell sorting during development*. In our model, the expres-
sion of Wnt4 was highly correlated to the expression of Cyp11b2 in both male (r=0.6015, p=0.0064) and female
(r=0.5663, p=0.0007) mice, supporting the role of Wnt4 in the regulation of Cyp11b2 expression. Similarly, the
targeted disruption of 3-catenin in steroidogenic Sf-1-expressing cells causes adrenal aplasia in newborn mice,
further supporting a role for the Wnt/3-catenin pathway early in adrenal development®.

The marked disorganization of adrenal cortex structure observed in Rara: knockout mice, was associated to
reduced expression of LefI, Tcf3, Wnt4 and increased expression of Fzd2 (Supplementary Table 12), all involved
in non-canonical Wnt signaling, in 12 weeks old Rara~'~ male mice. In contrast, 3-catenin phosphorylation,
which reflects the activation status of the canonical Wnt/3-catenin pathway, was unchanged. Interactions between
the Wnt pathway and retinoic acid receptor signaling have been reported in some studies. Hence, in mouse
embryonic stem cells, retinoic acid can concomitantly activate the non-canonical and inhibit the canonical Wnt
pathway™. Similarly, the expression of LefI, known to be regulated by the canonical Wnt pathway, can also be
modulated by the non-canonical pathway®®. In chondrocytes, retinoic acid, through RARa/RXRa activation,
plays an important role in terminal differentiation through BMP2 and Wnt4 modulation®®. More interestingly,
retinoic acid has been proposed to inhibit 3-catenin/Tcf activity downstream of 3-catenin by inducing expres-
sion of secreted factors such as Wnt4 or Wnt11%. Increased expression of Tcf3, concomitantly with decreased
expression of Tcfl enhances the ability of Tcf3 to bind to specific Wnt response element, inducing changes in the
transcriptional program of the cells®. Therefore, our results suggest that Rara could contribute to the structural
organization of the adrenal cortex through modification of the expression of Wnt4 and Tcf3, thus modulating the
non-canonical Wnt pathway. Recently, downregulation of retinoic acid signaling (liver and retinoid X receptors
LXR/RXR) was reported in adrenals of SiahI KO mice. Siahl KO mice exhibit severe disorganization of adrenal
glands as well as increased aldosterone and corticosterone levels and vessel dilatation. SiahI codes for an E3
ubiquitin-protein ligase mediating ubiquitination and subsequent proteasomal degradation of target proteins,
including PIAS1. On a molecular level, the stabilisation of PIAS1 leads to the enhancing sumoylation of Sf1°!
and LXR%. Whereas, Sf1 sumoylation results in increased steroidogenesis, modification of retinoic acid signaling
could contribute to adrenal cortex disorganization as well as vessel dilatation.

PKA signaling has been proposed to play a role in cell conversion from ZG to ZF and in maintenance of adre-
nal cortex zonation, acting through the modulation of the Wnt/3-catenin pathway, by inhibiting Wnt4 expres-
sion®. In 12 weeks old male Rara™'~ mice, the mRNA expression of both the regulatory and catalytic subunits
of PKA (Prkarla and Prkaca respectively) was downregulated; however CREB phosphorylation was not affected,
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neither was the expression of $100a4, a specific adrenal target gene of PKA¥, suggesting that PKA activity was
not affected. Therefore, the observed inhibition of the Wnt pathway does not appear to be due to modifications of
PKA activity, but rather to a direct effect of Rara.

Transcriptome analysis of adrenals from 12 and 52 weeks old Rara"/* and Rara~/~ mice, combined with
specific staining revealed a decrease in Vegfa expression as well as abnormal vascular architecture. This was asso-
ciated with a differential pattern of expression of laminin 31, which was present in the entire adrenal cortex in
Rarat'* mice, whereas a gradient of expression was observed in Rara ™'~ mice with higher expression in the ZG
than in the inner part of the ZF. The extracellular environment, in particular the vasculature and ECM, plays an
important role in adrenal cortex structure and function, by modulating proliferation, migration, differentiation
and survival of surrounding cells, but also steroidogenesis®*%. The ECM consists of the basement membrane
and the interstitial ECM. The ECM is composed of polysaccharides and extracellular proteins such as collagens,
laminins and fibronectin, but also some bioactive compounds (growth factors, enzymes, chemoattractants and
morphogens), that form a three-dimensional network®. Laminins were found to be uniformly distributed in
human adrenal cortex®*%; they have been proposed to play a role in adrenocortical cell migration through their
chemotactic and haptotactic properties®. Interestingly, presence of RAR« response elements has been identified
in the laminin 81 promoter indicating regulation of its expression by retinoic acid®’. Different studies reported
that retinoic signaling participates in the regulation of the expression of ECM proteins as well as of cell mem-
brane ECM receptors in physiological and pathophysiological conditions®. The modification of expression of
some components of the ECM such as Fibronectin 1, MFAP2, MFAP5 and of Collagen 3a1, associated to the
modification of the pattern of expression of laminin 31 observed in the adrenal cortex of Rara.™/~ mice strongly
suggest a rearrangement of the ECM in absence of Rara expression. These alterations of ECM composition could
contribute to the disorganization of the adrenal cortex observed in our model, by modulating adrenocortical and
vascular cell migration.

The adrenal gland is a highly vascularized tissue, each cell being in contact with at least one endothelial cell,
allowing rapid release of hormones into the blood stream. Blood vessels present a centripetal pattern from super-
ficial arteries to the central vein®, following the radial organization of the adrenal cortex™. A characteristic fea-
ture of adrenal glands is the high expression of VEGE which is produced by steroidogenic cells and is regulated
by ACTH"!. Interestingly, the Wnt pathway has also been involved in angiogenesis and vessel remodeling. It has
been proposed that Wnt inhibition leads to vessel stability or regression whereas its activation could lead to angi-
ogenesis or vessel remodeling’>”*. VEGF plays a central role to optimize vessel growth’; more importantly, many
studies reported an effect of retinoic acid on VEGF expression; however depending on the cell models and the
experimental conditions retinoic acid inhibits or stimulates VEGF expression’>’®. Hence, the adrenal phenotype
observed in Rara™'~ mice could be explained by a direct effect of deficient Rara signaling on Vegfa signaling and
Laminin 31 expression or by the inhibition of Wnt signaling, that could in turn also affect Vegf signaling. These
modifications of the extracellular microenvironment in Rara: KO mice suggest that Rarae may affect the interplay
between steroidogenic cell differentiation and migration, vasculature and extracellular matrix.

The development of specific mouse models in recent years has allowed a better understanding of the mech-
anism of male adrenal cortex development®>”’; however little is still known in female mice. Sex differences in
adrenal physiology have been demonstrated by Heitzmann and co-workers?’. Invalidation of the Task1 potas-
sium channel leads to abnormalities of adrenal zonation and PA development, which occurs only in female mice
after puberty. Testosterone treatment before puberty in female Task1~/~ mice leads to normal adrenal zonation.
Similarly, castration of male Task1~/~ mice leads to abnormal zonation of the adrenal cortex similar to female
Task1~/~ mice. The comparison of gene expression profiles of male and female adrenals allowed the identification
of a set of genes that are modulated according to sex and hormonal treatments®. These studies highlighted the
critical role for sexual hormones in adrenal gland zonation and the existence of a sexual dimorphism. Comparison
of the adrenal phenotype of male and female Rarav™ ™ mice revealed sex-specific molecular differences in young
mice despite similar morphological abnormalities in adrenal gland development. This sexual dimorphism could
be due to a different timing of the action of Rarc in adrenal development, with Rara signaling occurring earlier in
female than in male. As suggested by the adrenal phenotype of Task1™'~ mice, sexual hormones, such as estrogen
and androgens, may play a role in adrenal development and modulate the effect of Rara inactivation.

In summary, our study identifies RAR« as contributing to the maintenance of normal adrenal cortex structure
and cell proliferation by modulating Wnt signaling. The absence of adrenal nodules in 52 weeks old mice suggests
that abnormal cell proliferation induced by the absence of RARa signaling is not enough to promote APA, but
may constitute one of the elements involved in the pathogenesis of PA. We propose a model in which a homeo-
static equilibrium between retinoic acid, Wnt and Vegf signaling pathways is required for the maintenance of nor-
mal adrenal cortex structure in a specific time-dependent manner that differs between males and females (Fig. 7).
In addition to previously reported regulators and to further elements that remain to be identified, Ddysregulation
of this equilibrium in adult adrenals may contribute to abnormal cell proliferation, creating the propitious envi-
ronment for the emergence of specific driver mutations in PA.

Methods

Patients. Patients with primary aldosteronism were recruited between 2002 and 2006 through the COMETE
(COrtico- et MEdullo-surrénale: les Tumeurs Endocrines) network (COMETE-HEGP protocol), approved by the
French Research ethics committee (Comité de Protection des Personnes, CPP) under authorization number CPP
2012-A00508-35. Methods for screening and subtype identification of PA were performed according to institu-
tional and Endocrine Society guidelines’®”. In patients diagnosed with primary aldosteronism, a thin slice CT
scan or MRI of the adrenal and/or an adrenal venous sampling were performed to differentiate between unilateral
and bilateral form. All patients gave written informed consent for genetic and clinical investigation.
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Figure 7. Proposed model for the role of Rarc in adrenocortical development. (A) Rara regulates the
expression of genes involved in the regulation of Wnt non-canonical pathway (Wnt4, Tcf3, LefI ...), angiogenesis
(Vegfa) and Extra Cellular Matrix integrity (Fibronectinl, Collagen 3a.1...) contributing to the organization

of the adrenal cortex. Wnt4 activated pathway contributes to the differentiation of ZG cells, Vegfa to normal
angiogenesis and Fibronectinl and Collagen 31 being components of the Extra Cellular Matrix. (B) Model

in which a homeostatic equilibrium between Rarc, Wnt and Vegf signaling pathways is required for the

normal development of the vasculature and Extra Cellular Matrix structure, leading to normal adrenal cortex
organization.

Microarray analysis on human tissues. Transcriptome analyses were performed on 48 APA samples
and eleven control adrenals obtained from enlarged nephrectomies for renal carcinoma. Total RNA was iso-
lated from frozen tissue using Trizol (Invitrogen) and then cleaned-up on silica columns using RNeasy Mini Kit
(Qiagen). The integrity and quality of the RNA were systematically checked using an Agilent 2100 Bioanalyzer
with the RNA6000 Nano Assay (Agilent Technologies). For APA samples, complementary RNA was synthe-
sized from 15 pg of total RNA using the Chemiluminescent RT Labeling Kit (Applied Biosystems). For control
adrenals, complementary cRNA was synthesized from 500 ng of total RNA using the NanoAmpTM RT-IVT
Labeling Kit (Applied Biosystems). Samples were hybridized to microarrays using Applied Biosystems chemi-
luminescence detection kit according to the manufacturer’s protocol. Acquisition of the chemiluminescence
images and primary data analysis were done using Applied Biosystems Expression Array System Software v1.1.1.
Microarray gene expression data from the primary analysis for each sample was median centered, log 2 trans-
formed, model-adjusted, and quality controlled®’. Mean expression profiles for each biological condition were
obtained by variance-weighted averaging normalized expression values. Pairwised inter-array normalizations
were carried out using the NeONORM method described previously®!. Fold change values were expressed on log2
scale. P-values were determined based on a normal distribution hypothesis of signal intensities using standard
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methods®2. Multiple probes for a single gene, cross-reactivity of a single probe to several genes, as well as the reso-
lution of probe-ID annotations were done as defined previously®’. Hierarchical clustering based on Euclidean dis-
tance and complete-linkage was carried out using the R-packages hclust and gplot. Differentially expressed genes
among groups were calculated using a fold-change z-test with positive false discovery rate correction. P values
for over- and under-representation of pathways were calculated using a binominal distribution and a Bonferoni
correction for multiple testing.

The data for the human APA transcriptome analysis have been deposited to the public data repository http://
mace.ihes.fr under accession nos.: 2575793518 (controls) and 2293267822 (APA).

Mice. Animal studies were conducted according to the guidelines and regulations formulated by the European
Commission for experimental use (Directive 2010/63/EU) and were approved by the local Ethics committee of
Paris Descartes University (N°17-020) and by the French Ministére de 'Enseignement Supérieur, de la Recherche
et de I'Innovation (APAFIS authorization number #11509-201703281427107 v4). Rara—'~ mice (constitutive
homozygous deletion of exon 8 of Rarc: gene, leading to inactivation of the protein) have been kindly provided by
Dr Norbert Ghyselinck and Dr Pierre Chambon®2. They were maintained and bred on a mixed background and
littermates control animals were used in all experiments. All experiments were conducted on male and female
mice between 12 and 52 weeks of age. Blood were collected in abdominal aorta in lithium-heparin blood collec-
tion tubes (Microvette CB300LH, Sarstedt). The right adrenals were frozen in liquid nitrogen and the left adrenals
fixed in 4% paraformaldehyde.

Magnetic resonance imaging. Anesthesia was induced with 4% isoflurane and maintained at a 1% level
during imaging. Magnetic resonance imaging was performed with a dedicated small-animal 4.7 Tesla MR sys-
tem (Biospec 47/40 USR Brucker). The animals were placed in a supine position on a four-channel phased array
receive coil inside a volume transmit coil (BruckerBiospin, Ettlingen, Germany). We performed two anatomic
sequences (TurboRARA T2 and FISP) in two directions (coronal and sagittal) to optimized measurement of the
size of the adrenal. The thickness of the slices was 0.7 mm and the resolution was 175x 175 pm and 156 x 126 pm
respectively.

Aldosterone, corticosterone and plasma renin concentration measurement in murine plasma
samples. For steroids quantification, 150 pl of heparinized murine plasma was skiped with 500 ng of stable iso-
tope labeled internal standards for aldosterone and corticosterone. Following C18-based solid-phase-extraction,
samples were subjected to LC-MS/MS analysis using a reversed-phase analytical column (Acquity UPLC® C18,
Waters, Milford, MA, USA) operating in line with a XEVO TQ-S triple quadrupole mass spectrometer (Waters
Xevo TQ/S, Milford, MA, USA) in multiple reaction monitoring mode. Internal standards were used to correct
for analyte recovery across the sample preparation procedure in each sample. Analyte concentrations were cal-
culated from integrated chromatograms considering the corresponding responses determined in appropriate
calibration curves in plasma matrix.

The plasma renin concentration was determined in murine plasma samples by determining the Ang I forma-
tion rate in the presence of excess of angiotensinogen, where it becomes solely dependent on the concentration of
active renin. Therefore, diluted plasma was supplemented with an excess of recombinant murine angiotensino-
gen. Samples were incubated at 37°C in the presence of an Ang I stabilizing inhibitor cocktail for 60 minutes at
37°C. Following LC-MS/MS based quantification of Ang I as described®, the Ang I formation rate was calculated
by subtracting Ang I values obtained in non-incubated control samples and expressed in [(ng Ang I/ml)/h].

RNA extraction and RT-qPCR analysis. Total RNA was extracted using Janke and Kunkel’s Ultra-Turrax
T25 (IKA technologies, Staufen DE) in Trizol reagent (Ambion Life Technologies, Carlsbad CA) according to
the manufacturer’s recommendations. After deoxyribonuclease I treatment (Life Technologies, Calsbad CA),
500 ng of total RNA were retro-transcribed (iScript reverse transcriptase, Biorad, Hercules, CA). The quantitative
qPCR was performed using SYBRgreen (Sso advanced universal SyBr Green Supermix, Biorad, Hercules, CA)
on a C1000 touch thermal cycler of Biorad (CFX96 Real Time System) according to the manufacturer’s instruc-
tions. Controls without template were included to verify that fluorescence was not overestimated from primer
dimer formation or PCR contaminations. RT-qPCR products were analyzed in a post amplification fusion curve
to ensure that a single amplicon was obtained. Normalization for RNA quantity and reverse transcriptase effi-
ciency was performed against three reference genes (geometric mean of the expression of Ribosomal 18S RNA,
32-microglobulin and Ubiquitin C for mouse samples and 185 RNA, GAPDH and HPRT for human samples),
in accordance with the MIQE guidelines®. Quantification was performed using the standard curve method.
Standard curves were generated using serial dilutions from a cDNA pool of all samples. The following primers were
used: 5'-CCCTGCCCTTTGTACACACC-3" and 5-CGATCCGAGGGCCTCACTA-3' for 18S; 5'-ATTCACCCC
CACTGAGACTG-3" and 5-TGCTATTTCTTTCTGCGTGC-3' for mB2-microglobulin; 5'-AGCCCAGTGTTA
CCACCAAG-3’ and 5'-ACCCAAGAACAAGCACAAG-3' for mUbiquitinC; 5'-GTGCTTCATCCACTG
GCTGGAA-3" and 5'-GTCTGCGATAGGACCTGGTTGA-3’ for mStAR; 5'-TGCTCAACCTGCCTCCA
GACTT-3"and 5-ACTGGCTGAAGTCTCGCTTCTG-3' for mCypllal; 5'-TGTATCGAGAGCTGGCAGAG-3’
and 5'-CCTGGATGGCATCCATTGAC-3' for mCyp11bl; 5'-ACCTACAGTGGCATTGTG-3’ and
5-GATTGCTGTCGTGTCAAC-3' for mCyp11b2; 5'-CCCTGTCTTTGGGAAGGTGGTG-3’ and 5-CACCTGC
TGAAGAGATGGCGTATAC-3' for mWnt4; 5'-CAGATGGTGGCCTGGATACT-3’ and 5-CATCCCT
GCTGTAGCTGTCA-3' for mTcf3; 5'-AAATGGGTCCCTTTCTCCAC-3’ and 5-TCGTCGCTG
TAGGTGATGAG-3’ for mLefl; 5'-AGCCTAAAGGTCTTATGTGG-3' and 5'- ATGGAATCGTCGGTCAGT-3' for
mAxin2; 5'-CCTGGTGGACATCTTCCAGGAGTACC-3’ and 5'-GAAGCTCATCTCTCCTATGTGCTGGC-3’
for mVegfa; 5-GGGAAGAAGTTCCACCATCA-3’ and 5'-ATGTGGCCTTTTCCAATACG-3’ for mVegfc;
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5'"TCAAGTCAGCAACGTGGAAG-3' and 5'-TATCGAGGCTGTGTCGACTG-3' for mHiflc; 5'-CGGGAATGC
GAGCTCTATGT-3’ and 5'-CTCGAGTCAGTACGGATGCC-3’ for mPrkarla; 5'-CCCGAGATTATCCT
GAGCAA-3" and 5'-ATAGGCTGGTCAGCGAAGAA-3' for mPrkaca; 5'-TCCACAAATACTCAGGC
AAAGAG-3' and 5'-GCAGCTCCCTGGTCAGTAG-3' for mS100a4; 5'-GTCTCCTCTGACTTCAACAGCG-3'
and 5'-ACCACCCTGTTGCTGTAGCCAA-3' for h\GAPDH; 5'-CTCAACTTTAACTGGAAAGAATGTC-3/
and 5'-TCCTTTTCACCAGCAAGCT-3' for hHPRT; 5'-GACCAGATCACCCTCCTCAA-3" and
5'-GTCCGAGAAGGTCATGGTGT-3' for hRARq.

Immunostainings. Immunohistochemistry and immunofluorescence were performed on Formalin-Fixed
Paraffin-Embedded mouse adrenals from 12 and 52 week-old WT and KO male mice. Adrenal sections were dep-
araffinized in xylene and rehydrated through graded ethanol. To unmask the antigen, the slides were incubated in
antigen unmasking solution (Vector laboratories Ltd) for 30 minutes at 98°C.

Immunofluorescence was performed for Dab2 (1/100, sc-13982, Santa Cruz Biotechnology), Laminin (1
(1/500, ab69633, Abcam), 3-catenin (1/1000, 61054, BD Transduction Laboratories), p-Creb (1/800, 9198, Cell
Signaling Technology), mouse Cyp11b2 (mCyp11b2, 1/100, generous gift from CE Gomez-Sanchez), mouse
Cypllbl (mCypllbl, 1/50, generous gift from CE Gomez-Sanchez) and mouse podocalyxin (1/100, AF1556,
R&D Systems). Tissues were permeabilized by a treatment of 15 min with TBS 0.1% Triton X100. The sections
were then blocked with 5% BSA diluted in TBS for Dab2, laminin 31, 3-catenin and p-Creb or with 10% normal
donkey serum diluted in TBS 0.1% Triton X100 for mCyp11b2 and mCyp11b1. Primary antibodies were diluted
in 3% BSA diluted in TBS (for Dab2, laminin 81, 3-catenin and p-Creb) or in 5% normal donkey serum and
10% normal rat serum diluted in TBS 0.1% Triton X100 (for mCyp11b2 and mCyp11b1) and incubated over-
night at 4°C (for laminin 31, 3-catenin, p-Creb, mCyp11b2 and mCyp11b1) or 1 h at room temperature (Dab2).
Primary antibodies were detected with donkey anti-rabbit Alexa 594 (1/400 for Dab2, laminin 31 and p-Creb,
1/500 for mCyp11b2, A21207, Thermo Fisher), donkey anti-mouse Alexa 594 (1/400 for 3-catenin, A21203,
Thermo Fisher), Donkey anti-goat Alexa 594 (1/400 for mouse podocalyxin, A11058, Thermo Fisher) and
Donkey anti-sheep Alexa 488 (1/500 for mCyp11bl, A11015, Thermo Fisher). Nuclei were conterstained using
4/,6-diamidino-2-phenylindole (DAPI) (1/5000, Roche Diagnostics GmbH).

Immunohistochemistry was performed for mouse Ki67 (1/200, RM-9106, Thermo Fisher), mouse 20-oHSD
(1/5000, generous gift from Y Weinstein), human RARa (1/500, ab28767, Abcam) and human CYP11B2
(hCYP11B2, 1/100, generous gift from CE Gomez-Sanchez). Sections were incubated in 3% hydrogen peroxide
(Sigma-Aldrich) for 10 min to inhibit endogenous peroxidases. Non-specific staining was blocked by incubating
sections 30 min with 10% normal goat serum diluted in PBS for Ki67, 20-oHSD and RAR« or 10% horse serum
(HS) and 0.5% SDS diluted in Tris 0.1 M pH 7.4 for hCYP11B2. Primary antibodies were incubated overnight
at 4°C: Ki67, 20-aaHSD and RAR« were diluted in 1% NGS or HS in PBS and CYP11B2 was diluted in 10%
horse serum and 0.2% Tween 20 in Tris 0.1 M pH 7.4. Primary antibodies were detected by incubation for 30 min
with affinity-purified goat anti-rabbit (1/400 for Ki67 and 20-oHSD; Vector Laboratories) or rabbit anti-goat
(1/400 for RARqy; Vector Laboratories) diluted in 1% normal goat serum in PBS or horse anti mouse (1/400 for
hCYP11B2; Vector Laboratories) diluted in 10% horse serum and 0.2% Tween 20 in Tris 0.1 MpH 7.4. After
incubation for 30 min with an avidin-biotin-peroxidase complex (Vectastain ABC Elite; Vector Laboratories),
the slides were developed using diaminobenzidin (Vector Laboratories) and counter-stained using Hematoxylin
Harris Heamatoxylin, RAL Diagnostics).

All microscopic examinations were done with a x10 and x20 objectives lens using Leica confocal or Vectra™
system.

Multispectral images were acquired using a Vectra® automated imaging system and automatically quantified
with InForm® software (both Perkin Elmer). Results of quantification are expressed in percentage of Dab2 or
Ki67 positive cells over total adrenal cortex cells. Statistical significance was assessed among groups using f test
or Mann-Whitney.

Histological examination. Histological examination was performed on 6 um sections stained with
hematoxylin-eosin safran (HES) and with Sirius red. Microscopic examinations were done with a x10 and x20
objectives lens using Vectra™ system or with a x40 objective lens using confocal SP8 Leica microscope.

Western blot. Western Blot analysis was performed on mouse adrenals from 12 and 52 week-old WT and
KO male mice. Total proteins were extracted using RIPA buffer (RB 4475, BioBasic Canada) with EDTA-free
protease and phosphatase inhibitor (Bimake), proteins were then spun on a rotor for 30 min and centrifuged
at 13000 rpm for 15 min, the proteins were then recovered and concentration determined using Bradford pro-
tein essay (Biorad). 10 pg of total proteins were loaded on 10% Acrylamide SDS-PAGE gel, transferred onto
nitrocellulose membrane and tagged with the following antibodies: phospho-3-Catenin (Thr41/Ser45; 1/1000,
9565, Cell Signaling Technology), phospho-3-Catenin (Ser552; 1/1000, 5651, Cell Signaling Technology),
phospho-3-Catenin (Ser675; 1/1000, 4176, Cell Signaling Technology), 3-Catenin (1/1000, 8480, Cell Signaling
Technology), phospho-CREB (Ser133; 1/1000, 9198, Cell Signaling Technology), CREB (1/1000, 9197, Cell
Signaling Technology)anti-rabbit IgG, HRP-linked antibody (1/2000, 7074, Cell Signaling technology),
B-actin (1/5000, 2228, Sigma-Aldrich) and anti-mouse IgG, HRP-linked antibody (1/5000, A90-146P, Bethyl
Laboratories). The signals were developed by Clarity Max ' Western ECL substrate (Biorad, Hercules, CA) and
detected by Fujifilm Las-4000 mini Luminescent image analyzer (Fujifilm, Tokyo-Japan) and quantified by Multi
gauge software (Fujifilm, Tokyo-Japan). Expression of the phosphoprotein was normalized to the expression of
the corresponding total protein and the expression of total proteins was normalized to the expression of the
housekeeping protein 3-actin.
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Microarray analysis of mouse adrenal gene expression. Adrenal gene expression profiles for 16
mice (4 Rara*'* and 4 Rara ™/~ 12 weeks old mice and 4 Rara*'* and 4 Rara~'~ 52 weeks old mice) were ana-
lyzed using Affymetrix Clariom S Mouse array. After validation of the RNA quality with Bioanalyzer 2100 (using
Agilent RNA6000 nano chip kit), 100 ng of total RNA was reverse transcribed following the GeneChip® WT Plus
Reagent Kit (Affymetrix). Briefly, the resulting double strand cDNA was used for in vitro transcription with T7
RNA polymerase (all these steps are included in the WT cDNA synthesis and amplification kit of Affymetrix).
After purification according to Affymetrix protocol, 5.5 g of Sens Target DNA were fragmented and biotin labe-
led. After control of fragmentation using Bioanalyzer 2100, cDNA was then hybridized to GeneChip® Clariom S
Mouse (Affymetrix) at 45°C for 17 hours. After overnight hybridization, chips were washed on the fluidic station
FS450 following specific protocols (Affymetrix) and scanned using the GCS3000 7G. The scanned images were
then analyzed with Expression Console software (Aftymetrix) to obtain raw data (cel files) and metrix for Quality
Controls.

Analyses were performed using TAC (Transcriptome Analysis Console) software. Genes with adjusted P value
<0.05 and log?2 fold changes <—1 or >1 were considered to be down- or up-regulated.

Molecular function and biological process enrichment analyses were performed using Gene Ontology (www.
geneontology.org). For the analyses, we used the list of differentially expressed genes in 12 or 52 weeks old
Rara’* and Rara~'~ mice. The analysis criteria were kept as default values. The data discussed in this publica-
tion have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accesion
number GSE136801 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgiacc=GSE136801).

Statistics. Data are shown in mean + SEM. Statistical significance was assessed between the groups using
unpaired t-test or Mann-Whitney test (Prism, GraphPad Software, USA). A p-value <0.05 was considered sta-
tistically significant.
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Supplementary Figure 1: Heat-maps of the seven sets of differentially expressed genes
from pairwise comparisons among two subpopulations of APA and controls. (A) Heat-
maps of the statistically significantly (post-hoc P<0.01) differentially expressed genes
between control adrenals (cyan), APA_A (orange) and APA B (purple). (B) Heat-maps of the
statistically significantly (post-hoc p<0.05) differentially expressed genes between the seven
groups of samples identified. Samples separated into three different groups are depicted as
control adrenals (CA), APA Group A (APA A) and APA Group B. The seven sets of
overlapping and paired-wise-comparison-specific genes are delineated at the bottom. (C)
Expression of RARa was investigated by RT-qPCR on mRNA extracted from 6 control
adrenals and 11 APA. Values are presented as the mean + SEM; p values were calculated

using a two-sided Mann-Whitney test. *, p<0.05.
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Supplementary Figure 2: Molecular function and biological process enrichment analyses
in Rara” mice compared to Rara"*. Molecular function and biological process enrichment
analyses were performed using Gene Ontology. (A) Molecular function and (B) biological
process enrichments were determined using the list of differentially expressed genes in

adrenal from 12 weeks old Rara’" and Rara”” mice.
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Supplementary Figure 3: Rara does not affect X-zone. 20-aHSD expression in adrenals

from male and female 12 and 52 weeks old Rara”" and Rara” mice detected by

immunohistochemistry.
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Supplementary Figure 4: Rara does not affect PKA signaling pathway in male mice. (A)
p-CREB expression in adrenals from 12 and 52 weeks old Rara™" and Rara”” mice detected
by immunofluorescence. (B) Percentage of p-CREB positive cells was quantified using an
automated imaging platform. (C) Expression of CREB and p-CREB in response to Rara
invalidation in adrenal was evaluated by western blot in eight Rara'”" and Raroa”” adrenal
from 12 and 52 weeks old mice. (D) Quantification of CREB and p-CREB expression
detected by western blot. (E) The expression of Prkarla, Prkaca and S100a4 was investigated
by RT-gPCR. Values are presented as mean = SEM; p values were calculated using a Mann-

Whitney test or #-test. *, p<0.05.
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Supplementary Figure 5: Rara inactivation does not alter Wnt/pB-catenin pathway in 52
weeks old male and female mice. (A) Expression of p-catenin was evaluated by

" and Rara” mice. (B)

immunofluorescence in 12 weeks old male and female Rara’
Expression and phosphorylation of B-catenin in response to Rara invalidation. Proteins were
extracted form total adrenal and submitted to  western blot analysis.
Phosphorylation/dephosphorylation in activating (pS552 and pS675) and inactivating
(pT41/845) residues and total expression of f-catenin was investigated. (C-F) Quantification
of B-catenin expression (C) and of phospho-specific signals in inactivating (D) and activating
(E, F) residues was performed in Rara'" and Rara™ adrenal. (G-J) The expression of Wnt4
(G), Tef3 (H), Lefl (I) and Axin2 (J) was investigated by RT-qPCR on mRNA extracted from

+/+ -/- :
4 to 8 adrenals from Rara" and Rara”” male and female mice. Values are presented as mean

+ SEM; p values were calculated using a Mann-Whitney test or z-test. *, p<0.05
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Supplemental Figure 6: Rara modifies adrenal transcriptome profile at 52 weeks of age.
(A) Hierarchical clustering of samples using the 243 genes differentially expressed genes in
adrenals from 52 weeks old Rara™" and Rara” male animals (4 animals per group). (B)
Volcano plot showing the differentially expressed genes in 52 weeks old Rara™" and Rara™
animals. The x-axis is the fold change between the two conditions; the adjusted p value based
on —logjo is reported on the y-axis. Genes significantly different are highlighted as green

(down-regulated in Rara”” mice) or red (up-regulated in Rara”” mice) dots.



6.4 Discussion and perspectives

In summary, we have shown for the first time that Rara is directly implicated in adrenal
cortex development and functioning by interacting with Wnt and Vegfa signaling. We show
that knock-out of Rara in mice leads to a disorganization of the adrenal cortex, with increased
adrenal cortex size in female mice, and increased cell proliferation in male adrenal cortex.
This is associated to a disorganized vessel architecture and extracellular matrix composition.
On a molecular level, non-canonical Wnt signaling and Vegfa were downregulated in young
KO male mice, this was associated with a decrease in the expression of steroidogenic genes.

PKA signaling was not affected.

The particularity of RARa compared with other isoforms is its expression in different tissues
from embryonic life to adulthood, while RARPB and RARYy are restricted to different time
points during human life (266, 267). Decreased expression of RARa in APA could either be a
secondary effect, or be the trigger to disrupted cell proliferation and adrenocortical
microenvironment homeostasis. Based on our results, Raro. seems to be essential for normal
adrenal gland development. Any molecular disruption, despite not being visible at an older
age, induce irreversible phenotypic alterations. Remarkably, female and male mice do not
exhibit the same molecular phenotypes at the ages that were analyzed (12 and 52 weeks). This
could be due to the faster rate of cell renewal in female mice, female mice adrenal glands

might have expressed the molecular alterations at a younger age.

Disorganization of vessel architecture may lead to a disruption of normal adrenal cortex
function and cell homeostasis. The adrenal gland is one of the most highly vascularized
organs, allowing to maintain cellular homeostasis and metabolism and steroidogenesis, as
well as the diffusion of hormones into the blood stream. Interestingly, our group has
previously reported reduced vascularization in the adrenal cortex adjacent to APA (187).
Steroidogenesis is regulated through different signals such as Ang II and changes in
extracellular K levels in ZG cells, and ACTH in ZF cells. Vascular abnormalities, by
impairing correct distribution of stimulatory signals to cells, may lead to a disruption of
steroidogenesis in the adrenal cortex. This could explain the reduction in steroidogenic gene
expression that is observed in KO mice, in particular Cypl1b1 and other steroidogenic genes,
as the ZF exhibits the most severe disorganization in Rara KO. The decreased Mrap

expression in Rara KO mice suggests a role for ACTH in the observed adrenal gland
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phenotype. Moreover, alterations in vessel architecture could induce changes in the
metabolism of the cells. This could lead to significant deregulation, which could eventually

lead to dysfunction of methylation, epigenetic abnormalities and tumorigenesis.

Retinoic acid signaling has been shown to activate and stabilize PKA signaling in the human
leukemia cell line HL60 during cell differentiation (268). This occurs by stabilization of the
regulatory Rlla subunit of PKA and increase in the protein levels of both regulatory and
catalytic subunits of PKA, increasing the overall activity of PKA signaling and thus the
phosphorylating activity of PKA. Consistently, in our mouse model, KO of Rara reduced
mRNA levels of both the catalytic and regulatory subunits of PKA. Yet, this reduction did not
affect the activity of PKA signaling, with no differences in p-CREB between mouse groups.
PKA activity is necessary for ZF cell differentiation from ZG cells and maintenance of
normal adrenal cortex zonation (81). RARa is a direct target of PKA and phosphorylation by
PKA affects its nuclear localization and transcriptional activity (269). Disruptions in this

signaling could also contribute to the disorganization of the ZF in Rara. KO mice.

Furthermore, changes in the extracellular matrix could affect cell migration and stability
which could be a direct effect of the KO of Rara.. Laminin 31 has been shown to have retinoic
acid response elements in its promoter region (270). ECM components have also been shown

to affect fetal adrenal cell proliferation, apoptosis, morphology and steroidogenic profile (33).

mTOR signaling has been shown to be involved in APA (115) and its inhibition decreased
cell proliferation and aldosterone production in the adrenocortical cell line H295R (116).
Interactions between retinoic acid signaling and mTOR signaling have been reported in many
studies. Interestingly, RARa has been recently shown to interact with mTOR signaling in the
stabilization and synaptic plasticity in the hippocampus where KO of Rara leads to increased
activity of mTOR (271). Beside its role in regulating Vegfa expression (111), mTOR could
also interact with Rara in regulating cell proliferation leading to increased cell proliferation
and adrenal cortex size in Raro KO mice. Upregulation of mTOR signaling in APA could be

a secondary event to reduced expression of RARa in APA.

Although we did not find any alterations in P-catenin activity in Rara KO mice,
abnormalities in this signaling pathway could occur at a younger age during development and
induce anomalies in the cellular organization of the adrenal cortex. This could involve

dysregulation of cadherin junctions, which is one of the functions of B-catenin. Interactions
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between ECM and Wnt/B-catenin have been reported in many studies and alterations in these
interactions may affect cellular migration into the ZF. Although it has not been studied yet,
adrenal cells may require cadherin for proper migration into the ZF and radial organization of
the cells in the adrenal cortex. Moreover, Wnt4 deficiency in these adrenal glands could also
induce the disorganization of the ZF due to its role in cell sorting during cell migration from
the adrenal capsule (79). Wnt4 could also contribute to the disorganization of the adrenal

cortex through the Wnt/PCP pathway, which is involved in coordinated cell migration (272).

The adrenal phenotype of Raro KO mice could also results from indirect paracrine, endocrine
or systemic regulations. ACTH stimulates the expression of VEGF mRNA through a post-
transcriptional mechanism (90). ACTH is also required for the maintenance of a normal
adrenal vasculature (91). It has been proposed that VEGF reduction is a secondary effect of
ACTH deprivation. VEGF dysregulation itself can induce abnormalities in the basal
membrane by causing its degradation by metalloproteases (273, 274). Although we have not
measured plasma levels of ACTH in Rara KO mice, slight modifications of ACTH may

contribute to the adrenal phenotype of our KO mouse model.

Finally, retinoic acid signaling is a recognized therapeutic target in different diseases.
Unpublished work from our laboratory on H295R cells using 9-cis RA or ATRA showed a
significant decrease in viable cells when treated with either compound in a time and dose
dependent manner. 9-cis RA significantly decreased cell viability and steroid hormone
secretion in a concentration- and time-dependent manner in the H295R cells and reduced
tumour growth in an in vivo xenograft model (275). Whether RARa targeting would be of

beneficial value to treat patients with APA is yet to be determined.
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PART 2: ROLE OF THE MINERALOCORTICOID RECEPTOR IN
THE PHYSIOLOGY OF THE ADRENAL CORTEX AND THE
DEVELOPMENT OF APA
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7 THESIS WORK

7.1 Aldosterone and the mineralocorticoid receptor

Despite changes in salt intake, the kidney is capable of maintaining sodium and water levels
within very narrow margins. By doing so, it controls blood volume and pressure. One of the
major hormones contributing to this homeostasis is aldosterone, which is the most potent

sodium-retaining factor in the organism.

As discussed previously, aldosterone production is stimulated either by the increases in
extracellular K* levels or by Ang II, which both have synergistic effects in the aim of
normalizing K levels and BP respectively. It is also induced acutely by ACTH while chronic
exposure represses aldosterone production possibly due to reduction in ATI receptor
expression in these cells following ACTH treatment (52, 276). Aldosterone levels follow a
circadian rhythm and vary throughout the day with highest plasmatic levels in the morning
and lower levels during the day (277). Aldosterone is produced in a daily quantity of 100 to
150 ng

Aldosterone acts mainly by binding to the MR. The MR is a hormone-dependent transcription
factor, which upon ligand binding, translocates into the nucleus of the cell and binds to
hormone response elements (MRE, mineralocorticoid response element, or GRE,
glucocorticoid response element) in the regulatory regions of target genes to either induce or

inhibit their transcription.

The MR 1is expressed in a variety of tissues. In the kidney, the MR is expressed specifically in
the aldosterone sensitive distal nephron (ASDN), which comprises the distal convoluted
tubule (DCT), the connecting tubule (CNT) and the collecting duct (CD), where aldosterone
exerts its physiologic activity. It is important to note that MR is not only a receptor for
aldosterone, but binds aldosterone and cortisol with the same affinity. As cortisol is much
more abundant in the circulation than aldosterone (100 to 1000 fold more), in aldosterone-
responsive cells of the kidney and colon, the expression of the enzyme 11-f hydroxysteroid
dehydrogenase type 2 (11-BHSD2) allows hormone selectivity. Indeed, 11-BHSD2 catalyzes
the conversion of cortisol (in man) and corticosterone (in rats and mice) to their inactive keto-
derivatives cortisone and 11-dehydrocorticosterone, which are unable to bind the MR. This

prevents the illicit occupation of MR by glucocorticoids, allowing aldosterone to exert its
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mineralocorticoid effect. Moreover, unlike aldosterone, which circulates in a free form,
corticosteroid-binding globulins bind cortisol and corticosterone with high affinity and
capacity, reducing the levels of free glucocorticoids to ~10% (278). In other tissues, such as
the brain and adipose tissue, MR is mostly occupied by glucocorticoids, as 11-BHSD?2 is not
expressed. It 1s interesting to note that despite having the same binding affinity, the kinetics of
aldosterone and glucocorticoid binding to MR are not exactly the same, the rate of

dissociation of glucocorticoids is almost 5 times faster than that of aldosterone (279).

In the kidney, the MR regulates sodium reabsorption and potassium secretion, and indirectly
increases water reabsorption, which is an osmotic effect related to increased sodium
reabsorption. Thus, aldosterone regulates blood volume and blood pressure by maintaining
electrolyte and fluid homeostasis. MR is also largely expressed in blood vessels, in both
smooth muscular and endothelial cells, where it affects arterial stiffness. Among known MR
target genes are genes coding for proteins involved in transepithelial sodium transport, such as
the amiloride sensitive epithelial sodium channel (ENaC) and the Na'/K" -ATPase, as well as
their regulatory proteins such as SGK1 (serum and glucocorticoid regulated kinase 1) and

GILZ (glucocorticoid induced leucine zipper) (280) (Fig. 12).

Heterozygous mutations of the MR lead to pseudohypoaldosteronism type 1, a rare disease of
mineralocorticoid resistance (281). The disease presents in the new-born with weight loss,
failure to thrive, vomiting and dehydration, associated with hyperkalemia and metabolic
acidosis, despite elevated plasma renin and aldosterone levels. Homozygous MR KO mice
present with symptoms resembling pseudohypoaldosteronism type 1, and die within 10 days
after birth due to sodium and water loss. This is due to reduced ENaC expression in the
kidneys and colon. They also show hyperkalemia and increased levels of renin, Ang II and
aldosterone (282). Remarkably, these mice can be rescued by NaCl supplementation (283),

similar to what is observed in the human disease.

7.2 Transcriptional regulation by the mineralocorticoid receptor

The MR is encoded by the NR3C2 gene and is part of the steroid receptor subfamily of
nuclear receptors. These are ligand-activated transcription factors that regulate transcription
by binding to hormone responsive elements located in the regulatory regions of target genes

(284). MR has a very high degree of homology with the GR, both in their ligand-binding
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domain (57% homology) and their DNA-binding domain (94% homology) (285). Similar to
other nuclear receptors, the MR is composed of 3 distinct domains. The N-terminal region
encompasses an autonomous activation function 1 (AFI1), which is thought to be
constitutively active and facilitates the interaction between MR and transcriptional
coregulators. A central DBD is composed of two zinc-finger structures that are involved in
DNA binding and receptor dimerization (286). The LBD encompasses an activation function
2 (AF2) and is involved in ligand binding and interaction with heat shock protein 90 (HSP90),

dimerization, as well as interaction with transcriptional coregulators.

In the absence of hormone, the MR is located in the cytoplasm of the cell, where it is
associated to chaperone proteins such as Hsp90 (heat shock protein 90) and FKBP51 and also
interacts with HSP70, p23 and p48 proteins (287-289). These chaperone proteins stabilize the
MR and facilitate hormone binding. Following aldosterone binding, a conformational change
occurs in the receptor, FKBP51 dissociates from the complex and is replaced by FKBP52, the
complex then translocates into the nucleus, where MR dissociates from the complex (290).
MR then binds to GRE or MRE on regulatory regions of target genes, where it associates with
the co-activator complex SRC-1/P300/CBP (steroid receptor co-activator 1, binding protein
300 and CREB binding protein respectively) and chromatin remodeling proteins, allowing
recruitment of RNA polymerase II and transcriptional regulation. The analysis of genomic
binding of MR in a kidney cell line (HK eGFP-hMR) using chromatin immunoprecipitation
(ChIP) followed by high-throughput sequencing, showed that most MR binding sites (MBS)
occur at around 10 kilo base pairs (kbs) from the transcription start site of the gene (291). MR
can bind to its MBS as soon as 15 minutes following aldosterone treatment and this binding is
dynamic with oscillating cycles of MR binding and release and a cycle rhythm between 10 to
25 minutes. Interestingly, the RNA-polymerase 11 enzyme closely follows MR binding cycles
with a delay of 8 minutes (292).

MR regulates different genes in a tissue-specific manner. In contrast to renal cells, where MR
regulates the expression of SCNNIA, ATPIAl, SGKI, NDRG2, GILZ and other genes
implicated directly or indirectly in sodium ion transport, in vascular smooth muscle cells Jaffe
and Mendelson have shown that most of the MR-regulated genes consist of pro-fibrotic,
vascular calcification and inflammatory immune response genes (293). Aldosterone also acts
on the central nervous system, notably the hippocampus and the amygdala, where MR binding
and activation regulates stress response and salt appetite (294-296). When infused

intracerebroventricularly, aldosterone increases blood pressure in rats (297). Aldosterone has
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also been shown to increase salt appetite and intake by its effects on the amygdala, inducing
hypertension and organ damage (298). In the hippocampus, MR-regulated genes include Jun
dimerization protein 2 (Jdp2), Nitric oxide synthase 1 adaptor protein (Noslap) and Suv3 like
RNA helicase (Supv3 11) (299).
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Figure 12. MR effects in kidney ASDN cells in regulating sodium and water balance (300). In ASDN cells,
following the activation of MR by aldosterone, MR translocates to the nucleus and binds to regulatory regions of
hormone response elements. This activation involves the recruitment of transcriptional coregulators in order to
activate the transcription machinery. This leads to the expression of aldosterone target genes, notably, genes
involved in sodium ion transport. Those genes include the ENaC sodium channel, the Na'- K - ATPase and
regulatory proteins such as SGK1, NDRG2 and GILZ. In the absence of aldosterone, Nedd4-2 a ubiquitin ligase,
will ubiquitilate ENaC leading to its degradation by the proteasome. Aldosterone stimulation will induce the
phosphorylation of sgkl, which will phosphorylate Nedd4-2. This phosphorylation inhibits the interaction between
Nedd4-2 and ENaC, thus increasing its localization on the apical cell membrane. Na" enters the cell through ENaC
at the apical side of the cell and exits into the interstitial fluid through the Na" - K" -ATPase on the basolateral side
of the cell. By non-genomic pathways, aldosterone rapidly increases the activity of the large conductance potassium
channel. Aldosterone also induces hydrogen ion excretion into urine via the H'-ATPase in intercalated cells. This
leads to a release of bicarbonate into the bloodstream through the chloride/bicarbonate exchanger at the basolateral
membrane.
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In the ASDN, aldosterone via the MR, regulates the rapid transcription of genes encoding
proteins that are involved in the regulation of ENaC trafficking and function. These proteins
include SGK1, GILZ, NDRG2 and 14-3-3 proteins (301-303). Indeed, ENaC channels
undergo a constant turnover by an endocytosis/exocytosis process. When ENaC channels are
synthesized at the endoplasmic reticulum (ER), they are transported to the cell surface via
Golgi apparatus. Conversely, ENaC channels which are already at the cell surface undergo
endocytosis by the action of Nedd4-2, which is part of the epithelial sodium channel
regulatory complex (ERC), an E3 ubiquitin protein ligase that induces the removal of ENaC
from the cell surface. This mechanism involves binding of Nedd4-2 to ENaC. Furthermore,
Nedd4-2 ubiquitinates ENaC, leading to channel internalization where it is recycled or
degraded after monoubiquitination or polyubiquitination (304, 305). SGK1 on the other hand
increases the expression of ENaC at the cell surface, by phosphorylating Nedd4-2.
Phosphorylation of Nedd4-2 promotes its binding to 14-3-3 proteins and inhibits Nedd4-2’s
ability to bind to ENaC. GILZ induces the association of SGK1 with the ERC, thus increasing
the phosphorylation of Nedd4-2 (306, 307). The net result of these effects is the increase of

the abundance of ENaC on the cellular membrane.

7.3 Cardiovascular effects of aldosterone and MR

Patients with PA have a higher risk of developing myocardial infarction, stroke, atrial
fibrillation, renal impairment than patients with essential hypertension. They also suffer from
severe left ventricular hypertrophy and increased wall thickness and diastolic dysfunction
(19). Aldosterone has also been shown to be responsible for endothelial dysfunction and
atherosclerosis by modulating ICAM-1 expression and leucocyte adhesion in endothelial cells

in type 2 diabetes mellitus, metabolic syndrome and hypercholesterolemia (151, 308-311)

In 1942 it was reported that desoxycorticosterone (a precursor of aldosterone) induces
nephrosclerosis and cardiac hypertrophy (312) and that treatment with spironolactone, an MR
antagonist (MRA), protected rats from aldosterone-induced cardiac necrosis (313).
Spironolactone or eplerenone, another MRA, added on top of standard therapy, substantially
reduce the risk of both morbidity and death in severe heart failure (314) and in heart failure
post myocardial infarction (315). In addition, MR blockade with eplerenone reduces both the

risk of death and the risk of hospitalization and the incidence of new onset atrial fibrillation or
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flutter in patients with systolic heart failure and mild symptoms (316, 317). MR activation by
aldosterone in endothelial cells results in increased oxidative stress and reduced nitric oxide
activity (318). In patients with heart failure, MR antagonism by spironolactone increases
nitric oxide bioactivity and improves endothelium-dependent vasodilation (319). MR also
seems to play an important role in proteinuric kidney disease (320), and treatment with MRA
reduces the proteinuria in patients with chronic kidney disease (321). In animals, MR
blockade reduced obesity-related alterations in the expression of pro-inflammatory,
prothrombotic and insulin sensitizing factors in adipose tissue in obese diabetic mice; MR
blockade also increased the expression of adiponectin in the heart and adipose tissue of these
mice, possibly contributing to the cardioprotective effect of MR blockade (322). MR
knockout in vascular smooth muscle cells leads to decreased blood pressure in aging mice,
due to reduced vascular myogenic tone, agonist-dependent contraction and expression and
activity of L-type calcium channels (323), suggesting that the MR may affect blood pressure

not only by its renal effects but also by modulating vascular contractility.

7.4 MR and tissue remodeling

It has been shown that aldosterone has an effect on collagen synthesis in intra-myocardial
coronary arteries in rats (324). Moreover, it has been demonstrated that vascular inflammation
could be one of the mechanisms leading to aldosterone-mediated myocardial injury following
chronic aldosterone treatment in rats (325). The role of MR along with GR has also been
described in inflammation, tissue remodeling, atherosclerosis and inflammation via
monocytes and macrophages, where it has been shown that aldosterone via MR induces an
increase in oxidative stress in macrophages (326, 327). Moreover, mice lacking Nr3c2 in
macrophages were protected from DOCA-salt induced inflammation and fibrosis, suggesting
that these mice had a phenotype that limits tissue remodeling (328) Similar results were
shown in mice lacking MR expression in myeloid cells when treated with L-NAME
(N(gamma)-nitro-L-arginine methyl ester)/Ang II (329). MR deletion from cardiomyocytes
blocked reactive fibrosis in the heart. After myocardial infarction, cardiomyocyte MR KO
mice exhibited a better cardiac repair in the infarcted zone and showed better
revascularization and improved cardiac function. This phenotype was associated with a better

response to ischemic events and lower inflammatory and profibrotic marker expression (330).
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Furthermore, endothelial cell MR null mice were protected from cardiovascular inflammation
and remodeling (331). Vascular smooth muscle cell conditional knockout of MR in mice
showed similar protective effects following myocardial infarction, with reduced tissue fibrosis
and preserved coronary vascular reserve in comparison to WT mice (332). A study showed
that MR expression is similar between patients with atrial fibrillation and those with sinus
rhythm, however, the expression of 11-fHSD2 was increased in the left atrium of patients
with atrial fibrillation, thus suggesting a role of aldosterone via MR in left atrial remodeling
(333). Aldosterone induced an increase in connective tissue growth factor in cardiomyocytes.
Aldosterone also increased the expression of miRNA-21, which is a known to be implicated

in heart diseases and different types of cancers, in cardiac fibroblasts through MR (333).

In summary, MR not only plays a key role in the regulation of water and electrolyte balance,
it also promotes cardiovascular remodeling, affects endothelial functioning, induces
inflammation, plays a role in adipocyte functioning and metabolism, and modulates centrally

regulated functions in the brain (Fig. 13).
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Figure 13. MR deleterious effects on various organs. Inappropriate activation of MR by aldosterone, cortisol or by
genetic factors triggers deleterious complications across different tissues (334).
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& General conclusion

My PhD work has allowed the discovery of a direct implication of RARa as a novel

contributor to adrenal cortex development and normal function.

Y rinally, I have contributed to the

identification, for the first time, of the role of the chloride channel CLC-2 in aldosterone

production and aldosterone producing adenoma (APA).

My work has shown that RARa is downregulated in APA in comparison to control adrenals.
Furthermore, I have shown that mice lacking the expression of Rara exhibit severe
disorganization of the adrenal cortex, characterized by a loss of the radial structure of the zona
fasciculata, abnormalities in the extracellular matrix, increased proliferation and
downregulation in steroidogenic gene expression, Wnt signaling and Vegfa signaling. I have
shown that, although the molecular abnormalities disappear with aging, the structural
disorganization persists in older mice. These results indicate that loss of Rara in the adrenal
cortex leads to irreversible structural and functional disorganization. Translated to human
disease, reduced function of RARa in the adrenal cortex, due to genetic or inherited factors,
may modify cell proliferation and create a propitious environment for the emergence of

specific driver mutations in APA.

Finally, my work has helped to decipher for the first time the role of RARa, CIC-2 and MR in
the adrenal cortex and APA. These results could open new perspectives in our understanding
of the molecular mechanisms involved in nodule formation and autonomous aldosterone
production in the adrenal gland. More importantly, these results could help in identifying new
therapeutic targets in primary aldosteronism for improved patient care and prevention of

cardiovascular complications.
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10 Appendix

10.1 A gain-of-function mutation in the CLCN2 chloride channel gene causes
primary aldosteronism
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A gain-of-function mutation in the CLCN2 chloride
channel gene causes primary aldosteronism

Fabio L. Fernandes-Rosa

Maria-Christina Zennaro ®"23*

Primary aldosteronism is the most common and curable form
of secondary arterial hypertension. We performed whole-
exome sequencing in patients with early-onset primary aldo-
steronism and identified a de novo heterozygous c.71G>A/
p-Gly24Asp mutation in the CLCN2 gene, encoding the volt-
age-gated CIC-2 chloride channel’, in a patient diagnosed at
9 years of age. Patch-clamp analysis of glomerulosa cells of
mouse adrenal gland slices showed hyperpolarization-acti-
vated CI" currents that were abolished in Clcn2~/~ mice. The
p.Gly24Asp variant, located in a well-conserved ‘inactivation
domain'??, abolished the voltage- and time-dependent gat-
ing of CIC-2 and strongly increased CI- conductance at rest-
ing potentials. Expression of CIC-2”<r?4 in adrenocortical cells
increased expression of aldosterone synthase and aldosterone
production. Our data indicate that CLCN2 mutations cause
primary aldosteronism. They highlight the important role of
chloride in aldosterone biosynthesis and identify CIC-2 as the
foremost chloride conductor of resting glomerulosa cells.
Arterial hypertension is a major cardiovascular risk factor®.
Primary aldosteronism is the most common and curable form of sec-
ondary arterial hypertension, with an estimated prevalence of ~10%
in referred patients and 4% in primary care’, and a prevalence of up
to 20% in patients with resistant hypertension®. Primary aldosteron-
ism results from autonomous aldosterone production in the adrenal
cortex’, caused in most cases by a unilateral aldosterone-producing
adenoma or bilateral adrenal hyperplasia (BAH). It is diagnosed on
the basis of hypertension associated with an increased aldosterone-
to-renin ratio and often hypokalemia®. In comparison to essential
hypertension, increased aldosterone levels in primary aldosteronism
are associated with increased cardiovascular risk, in particular for
coronary artery disease, heart failure, renal damage, and stroke®’.
Gain-of-function mutations in different genes, encoding cation
channels (KCNJ5'', CACNA1D"*", and CACNA1H'*"*) and ATPases
(ATPI1A1I and ATP2B3'>'°), regulating intracellular ion homeostasis
and plasma membrane potential, have been described in aldoste-
rone-producing adenoma and familial forms of primary aldoste-
ronism, but the pathophysiology of many cases is still unknown.

12313* Georgios Daniil?', lan J. Orozco*>3, Corinna Goéppner*>,
Rami El Zein'?, Vandana Jain®, Sheerazed Boulkroun'?, Xavier Jeunemaitre
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123 Laurence Amar'?’/,
45* and

We performed whole-exome sequencing on germline DNA from
12 patients with young-onset hypertension and hyperaldosteron-
ism diagnosed before 25 years of age. Two index cases were inves-
tigated together with their parents and unaffected sibling to search
for de novo variants. A de novo germline CLCN2 variant, c.71G>A
(NM_004366; p.Gly24Asp), was identified in subject K1011-1, but
not in her asymptomatic parents (K1011-3 and K1011-4) and sib-
ling (K1011-2; Fig. 1a,b and Table 1). The variant was absent from
more than 120,000 alleles in the Exome Aggregation Consortium
(ExAC) database and in our in-house database. We did not find
additional CLCN2 variants among the other 11 investigated indi-
viduals. CLCN2 encodes the chloride channel CIC-2. The vari-
ant p.Gly24Asp is located in its N-terminal cytoplasmic domain
(Fig. 1c,d). Gly24 is highly conserved in CIC-2 from species as dis-
tant as zebrafish and Xenopus tropicalis (Fig. 1c).

The patient carrying the CLCN2 variant encoding p.Gly24Asp is
a 9-year-old girl who presented with severe headache and vomiting
lasting for 1 year (Table 1). The child was developmentally normal,
first born to a non-consanguineous couple. There was a history of
mild hypertension in the maternal grandmother and granduncle.
Blood pressurewas 172/100 mm Hg,and heartratewas 120 beats/min.
The rest of the examination was normal. Her work-up showed persis-
tent hypokalemia (serum K* ranging from 1.8 to 2.4 meq/L), elevated
serum aldosterone (868.1pg/ml, reference range 12-340pg/ml),
and suppressed plasma renin activity (0.11ng/ml/h, reference
range 1.9 to 6.0ng/ml/h in an upright posture), suggestive of pri-
mary aldosteronism. Abdominal computed tomography (CT) scans
showed no adrenal abnormalities. Other parameters including 24-h
urinary vanillylmandelic acid and serum cortisol were normal.
Hypertension was initially managed with amlodipin, enalapril, and
atenolol. Once the diagnosis of primary aldosteronism was made,
spironolactone was added, enalapril was stopped, and the doses of
amlodipin and atenolol were reduced. Serum K* normalized. A posi-
tive glucocorticoid suppression test (with aldosterone at 949.3 pg/ml
at baseline and 56.9 pg/ml after oral administration of 0.5mg of
dexamethasone every 6h for 48h) suggested the possibility of
glucocorticoid-remediable aldosteronism (GRA), a rare familial
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Fig. 1| A CLCN2 variant identified in a patient with early-onset primary
aldosteronism. a, Pedigree of kindred K1011. The subject with primary
aldosteronism is shown with a filled symbol, and non-affected subjects

are shown with unfilled symbols. b, Sanger sequencing chromatograms
showing the wild-type CLCN2 sequence of the unaffected parents

(K1011-3 and K1011-4) and brother (K1011-2) and the CLCN2 variant
¢.71G>A (p.Gly24Asp) identified in the patient with early-onset primary
aldosteronism (K1011-1). ¢, Alignment and conservation of residues
encoded by CLCNZ2 orthologs. The red box indicates the N-terminal
inactivation domain of CIC-2. Several deletions and mutations mapping to
this region of rat CIC-2 lead to constitutively open CIC-2 channels (solid
line) or partially open channels (dashed line)°. Residues that are conserved
among more than three sequences are highlighted in yellow. d, Position of
the disease-causing p.Gly24Asp variant in the CIC-2 protein (schematic
transmembrane topology drawing modified from ref. *°). Inactivation
domains previously identified by structure-function analysis in the N
terminus® and an intracellular loop? of CIC-2 are shown in red. Several point
mutations and deletions affecting these domains open the CIC-2 channel*?
similarly to the p.Gly24 Asp substitution described here. CBS1and CBS2 are
cystathionine-p-synthase domains that can affect gating of CIC channels?.

form of hyperaldosteronism'’. However, genetic analysis for a chi-
meric CYP11BI-CYP11B2 gene was negative. The child’s hyperten-
sion has been well controlled over 18 months with prednisolone at
5mg/m?*/d, spironolactone, and amlodipin. On treatment, her
serum aldosterone and plasma renin levels are 421 pg/ml (reference
range 25 to 392 pg/ml) and 8.22 uU/ml (4.4 to 46.1 uU/ml), respec-
tively. After exclusion of GRA by genetic testing, prednisolone
treatment was stopped.

Cl- conductance can regulate the excitability of neuronal, mus-
cle, and endocrine cells'™*. In zona glomerulosa cells, adreno-
corticotropic hormone (ACTH)-activated Cl- currents have been
described®, but their outward rectification sets them apart from
hyperpolarization-activated CIC-2 currents. CIC-2 is expressed
in almost all tissues' and may have roles in ion homeostasis and
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Table 1| Clinical and biological characteristics of individuals
carrying CLCN2 variants

K1011-1 K963-1 K1044-1
Sex F F F
Age at HTN dg (years) 9 19 29
Age at primary aldosteronism 9 27 48
dg (years)
SBP at primary aldosteronism 172 139 173
dg (mm Hg)
DBP at primary aldosteronism 100 90 N4
dg (mm Hg)
Lowest plasma K* (mmol/L) 1.8 29 2.5
Urinary aldosterone (nmol/24 h) ND 60 ND
Plasma aldosterone (pmol/L) 2,406 927 1,061
Plasma renin (mU/L) 09 19 <1
ARR (pmol/mU) 481.2 185.4 212.2
Adrenal abnormalities on No No No
imaging
Lateralization at AVS ND No No

Hormonal data were obtained at diagnosis of primary aldosteronism. For comparison within this
table, plasma aldosterone levels for patient K1011-1 were converted to pmol/L and plasma renin
activity was converted to plasma renin concentration. For ARR calculation, renin values <5 were
transformed to 5. The conversion factor used for plasma aldosterone was 1ng/L=2.77 pmol/L,
and the conversion factor used for plasma renin was 1ng/ml/h=8.2mU/L. dg, diagnosis; HTN,
hypertension; SBP, systolic blood pressure; DBP, diastolic blood pressure; ARR, aldosterone-to-
renin ratio; ND, not determined; AVS, adrenal venous sampling

transepithelial transport®. Clen2~~ mice display early postnatal

retinal and testicular degeneration* as well as leukodystrophy*>*
in humans, CLCN2 loss-of-function mutations result in leukodys-
trophy” that may be associated with azoospermia®. These phe-
notypes have been ascribed to a role for CIC-2 in extracellular ion
homeostasis***.

Data retrieved from a transcriptome analysis including 11
human adrenal glands” showed high expression of CLCN2 in
human adrenal cortex (Supplementary Table 1). In mice, western
blots showed similar expression of CIC-2 in whole adrenal gland
as in brain (Fig. 2a), which expresses substantial, physiologically
important amounts of CIC-2%. Patch-clamp analysis of glomerulosa
cells in situ showed typical hyperpolarization-activated currents in
wild-type mice, but not in Clcn2~'~ mice (Fig. 2b,c). The magnitude
of these currents was similar to those observed in Bergmann glia,
which prominently express CIC-2*. The almost complete absence
of CI- currents in Clcn27/~ cells demonstrates that under resting
conditions CIC-2 mediates the bulk of glomerulosa cell Cl- currents.

The CIC-2 p.Gly24Asp variant is located in a highly conserved
inactivation domain®’ of the channel. Deletions and point mutations
mapping to this region and to an intracellular loop” (highlighted in
Fig. 1¢,d) lead to ‘open’ CIC-2 channels that have lost their sensitivity
to voltage, cell swelling, or external pH>*. Likewise, insertion of the
p-Gly24Asp variant drastically changed voltage-dependent gating of
CIC-2 (Fig. 2d,e;h) and dramatically increased current amplitudes
when the human protein was expressed in Xenopus laevis oocytes
(Fig. 2d-g). When measured at -80mV, the approximate resting
potential of glomerulosa cells®, current amplitudes from the mutant
channel were much larger than those for the wild-type channel
(Fig. 2d-f). Linear, ohmic currents like those of the mutant chan-
nel might be due to unspecific electrical leaks; however, the cur-
rents of both wild-type and mutant CIC-2 were markedly reduced
when extracellular chloride was replaced by iodide (Fig. 2d-f),
in agreement with the ClI">I" selectivity of CIC channels in
general”and CIC-2in particular’. The activation of CIC-2byanacidic
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Fig. 2 | CIC-2 expression in mouse adrenal glands and electrophysiological analyses of wild-type and mutant channels. a, CIC-2 immunoblot of brain and
adrenal glands from Clcn2++ and Clcn2~/~ mice. All lanes are from the same blot, which was cut where indicated. Similar amounts of protein were loaded with
actin serving as a loading control. This blot is representative of three independent experiments. b, Representative whole-cell chloride current traces of mouse
zona glomerulosa cells from Clcn2+/* (top) and Clen2~/~ (bottom) adrenal slices using voltage steps as indicated above. ¢, Mean +s.e.m. currents measured
after 1.5 from the experiments in b plotted as a function of clamp voltage. The number of cells analyzed is given in parentheses. d,e, Representative chloride
current traces measured by two-electrode voltage-clamp from Xenopus oocytes injected with either human CIC-2"T (d) or CIC-2*?* (e) cRNA, using the
protocol shown in d. For some measurements (below), extracellular chloride was replaced with iodide. f, Mean + s.e.m. currents measured in d and e plotted
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measured after 2s at -120 mV and at pH 7.4. The number of oocytes analyzed is given in parentheses; error bars, s.e.m.

extracellular pH can be almost abolished by mutations mapping to
the inactivation domain®. Likewise, the CIC-24%* mutant had largely
reduced pH sensitivity (Fig. 2i,j and Supplementary Fig. 1). In con-
clusion, the p.Gly24Asp variant results in a strong gain of function,
in line with the dominant disease phenotype of the mutation that
is present in the heterozygous state. It also suggests a pathophysi-
ological mechanism in which a strong increase in Cl- currents may
depolarize glomerulosa cells, thereby opening voltage-gated Ca?*
channels and activating transcriptional programs via an increase in
cytosolic Ca**.

Expression of the mutant CIC-24%* channel in human adreno-
cortical H295R-S2 cells and, conversely, knockdown of CIC-2 by
shRNA significantly affected aldosterone production and expres-
sion of steroidogenic enzymes. Despite similar expression of CIC-2
in H295R-S2 cells stably transfected to express CIC-24%2* and wild-
type CIC-2 (CIC-2%T) (Fig. 3a,b), aldosterone synthase expression
(Fig. 3a,c) and aldosterone production (Fig. 3d,e) were significantly
increased in CIC-24P*-expressing cells. Stimulation with angioten-
sin IT (Ang II; 10nM) or K* (12mM) increased aldosterone produc-
tion in cells expressing CIC-2"" (Fig. 3e). A further increase was
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observed in cells expressing CIC-24%* after Ang II stimulation, but
not after K* stimulation (Fig. 3e). Nevertheless, also after stimula-
tion, aldosterone production in cells expressing CIC-24%2* was sig-
nificantly higher than in cells expressing CIC-2"" (Fig. 3¢). Infection
of H295R-S2 cells with shRNA constructs targeting CIC-2 reduced
CLCN?2 expression by ~50% (Supplementary Fig. 2a) as compared
with a scrambled shRNA and significantly reduced aldosterone
production, both at baseline and after stimulation (Supplementary
Fig. 2b), suggesting that even CIC-2"" currents, although much
smaller than currents from the CIC-24%* mutant, increase the
excitability of H295R-S2 adrenocortical cells. These changes were
paralleled in both models by concomitant modifications of the
expression of steroidogenic genes. An increase in the mRNA expres-
sion of CYPI11B2 (encoding aldosterone synthase; Fig. 3f), STAR
(encoding the steroidogenic acute regulatory protein; Fig. 3g), and
CYP21A2 (encoding steroid 21-hydroxylase; Fig. 3h) was observed
in CIC-2%¢%- as compared with CIC-2"T-overexpressing cells
under basal conditions. Ang II increased expression of STAR and
CYP11B2, while K* stimulation increased mRNA expression of
CYP11B2. Conversely, knockdown of CIC-2 led to a decrease in
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Fig. 3 | Effect of CIC-2"T and mutant CIC-2%<r?* channels on aldosterone production and expression of genes and proteins involved in aldosterone
biosynthesis. a, Western blots for CIC-2 and aldosterone synthase of H295R-S2 cells stably transfected to express CIC-2"T or mutant CIC-24%?*, These
blots are representative of three independent experiments, with actin serving as a loading control. b, Quantification of CIC-2 protein levels in CIC-2"T and
CIC-2A724 H295R-S2 cells (t test, P=0.10, F=3.19). ¢, Quantification of aldosterone synthase expression in CIC-2"T and CIC-24*2* H295R-S2 cells (t test,
P=0.0025, F=136). d, Basal aldosterone production by H295R-S2 cells transfected to express CIC-2"T or mutant CIC-2A%2* (t test, P=0.0008, F=142).
e, Basal and stimulated aldosterone production by H295R-S2 cells transfected to express CIC-2"T (open bars) or mutant CIC-24?* (filled bars) (one-way
ANOVA, P<0.0001, F=23.46). f-h, Basal and stimulated mMRNA expression of CYP11B2 (one-way ANOVA, P<0.001, F=18.39) (), STAR (Kruskal-Wallis,
P=0.0033) (g), and CYP21A2 (one-way ANOVA, P<0.0001, F=23.27) (h) in H295R-S2 cells transfected to express CIC-2"T (open bars) or mutant
CIC-22? (filled bars). Quantifications of protein expression (using actin as a loading control) and aldosterone production are presented as the percentage
of the value for CIC-2"T-expressing cells under basal conditions, and the results of MRNA expression are presented as fold induction relative to CIC-2VT-
expressing cells under basal conditions. Values of all experiments are presented as the means +s.e.m. of three independent experiments performed in
experimental triplicate (n=9) for each condition. *P < 0.05; **P < 0.07; ***P < 0.001; i, P< 0.05 for the stimulated versus basal condition; ii, P < 0.01 for the
stimulated versus basal condition; iii, P< 0.001 for the stimulated versus basal condition.

CYP11B2 expression under all conditions (Supplementary Fig. 2c).
These data further support the notion that a gain-of-function
CLCNZ2 mutation may depolarize the cell, activate the steroidogenic
pathway, and increase aldosterone production. While knockdown
of CIC-2 influences aldosterone production in H295R-S2 cells,
which have a resting potential of about -65mV (Fig. 4a,b), this may
not be the case in native glomerulosa cells. Because their membrane
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voltage (V,,) is close to the K* equilibrium potential®, they are
unlikely to markedly hyperpolarize upon loss of CIC-2. No changes
in blood pressure have been reported for mice or patients lacking
CIC-22%%, but this issue has not been investigated in detail.

We next explored the effect of the CIC-2 p.Gly24Asp variant on
membrane potential and calcium influx through voltage-gated cal-
cium channels. These studies were performed with the perforated
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Fig. 4 | Functional impact of the CIC-24**? variant. a-g, Effect on membrane potential (V,,) and plasma membrane anion currents in H295R-S2 cells.
a, Resting membrane potential of the CIC-2"T and CIC-2#*?* channels in the stably transfected H295R-S2 cells that were used to determine aldosterone
secretion. Note the strong mean depolarization (CIC-2"T, -67 + 2mV (n=8); CIC-24?*, -52 + 6 mV (n=12)), which, however, was not significant (two-
tailed Mann-Whitney, P=0.14) owing to large variability in V,, for CIC-24?*-expressing cells that were not clonally selected. b, Similarly determined

values of V,, for non-transfected and transiently transfected H295R-S2 cells (non-transfected, -65+4mV (n=8); CIC-2"T, -69 + 7mV (n=4); CIC-2A%?*,
-46+4mV (n=6); **P=0.0095, two-tailed Mann-Whitney test). ¢,d, Corresponding plasma membrane currents measured after 1.5s under conditions
eliminating cation inward currents plotted as a function of voltage (€) or as individual values at the physiological V., of glomerulosa cells (d). The number

of cells analyzed is given in parentheses. *P=0.019, two-tailed Mann-Whitney test. e-g, Corresponding averaged current traces with 20-mV voltage
steps between 0 and -120 mV for non-transfected cells (e) and cells expressing CIC-2"T (f) and CIC-2%?* (g). h,i, Effect of calcium channel blockers on
aldosterone production in H295R-S2 cells expressing CIC-2WT (Kruskall-Wallis, P=0.0005) (h) and CIC-24s*?* (Kruskal-Wallis, P=0.0032) (i). Values
represent the means +s.e.m. of two independent experiments performed in experimental triplicate (n=6) for each condition. Dunn's post test for the

treated versus basal condition: *P< 0.05, **P < 0.01.

patch-clamp technique, which does not disturb the intracellular
chloride concentration and is required to see the full effect of inac-
tivation domain®’ mutations*"*”. In the stably transfected H295R-S2
cells used to investigate steroidogenesis (Fig. 3), there was a trend
toward V,, being depolarized in CIC-24%*- as compared to CIC-
2WT-overexpressing cells (mean values of roughly -52 and -67mV,
respectively) (Fig. 4a). However, because these cell lines were not
clonal, the variability was large and the difference was not statisti-
cally significant.

We therefore resorted to transient transfection of H295R-S2 cells,
which allowed us to select CIC-2-expressing cells by fluorescence of
cotransfected GFP (Fig. 4b-g). Although these cells express CIC-2
less efficiently than Xenopus oocytes (compare Figs. 4f and 2d)
and HEK cells’>*, CIC-24%*-expressing cells displayed robust
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Cl- currents that lacked strong voltage dependence (Fig. 4c-g).
The observed increase in currents may reflect increases in both the
currents for individual channels and the number of channels; both
must be considered when analyzing the pathogenic effects of ion
channel mutants. This increase in currents correlated with a strong
depolarization from V,,=-69 + 7 mV in CIC-2""-expressing cells
to —46 +4mV in CIC-24%*-expressing cells (Fig. 4b), indicating that
chloride concentration in H295R-S2 cells is higher than predicted
from the electrochemical equilibrium. This depolarization may open
voltage-dependent calcium channels. Indeed, nifedipine (an L-type
calcium channel blocker) and/or mibefradil (a T-type calcium
channel blocker) strongly reduced aldosterone production in cells
expressing the CIC-24* mutant (Fig. 4i). The involvement of L-type
calcium channels appeared to be larger in CIC-2%%2*-expressing
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Fig. 5 | Proposed model for autonomous aldosterone secretion in adrenal zona glomerulosa cells with the CIC-24?* mutant. a, In unstimulated
conditions, the zona glomerulosa cell membrane potential closely follows the potassium resting potential at approximately -80 mV. Increasing
extracellular K* concentration, or inhibition of K* channels by Ang Il through its receptor (AT1R), leads to cell membrane depolarization, opening of
voltage-gated Ca?* channels, and increased intracellular calcium concentrations, the major trigger for aldosterone biosynthesis. Binding of Ang Il to ATIR
also leads to G,,-mediated signaling and IP;-mediated release of Ca?* from the endoplasmic reticulum (ER). b, The CIC-2 p.Gly24Asp variant abolishes
the voltage-dependent gating of CIC-2. The resulting pronounced increase in Cl- currents at resting potentials is proposed to result in cell depolarization,
opening of voltage-gated Ca?* channels, stimulation of Ca?* signaling, and, ultimately, increased expression of steroidogenic genes and aldosterone

production. [Ca?*], intracellular calcium concentration.

cells (Fig. 4h), possibly because of the depolarized plasma mem-
brane potential of these cells, which is required to open L-type cal-
cium channels™. However, we cannot exclude the possibility that
nifedipine acted partially through T-type calcium channels, which
are also blocked by this compound at depolarized voltages*.

To investigate whether the CLCN2 mutation encoding
p-Gly24Asp could be involved in other forms of primary aldoste-
ronism, we sequenced exon 2 of CLCN2 in 100 patients with BAH.
While the CLCN2 mutation encoding p.Gly24Asp was not iden-
tified among these subjects, we found two rare CLCN2 variants,
c.197G>A (p.Arg66Gln, rs755883734) and c.143C>G (p.Pro48Arg,
rs115661422) in two subjects (Supplementary Fig. 3). The minor
allele frequencies of these variants were very low in the EXAC data-
base (CLCN2 p.Arg66Gln, 0.00003; CLCN2 p.Pro48Arg, 0.0017).
Both variants failed to significantly change CIC-2 currents in Xenopus
oocytes in which the mutant proteins were heterologously expressed
(Supplementary Fig. 4), in spite of a previously described™ moderate
reduction in CIC-24%* current amplitudes. Nonetheless, it is note-
worthy that the two patients were diagnosed with hypertension at a
young age, at 29 and 19 years, respectively (Table 1), and in both cases
during pregnancy. Finally, sequencing the CLCN2 exons encoding
the N-terminal domain (exons 1 and 2) and the loop between helices
Jand K (exon 10), corresponding to the CIC-2 inactivation domains®’,
in 20 additional patients with hypertension before 20 years of age
did not identify additional mutations. Among these patients, nine
had a history of hypertension before the age of 15 years (one before
10 years), indicating that CLCN2 mutations might underlie forms of
primary aldosteronism with very young onset.

In conclusion, we show that a gain-of-function mutation affect-
ing the CIC-2 chloride channel underlies a genetic form of sec-
ondary arterial hypertension and identify CIC-2 as the foremost
chloride conductor of resting glomerulosa cells. We suggest that
increased Cl- currents induced by the CIC-2 p.Gly24Asp variant
could depolarize the zona glomerulosa cell membrane, thereby
opening voltage-gated calcium channels that trigger autonomous
aldosterone production by increasing intracellular Ca** concentra-
tions (Fig. 5b, orange arrows). We hypothesize that the increased Cl-
currents may overcome the hyperpolarizing currents of K* channels
that normally determine the glomerulosa cell resting potential.
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The inhibition of these potassium channels, for example upon Ang
IT stimulation, or the depolarizing currents mediated by these chan-
nels upon increases in extracellular K* are the main mechanisms
triggering aldosterone production under physiological conditions
(Fig. 5a, dashed black arrows).

Not only mutations mapping to the N-terminal CIC-2 inacti-
vation domain®?, like the p.Gly24Asp variant found here, but also
those mapping to the cytoplasmic linker between transmembrane
helices ] and K may cause primary aldosteronism (Fig. 1d). Several
point mutations affecting this linker result in constitutively open
CIC-2 channels’. We propose both regions as potential hotspots
for mutations causing primary aldosteronism. The discovery that
a chloride channel is involved in primary aldosteronism opens new
and unexpected perspectives for the pathogenesis and treatment of
arterial hypertension.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41588-018-0053-8.
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Methods

Patients. Patients with primary aldosteronism were recruited within the COMETE
(COrtico- et MEdullo-surrénale, les Tumeurs Endocrines) network (COMETE-
HEGP protocol, authorization CPP 2012-A00508-35) or in the context of genetic
screening for familial hyperaldosteronism at the Genetics Department of the
HEGP. Methods for screening and subtype identification of primary aldosteronism
were according to the Endocrine Society guidelines®. In patients diagnosed with
primary aldosteronism, a thin-slice CT scan or magnetic resonance imaging
(MRI) of the adrenal and/or an adrenal venous sampling (AVS) was performed

to differentiate between unilateral and bilateral aldosterone hypersecretion. All
patients gave written informed consent for genetic and clinical investigation.
Procedures were in accordance with institutional guidelines (Assistance Publique—
Hopitaux de Paris).

DNA isolation. DNA from peripheral blood leukocytes was extracted using the
QIAamp DNA midi kit (Qiagen) or salt extraction.

‘Whole-exome sequencing and variant detection. Exomes were enriched in
solution and indexed with SureSelect XT Human All Exon 50 Mb kits (Agilent).
Sequencing was performed as 100-bp paired-end runs on HiSeq 2000 systems
(Illumina). Pools of 12 indexed libraries were sequenced on four lanes. Image
analysis and base calling were performed using Illumina Real Time Analysis.
CASAVA 1-8 was used for demultiplexing. BWA (v 0.5.9) with standard parameters
was used for read alignment against human genome assembly hg19 (GRCh37).
We performed single-nucleotide variant and small insertion and deletion (indel)
calling specifically for the regions targeted by the exome enrichment kit, using
SAMtools (v 0.1.18). Subsequently, variant quality was determined using the
SAMotools varFilter script. We used default parameters, with the exception of the
maximum read depth (-D) and the minimum P value for base quality bias (-2),
which we set to 9,999 and 1 X 10-*, respectively. Additionally, we applied a custom
script to mark all variants with adjacent bases of low median base quality. All
variants were then annotated using custom Perl scripts. Software is available on
request (see URLSs). Annotation included information about known transcripts
(UCSC Known Genes and RefSeq genes), known variants (dbSNP v 135), type of
mutation, and—if applicable—amino acid change in the corresponding protein.
The annotated variants were then inserted into our in-house database. To reduce
false positives, we filtered out variants that were already present in our database,
had variant quality less than 40, or failed one of the filters from the filter scripts.
We then manually investigated the raw read data of the remaining variants using
the Integrative Genomics Viewer (IGV).

Sanger sequencing. CLCN2 DNA was amplified using the intron-spanning
primers described in Supplementary Table 2. PCR was performed on 100 ng of
DNA in a final volume of 25 ul containing 0.75 mM MgCl,, 400 nM of each primer,
200 uM deoxynucleotide triphosphate, and 1.25 U Taq DNA Polymerase (Sigma).
Cycling conditions for CLCN2 were as previously described’” with an annealing
temperature of 60 °C. Direct sequencing of PCR products was performed using the
ABI Prism Big Dye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) on
an ABI Prism 3700 DNA Analyzer (Applied Biosystems).

Site-directed mutagenesis. The CIC-2%%** construct was generated by site-directed
mutagenesis using the QuikChange IT XL site-directed mutagenesis kit (Agilent).
The mutation was introduced into the human CIC-2 cDNA fragment inserted into
the pFROG expression vector®, and the presence of the mutation was confirmed
by Sanger sequencing.

Western blotting. The membrane fractions of tissue homogenate from brain

and adrenal glands of adult Clcn2*"* and Clcn2~'~ mice were isolated and

lysed in 50 mM Tris pH 6.8, 140 mM NaCl, 0.5mM EDTA, and 2% SDS with
protease inhibitors (4 mM Pefabloc and Complete EDTA-free protease inhibitor
cocktail, Roche). Equal amounts of protein were separated by SDS-PAGE (10%
polyacrylamide) and blotted onto nitrocellulose. Rabbit polyclonal antibodies
against a modified C-terminal CIC-2 peptide have been described previously*.
Blots were reprobed with mouse antibody to p-actin (clone AC-74, Sigma, A2228,
1:1,000) as a loading control.

H295R-S2 cells were lysed using RIPA buffer (Bio Basic Canada) with
protease and phosphatase inhibitor mini tablets, EDTA free (Thermo Scientific).
Proteins were solubilized for 30 min at 4 °C, under end-over-end rotation,
and then centrifuged at 13,000 r.p.m. for 15min at 4 °C. Equal amounts of
protein were subjected to 10% SDS-PAGE and transferred onto nitrocellulose.
Membranes were blotted with rabbit antibody to CIC-2 (1:500), mouse antibody
to aldosterone synthase (1:500, clone CYP11B2-41-13, kindly provided by C.
Gomez-Sanchez, University of Mississippi®), and mouse antibody to p-actin
(A2228, 1:10,000, Sigma).

Electrophysiological recordings. Patch-clamp analysis was performed in adrenal
sections from wild-type and Clcn2~~ mice”, similarly to previously described
experiments®. Bicarbonate-based buffers were used, which were continuously
bubbled with 95% O, and 5% CO,. Briefly, adrenal glands were removed and
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placed into cold low-Ca?* solution composed of (in mM) 140 NaCl, 2 KCl,
26 NaHCO,, 10 glucose, 5 MgCl,, and 0.1 CaCl,, pH 7.4. The adrenal glands, after
removal of surrounding fat tissue, were embedded in 3% low-melting agarose,
sectioned at 70 um (Leica, VT1200S), and incubated at room temperature in
solution containing (in mM) 140 NaCl, 2 KCl, 26 NaHCO,, 10 glucose, 2 MgCl,,
and 2 CaCl, and adjusted to pH 7.4. After at least 1 h, slices were transferred
to a recording chamber and imaged with a 60X objective and DIC optics
(Olympus, BX51WI). Cells of the zona glomerulosa were identified by their
rosette organization. Electrical signals were acquired at room temperature using
a microelectrode amplifier (Multiclamp, 700B) and software (Clampex 10.3,
Molecular Devices). As expected, cells when patched with a K*-based solution
displayed spontaneous spiking that could be stimulated with Ang II. For measuring
CI currents, patch pipettes were filled with solution containing (in mM) 117.5
CsMeSO0;, 17.5 CsCl, 4 NaCl, 10 HEPES, 1 EGTA, and 1 MgCl,, adjusted to pH 7.3,
while the bath solution contained (in mM) 117 NMDG-CI, 23 NMDG-HCO,,
5 CsCl, 1.3 MgCl,, 9 glucose, and 2 CaCl,, adjusted to pH 7.3. Voltage steps from +
40 to —120mV from a holding potential of —~10mV were used, with a final 1-s step
at +40mV. Signals were digitized at 10kHz, filtered at 2kHz, and stored offline for
analysis with Clampfit software 10.4.

For two-electrode voltage-clamp in Xenopus oocytes, human wild-type
and Gly24Asp CIC-2 cRNAs were prepared from pFROG vectors (Ambion
mMESSAGE mMACHINE T7 kit) and injected into Xenopus oocytes, at 13.8ng
and 9.2 ng per cell, respectively. Following 2 d of expression at 17 °C, two-electrode
voltage-clamp was performed at room temperature using a TurboTEC amplifier
(npi electronic) and pClamp software (Molecular Devices) to elicit CIC-2 currents
(2-s steps from +60mV to ~120mV with a final 1-s step at +40mV) in ND109
solution containing (in mM) 109 NaCl, 2 KCl, 1 MgCl,, 1.8 CaCl,, and 2 HEPES
and adjusted to pH 7.4. To test for the typical Cl~>I" selectivity of CIC channels,
currents were sequentially measured in solutions containing 109 mM Cl- or
109mM I'. To determine the pH sensitivity of currents, ND109 was buffered
with 5mM MES for pH 6.5 and with 5mM Tris for pH 8.5. Offline analysis was
performed with Clampfit software 10.4. Statistical significance was assessed using
the Mann-Whitney test (Prism, GraphPad).

For patch-clamp analysis of transiently transfected H295R-S2 cells, cells were
seeded at 30% confluence onto coverslips coated with poly-L-lysine (Sigma).
Once adhered, they were transfected (X-fect) with bicistronic plasmids encoding
emGFP (for identification of transfected cells) and, after an IRES sequence,
CIC-2%T or CIC-24¥%, Cells were measured 12-24h later. Both transiently and
stably transfected cells were measured using a Multiclamp 700B amplifier (Axon
Instruments), and gramicidin-perforated patch-clamp was performed so that the
intracellular chloride concentration was not disturbed. The tips of patch pipettes
were first filled with gramicidin-free internal pipette solution, containing (in mM)
100 KMeSO;, 30 KCl, 4 NaCl, 10 HEPES, 1 MgCl,, 1 EGTA, and 3 MgATP
(pH 7.3; 280 mOsm/L), and then backfilled with the same solution containing
25 pug/ml gramicidin. GFP-expressing cells were selected for analysis.
Approximately 20 min following tight giga-seal formation, stable membrane
potential measurements (I=0 configuration) could be acquired with access
resistances of <100 MQ in bath solution containing (in mM) 140 NaCl, 5 KCI, 10
HEPES, 1.8 MgCl,, and 1.8 CaCl, (pH 7.4; 300 mOsm/L). When adequate access
resistance was attained (<35MQ), a Na*- and K*-free bath solution containing
(in mM) 140 CsCl, 10 HEPES, 1.8 MgCl,, 1.8 CaCl,, and 20 sucrose (pH 7.3;
300mOsm/L) was perfused to measure anion membrane currents in the voltage-
clamp configuration (1-s steps from 0mV to ~120mV from a holding clamp of
-10mV). Measurements were performed at room temperature (22-24°C). Data are
presented as means +s.e.m.

Functional studies in H295R-S2 cells. The human adrenocortical carcinoma

cell line H295R strain 2 (H295R-S2), kindly provided by W. E. Rainey (University
of Michigan)", was cultured in DMEM/Eagle’s F12 medium (Gibco, Life
Technologies) supplemented with 2% Ultroser G (PALL Life Sciences), 1% insulin/
transferrin/selenium premix (Gibco, Life Technologies), 10 mM HEPES (Gibco,
Life Technologies), and 1% penicillin and streptomycin (Gibco, Life Technologies)
and maintained in a 37 °C humidified atmosphere (5% CO,).

For overexpression experiments, H295R-S2 cells were seeded into tissue culture
dishes 100 in groups of 5,000,000 cells per dish and maintained in the conditions
described. After 24h, cells were resuspended in 100 pl of Nucleofector R solution
(AMAXA kit, Lonza) and transfected with 3 pg of the CIC-2"" or CIC-22%
pFROG construct or a GFP construct, using the electroporation program P-20.

To select only stably transfected cells, 48 h after transfection, cells were changed
to medium containing 500 ug/ml G418-genetycin (Gibco) and used after all GFP-
transfected cells were dead. G418 selection was maintained during all functional
studies. For aldosterone measurements and RNA extraction, cells were serum
deprived in DMEM/F12 medium containing 0.1% Ultroser G for 24h and then
incubated for another 24 h with fresh medium containing 0.1% Ultroser G with
no secretagogue or vehicle (basal), with the secretagogues Ang II (10nM) or K*
(12mM), or with calcium channel blockers nifedipine (L-type calcium channel
blocker, 10 uM, Sigma) or mibefradil (T-type calcium channel blocker, 10 uM,
Sigma). At the end of the incubation time, supernatant and cells from each

well were harvested for aldosterone measurement and RNA extraction. Three
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experiments using aldosterone secretagogues (n=9) and two experiments using
calcium channel blockers (1= 6) were independently conducted in triplicate.

Human CIC-2-targeting (TRCN0000427876) and non-mammalian control
(SHC002V) MISSION shRNA lentiviral transduction particles were obtained
from Sigma-Aldrich. The shRNA sequences were inserted into the TRC2 pLKO-
puro plasmid backbone. For lentiviral infections, the manufacturer’s protocol was
followed with slight modifications. 1 X 10* H295R-S2 cells were seeded in a 96-well
plate. After 24 h, medium was changed and supplemented with 2 pg/ml polybrene
(Sigma). Lentiviral particles were then added at a multiplicity of infection of 10
and the medium was changed after overnight incubation. For selection, 2 pg/ml
puromycin (Gibco) was added to the medium. After two passages, cells were
characterized in terms of mRNA expression and aldosterone production after
incubation with or without secretagogue as mentioned above.

RNA extraction and RT-qPCR. Total RNA was extracted in TRIzol reagent
(Ambion, Life Technologies) according to the manufacturer’s recommendations.
After DNase I treatment (Life Technologies), 500 ng of total RNA was reverse
transcribed (iScript reverse transcriptase, Bio-Rad). Primers used for qPCR are
described in Supplementary Table 3. qPCR was performed using SYBR Green (Sso
Advanced Universal SYBR Green Supermix, Bio-Rad) on a C1000 touch thermal
cycler from Bio-Rad (CFX96 Real-Time System), according to the manufacturer’s
instructions. Controls without template were included to verify that fluorescence
was not overestimated from primer-dimer formation or PCR contaminations.
RT-qPCR products were analyzed in a postamplification fusion curve to ensure
that a single amplicon was obtained. Normalization for RNA quantity and reverse
transcriptase efficiency was performed against three reference genes (geometric
mean of the expression of 18 S rRNA, HPRT1, and GAPDH), in accordance with
the MIQE guidelines”. Quantification was performed using the standard curve
method. Standard curves were generated using serial dilutions from a cDNA pool
of all samples of each experiment, yielding a correlation coefficient of at least 0.98
in all experiments.

Aldosterone and protein assays. Aldosterone levels were measured in cell
culture supernatants by ELISA. Antibody to aldosterone and aldosterone-
3-CMO-biotin were kindly provided by C. Gomez-Sanchez". Aldosterone
concentrations were normalized to cell protein concentrations (determined
using Bradford protein assays).

Statistical analyses. Quantitative variables are reported as means +s.e.m. when
a Gaussian distribution was present or as medians and interquartile ranges when
no Gaussian distribution was present. Pairwise comparisons were done with
unpaired ¢ tests and Mann-Whitney tests, respectively; multiple comparisons
were done with the ANOVA test followed by a test for pairwise comparison of
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subgroups according to Bonferroni when a Gaussian distribution was present

or Kruskal-Wallis followed by Dunn’s test when no Gaussian distribution was
present. Comparisons between two groups were performed with two-tailed

t tests or two-tailed Mann-Whitney tests. A P value of <0.05 was considered
significant. For functional experiments, all results are expressed as means +s.e.m.
of three separate experiments performed in triplicate for CIC-2 overexpression
studies with secretagogues, two separate experiments performed in triplicate for
CIC-2 expression studies with calcium channel blockers, and two to four separate
experiments performed in triplicate for CIC-2 knockdown studies. Analyses were
performed using Prism5 (GraphPad).

URLSs. Software used to analyze the whole-exome sequencing data, https://ihg4.
helmholtz-muenchen.de/cgi-bin/mysql/snv-vcf/login.pl.

Life Sciences Reporting Summary. Further information on experimental design is
available in the Life Sciences Reporting Summary.

Data availability. The data that support the findings of this study are available
from the authors upon reasonable request; see author contributions for specific
datasets. Disease-causing variants have been submitted to ClinVar. Exome data are
available upon request within a scientific cooperation.

References

37. Hubert, E. L. et al. Mineralocorticoid receptor mutations and a severe
recessive pseudohypoaldosteronism type 1. J. Am. Soc. Nephrol. 22,
1997-2003 (2011).

38. Giinther, W, Liichow, A., Cluzeaud, E, Vandewalle, A. & Jentsch, T. J. CIC-5,
the chloride channel mutated in Dent’s disease, colocalizes with the proton
pump in endocytotically active kidney cells. Proc. Natl. Acad. Sci. USA 95,
8075-8080 (1998).

39. Gomez-Sanchez, C. E. et al. Development of monoclonal antibodies against
human CYP11B1 and CYP11B2. Mol. Cell. Endocrinol. 383, 111-117 (2014).

40. Hu, C,, Rusin, C. G., Tan, Z., Guagliardo, N. A. & Barrett, P. Q. Zona
glomerulosa cells of the mouse adrenal cortex are intrinsic electrical
oscillators. J. Clin. Invest. 122, 2046-2053 (2012).

41. Wang, T. et al. Comparison of aldosterone production among human
adrenocortical cell lines. Horm. Metab. Res. 44, 245-250 (2012).

42. Bustin, S. A. et al. The MIQE guidelines: minimum information for
publication of quantitative real-time PCR experiments. Clin. Chem. 55,
611-622 (2009).

43. Gomez-Sanchez, C. E. et al. The production of monoclonal antibodies against
aldosterone. Steroids 49, 581-587 (1987).

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.


https://ihg4.helmholtz-muenchen.de/cgi-bin/mysql/snv-vcf/login.pl
https://ihg4.helmholtz-muenchen.de/cgi-bin/mysql/snv-vcf/login.pl
http://www.nature.com/naturegenetics

nature
genetlcs https://doi.org/10.1038/541588-018-0053-8

In the format provided by the authors and unedited.

SUPPLEMENTARY INFORMATION

A gain-of-function mutation in the CLCN2 chloride
channel gene causes primary aldosteronism

Fabio L. Fernandes-Rosa®'%313* Georgios Daniil"?"3, lan J. Orozco*>", Corinna G6ppner*>,

Rami El Zein'?, Vandana Jain®, Sheerazed Boulkroun'?, Xavier Jeunemaitre ®'?3, Laurence Amar'?’,
Hervé Lefebvre®°'°, Thomas Schwarzmayr", Tim M. Strom™2, Thomas J. Jentsch®4>* and
Maria-Christina Zennaro ®"23*

INSERM, UMRS 970, Paris Cardiovascular Research Center, Paris, France. 2Université Paris Descartes, Sorbonne Paris Cité, Paris, France.

3Assistance Publique-Hépitaux de Paris, Hopital Européen Georges Pompidou, Service de Génétique, Paris, France. “Leibniz-Forschungsinstitut fir
Molekulare Pharmakologie (FMP), Berlin, Germany. °Max Delbrick Centrum fiir Molekulare Medizin (MDC), Berlin, Germany. ®Division of Pediatric
Endocrinology, Department of Pediatrics, All India Institute of Medical Sciences, New Delhi, India. ’Assistance Publique-Hopitaux de Paris, Hopital
Européen Georges Pompidou, Unité Hypertension Artérielle, Paris, France. 8Normandie Université, UNIROUEN, Rouen, France. °INSERM, DC2N, Rouen,
France. °Department of Endocrinology, Diabetes and Metabolic Diseases, University Hospital of Rouen, Rouen, France. "Institute of Human Genetics,
Helmholtz Zentrum Minchen, Neuherberg, Germany. ?Institute of Human Genetics, Technische Universitat Minchen, Munich, Germany.

BThese authors contributed equally: Fabio L. Fernandes-Rosa, Georgios Daniil and lan J. Orozco. *e-mail: fabio.fernandes-rosa@inserm.fr;
jentsch@fmp-berlin.de; maria-christina.zennaro@inserm.fr

NATURE GENETICS | www.nature.com/naturegenetics

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.



pH 7.4 pH 8.5
CiC-2,;
S
b
CIC-2;4nsp ——e Ah S —— s e _E (==
- _r = < —————— _ = | ——
———————— m“A\_ f——___—_;:—:—i ——————
- 0.5s
c d e
CIC-2,,; Current CIC-2,,,, Current &
< 0.0
| ’ E R 4
el
& -0.21
=03 —~ 01 E3 < ]
< < [ ,g_ _0 4 -
= = S 7] e o
oelg o o £
3 =
—o— pH7.4 o & { é
5 ] —— pH 6.5 5 @ = -0.8- %
- —&— pH 8.5 = = o
= -1.0
-120 -80 -40 0 40 80 -120 80 -40 0 40 80 2 WT 24Asp WT 24Asp WT 24Asp
Clamp voltage (mV) Clamp voltage (mV)

pH65 pH74 pHB85

Supplementary Figure 1
Dependence of CIC-2"T and CIC-24%P24 currents on external pH

WT and mutant channels were expressed in Xenopus oocytes and measured by two-electrode voltage-clamp using a pulse protocol
that clamped the oocytes in 2-s-long 20-mV steps from +60 to —120 mV. a,b, Representative current traces obtained from WT (a) and
G24D mutant (b) CIC-2 at indicated pH values. ¢,d, Mean CIC-2WT (c) and CIC-2AsP24 (d) currents measured after 2 s as a function of
voltage and pH. n = 3-6 oocytes; error bars, s.e.m. (e) Currents at —-80 mV (approximately the resting voltage of glomerulosa cells)
from CIC-2WT (filled circles) and CIC-2sP24 (open circles) normalized to respective currents at —120 mV at pH 7.4. Note the large pH
dependence of WT currents, which is strongly reduced but not abolished by the Gly24Asp mutation.
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Supplementary Figure 2
Effect of CIC-2 downregulation on aldosterone production and expression of genes involved in aldosterone biosynthesis

a, Basal and stimulated (Ang Il or K*) mRNA expression of CLCN2 in H295R-S2 cells infected with scrambled (open bars) or CIC-2
(filled bars) shRNA (one-way ANOVA, P < 0.0001, F=28.11). b, Basal and stimulated aldosterone production by H295R-S2 cells
infected with scrambled or CIC-2 shRNA. c—e, Basal and stimulated mRNA expression of CYP171B2 (one-way ANOVA, P < 0.0001, F=
84) (c), STAR (Kruskal-Wallis, P = 0.0022) (d), and CYP21A2 (Kruskal-Wallis, P = 0.0002) (e) in H295R-S2 cells transfected with
scrambled or CIC-2 shRNA. Results of mMRNA expression are represented as fold induction of cells infected with scrambled shRNA in
basal conditions. Values of all experiments are represented as means = s.e.m. of two independent experiments performed in
experimental triplicate for each condition (n = 6 for scrambled shRNA, n = 12 for CIC-2 shRNA). *P < 0.05; ***P < 0.001; (i) P< 0.05
stimulated versus basal condition; (ii) P < 0.01 stimulated versus basal condition; (iii) P < 0.001 stimulated versus basal condition.
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Supplementary Figure 3

CLCN2 variants identified in subjects with bilateral adrenal hyperplasia

a, Sanger sequencing chromatograms showing the CLCNZ2 wild-type sequence and the CLCNZ2 variant ¢c.143C>G (p.Pro48Arg)
identified in subject K963-1 with bilateral adrenal hyperplasia. b, Sanger sequencing chromatograms showing the CLCNZ2 wild-type
sequence and the CLCN2 variant ¢.197G>A (p.Arg66Gin) identified in subject K1044-1 with bilateral adrenal hyperplasia. ¢, Alignment
and conservation of residues encoded by CIC-2 orthologs. Residues that are conserved among more than three sequences are

highlighted in yellow.
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Supplementary Figure 4
Electrophysiological analyses of CIC-2¢I"6¢6 and CIC-2Ar948 channels

a—c, Representative chloride current traces measured by two-electrode voltage-clamp from Xenopus oocytes injected with 9.2 ng of
human CIC-2YT (a), CIC-26"66 (b), or CIC-24948 (c) cRNA. d, Mean + s.e.m. currents measured after 2 s from experiments in a—c plotted
as a function of clamp voltage. The number of cells, obtained from two different batches of oocytes is indicated in parentheses. e,

Summary of CI” currents at —-80 mV and after 2 s for a—c. Statistical analyses for CIC-2Gn86 and CIC-2A"948 were performed by
comparison with CIC-2%T, Mann-Whitney test.
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Supplementary Table 1: Expression of plasma membrane chloride channels in the
human adrenal cortex.

Gene name protein mRNA expression*
CLCN2 CIC-2 1.65+0.23/1.16+0.18%**
CLCNI CIC-1 0.510.07

CFTR CFTR 0.4620.05
LRRC8A?® LRRCSA 1.09+0.22
LRRCSB* LRRCSB 0.62+0.14/0.42+0.041%%*
LRRCSC* LRRCS8C 2.11+0.22
LRRCSD* LRRC8D 9.95+0.84
LRRCSE* LRRCSE 0.79+0.11
TMEMI16A Anoctamin-1 0.44+0.065

*mRNA expression was retrieved from a transcriptome study including 123 APA and 11 CA .
Values represent median centred, log2-transformed and model-adjusted expression levels
respresented as meantSEM. **Values represent expression levels detected by two different
probes. *Essential and “non-essential components of the volume-regulated anion channel
(VRAC) 2.



Supplementary Table 2. Primers used for CLCN2 sequence

Exon Forward primer Reverse primer

1 CAGGACAGAGCCGGAACC GGACAGGATTAGGGTAGGCC
2 CATAAGCATGGTCCACTCCC AGCAGCTCTAATGGCCTCTG
10 AGGCTCCTTTTCACTCAGGT CCTGTTTTGACTGGGCCATT




Supplementary Table 3. Primers used for real-time RT-qPCR

(S;;Ilrll(;ml Forward primer Reverse primer

18§ CCCTGCCTTTGTACACACC CGATCCGAGGGCCTCACTA
HPRT CTCAACTTTAACTGGAAAGAATGTC TCCTTTTCACCAGCAAGCT
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
CLCN2 TTGATCCTGCTCCCTTCCAG CATAAGCATGGTCCACTCCC
StAR ATGAGTAAAGTGGTCCCAGATG ACCTTGATCTCCTTGACATTGG
CYP21A2 GAGTAGTCTCCCAAGGACAGGT GTGGTGCTGAACTCCAAGAGGA
CYPI1IB2 GTGTGGAAGGAGCACTTTGAGG GATGCCTGTGTAGTGTTGAGGC
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B Summary

Aldosterone-producing adenomas (APA) are a major cause of primary aldosteronism (PA), the
most common form of secondary hypertension. Exome analysis of APA has allowed the identifi-
cation of recurrent somatic mutations in KCNJ5, CACNA1D, ATP1A1, and ATP2B3 in more than 50 %
of sporadic cases. These gain of function mutations in ion channels and pumps lead to increased
and autonomous aldosterone production. In addition, somatic CTNNB1 mutations have also been
identified in APA. The CTNNB1 mutations were also identified in cortisol-producing adenomas and
adrenal cancer, but their role in APA development and the mechanisms specifying the hormonal
production or the malignant phenotype remain unknown. The role of the somatic mutations in
the requlation of aldosterone production is well understood, while the impact of these mutations
on cell proliferation remains to be established. Furthermore, the sequence of events leading to
APA formation is currently the focus of many studies. There is evidence for a two-hit model where
the somatic mutations are second hits occurring in a previously remodeled adrenal cortex. On the
other hand, the APA-driver mutations were also identified in aldosterone-producing cell clusters
(APCC) in normal adrenals, suggesting that these structures may represent precursors for APA
development. As PA due to APA can be cured by surgical removal of the affected adrenal gland,
the identification of the underlying genetic abnormalities by novel biomarkers could improve
diagnostic and therapeutic approaches of the disease. In this context, recent data on steroid
profiling in peripheral venous samples of APA patients and on new drugs capable of inhibiting
mutated potassium channels provide promising preliminary data with potential for translation
into clinical care.
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Introduction

Arterial hypertension (HT) is a worldwide health problem which
affects ~25 % of the global population [1], resulting in an
estimated 9.4 million deaths or approximately 12.8 % of all
deaths (Global Health Observatory data, WHO). A vast and
diverse array of drugs exists for the treatment of HT, such as
diuretics, antagonists of the renin-angiotensin-aldosterone sys-
tem, notably angiotensin-converting enzyme (ACE) inhibitors
and angiotensin receptor blockers, calcium channel blockers,
vasodilators, B adrenergic blocking agents. Optimal blood pres-
sure control, however, is still far from being achieved in up to
two thirds of the hypertensive population. In a certain propor-
tion of cases, HT can arise from a specific disease; endocrine
hypertension, a frequent form of secondary HT, emerges fol-
lowing a dysregulation of one or more hormones that are
involved in blood pressure regulation. Primary aldosteronism
(PA), also known as Conn's syndrome, is the most frequent form
of secondary hypertension with estimates of up to 10 % of cases
in referred patients, 4 % in primary care [2] and 20 % in patients
with resistant hypertension [3,4]. PA is mainly due to aldoste-
rone-producing adenoma (APA) and bilateral adrenal hyperpla-
sias (BAH, or idiopathic hyperaldosteronism [IHA]). The clinical
picture of patients with PA consists of HT, a high aldosterone to
renin ratio, which has become one of the major diagnostic tools
for PA alongside different confirmation tests and adrenal venous
sampling for subtype diagnosis, and variable hypokalemia and
metabolic alkalosis [5]. PA is associated to an increased risk of
cardiovascular complications, which occur beyond the effect of
hypertension, such as coronary artery disease, heart failure,
myocardial infarction, atrial fibrillation and renal damage. Dif-
ferent studies insist on the importance of screening most hyper-
tensive patients for PA to either confirm or exclude the diagnosis
[6,7]. Indeed, early PA diagnosis can improve prognosis and
prevent the development of target organ damage.

Although the management of PA in hypertensive patients has
come a long way and the treatment is much better established,
the prognosis of unilateral PA depends on different criteria such
as age, sex, BMI, age upon diagnosis and the duration of
hypertension [7,8]. Indeed, younger patients and female
patients show a better clinical outcome after adrenalectomy
in comparison to older or male patients [7].

Aldosterone biosynthesis in the adrenal
cortex

The human adrenal cortex is composed of three distinct zones
that are characterized by their respective functions. Steroid
hormones are synthesized following the sequential enzymatic
breakdown of cholesterol by different cytochrome
P450 enzymes as well as hydroxysteroid dehydrogenases,
the particularity of each zone lies in the expression of specific
steroidogenic enzymes and the ability for each to have its own
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regulators. The most outer zone of the adrenal cortex, the zona
glomerulosa (ZG), expresses aldosterone synthase (encoded by
CYP11B2), which catalyzes the hydroxylation at the C11 position
of the 11-deoxycorticosterone into corticosterone, furthermore,
its hydroxylation at (18 into 18(OH)corticosterone followed by
an oxidation of C18's hydroxyl group giving as an end result
aldosterone. The main trigger for aldosterone biosynthesis is the
activation of intracellular calcium signaling in the zona glomer-
ulosa which is induced by either angiotensin Il (Ang Il) from the
renin-angiotensin system or by extracellular potassium levels.
The zona fasciculata (ZF) of the adrenal cortex mainly produces
cortisol. In this process, the conversion of progesterone into 17-
hydroxyprogesterone is catalyzed by the activity of 17a-hydrox-
ylase which is not expressed in ZG cells. 17-hydroxyprogester-
one undergoes a hydroxylation at (21 by the 21-hydroxylase
enzyme, and finally a hydroxylation at position C11 by 11p-
hydroxylase (encoded by CYP11B7) forming cortisol. The main
regulator of cortisol production is the hypothalamus-pituitary-
adrenal (HPA) axis primarily through the adrenocorticotropic
hormone (ACTH).

Ang Il is one of the major requlators of aldosterone secretion by
1G cells. The binding of Angll to its receptor (AT1) will lead to the
activation of the Gog-phospholipase (-mediated pathway,
increasing inositol 1,4,5-triphosphate (IP3) and 1,2-diacylgly-
cerol concentrations. Ultimately, IP3 is responsible for increased
intracellular calcium concentration due to calcium release from
intracellular stores. Angll also inhibits the background TWIK-
related acid-sensitive potassium channel (TASK), as well as
GIRK4 and the Na®, K*-ATPase, leading to a cell membrane
depolarization [9]. This will lead to opening of voltage-gated
Ca** channels, also increasing intracellular calcium concentra-
tions (figure 1A and B).

The other main stimulator for aldosterone biosynthesis is the
increase in extracellular potassium levels. In the normal ZG cell
at aresting state, the cell membrane potential is hyperpolarized,
the reason is that the membrane potential follows closely the
equilibrium potential of potassium in these cells which largely
express potassium channels. Small increases in extracellular
potassium levels cause ZG cell membrane depolarization. The
depolarization of the ZG cell membrane leads to the opening of
voltage-gated Ca?* channels and an increase in intracellular
calcium levels resulting in the activation of calcium signaling.
Calcium signaling acts by increasing the release of deesterified
cholesterol from cytoplasmic stores, as well as cholesterol deliv-
ery to the outer mitochondrial membrane and then to the inner
mitochondrial membrane by increasing the expression of the
steroid acute regulatory protein (StAR). Calcium signaling also
increases the expression of cofactors required for
p450 cytochrome enzymes. Calcium/Calmodulin binding in
the cytosol of the ZG cell induces the activation of protein
kinases that regulate phosphorylation of transcription factors
involved in CYP71B2 transcriptional induction, mainly nuclear
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FIGURE 1
Regulation of aldosterone biosynthesis in zona glomerulosa cells

A. In basal conditions, zona glomerulosa cells are in a hyperpolarized state due to the activity of potassium channels at the cell membrane. B. The binding of Angll to its receptor
AT1R or the increase of extracellular K* concentration lead to inhibition of K* currents through TASK and GIRK4 channels, followed by cell membrane depolarization; Angll also
inhibits the activity of the Na*/K"-ATPase pump (ATPTA7) activity. This depolarization leads to the opening of voltage-gated calcium channels on the cell membrane increasing
(a®* concentrations in the cytosol. Angll also induces, through inositol triphosphate (IP3), the release of Ca** from the sarco/endoplasmic reticulum. The increased intracellular
(a®* concentration leads to the activation of the calcium signaling pathway, the major trigger for aldosterone biosynthesis. C. In pathological conditions, mutations affecting
specific ion channels (CACNATD, CACNATH, KCNJ5) and ATPases (ATP1AT, ATP2B3) lead to constitutively depolarized ZG cell membrane or directly to increased intracellular Ca**
concentrations, constitutively activating Ca®* signaling. The net result is an increased expression of (YP7782 and an autonomous aldosterone biosynthesis.

receptor subfamily 4 group A 1 and 2 (NR4A7 and NR4A2 coding
for NUR77/NGF1B and NURR1 respectively) and the cyclic AMP-
responsive element-binding protein (CREB).

Genetic abnormalities
in aldosterone-producing adenomas (APA)

PA is due to inappropriate aldosterone production by the adrenal
cortex in spite of the suppression of the renin-angiotensin
system. In the last years, whole exome sequencing (WES)
performed on DNA from APA led to the identification of recur-
rent somatic mutations in genes coding for ion channels
(KCNJ5 and CACNA1D) and ATPases (ATP1A1 and ATP2B3). These
genes are essential for requlating intracellular ion homeostasis
and cell membrane potential. All these mutations promote an
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increased intracellular calcium signaling through cell membrane
depolarization and opening of voltage-dependent calcium
channels, or impaired intracellular calcium recycling, therefore
leading to high aldosterone levels by constitutive expression of
CYP11B2 (figure 1C).

In a large multicenter study from the European Network for the
Study of Adrenal Tumors (ENS@T) that analyzed somatic muta-
tions in APA from 474 patients [10], hot spot regions for muta-
tions in KCNJ5, CACNA1D, ATP1A1 and ATP2B3 were sequenced.
Somatic mutations were identified in 54.2 % of APA, with
KCNJ5 being the most prevalent at 38 %, CACNATD at 9.3 %,
ATP1A1 at 5.3 % and ATP2B3 1.7 % of these mutations. How-
ever, KCNJ5 mutations are more prevalent in Asian populations,
with up to 76 % of prevalence [11-15]. These observations were
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corroborated by a meta-analysis of clinical and genetic data
from 1636 patients with APA showing an overall prevalence of
KCNJ5 mutations of 43 9%, with higher prevalence in patients
from Asia [16]. Some APAs also carry somatic mutations in the
gene that codes for B-catenin (CTNNBT), less common muta-
tions have also been identified in PRKACA (encoding Protein
Kinase cAMP-Activated Catalytic Subunit o) [17-19].

KCNJ5 codes for an inwardly rectifying K* channel, which is the
G-protein-activated inward rectifier potassium channel GIRK4
(also known as Kir3.4). It is mainly expressed in the ZG of the
adrenal cortex. KCNJ5 mutations were found to be more fre-
quent in female and younger patients, and the expression of
GIRK4 in APA was found to be correlated to the mutation status
[20]. GIRK4 is composed of 2 membrane spanning helices with
one pore-forming region in between and N- and C- termini that
contribute to the pore structure [21]. Choi et al. identified two
somatic KCNJ5 mutations mapping to the selectivity filter of
GIRK4 (p.Gly151Arg and p.Leu168Arg). In addition to these two
mutations (the most prevalent mutations in APA), the majority
of the KCNJ5 mutations described are located within or near the
selectivity filter, rendering the channel permeable to sodium,
which leads to chronic cell membrane depolarization [22].
Transient transfection of KCN/5 mutants in HAC-15 resulted in
a calcium-dependent increase in CYP11B2 expression and aldo-
sterone biosynthesis in the cells; the mutant GIRK4, however,
did not induce any increase in proliferation but rather a reduced
cell viability or sodium-induced cell death [23,24]. This leaves
the question of the role of KCNJ5 mutations on the cell prolifer-
ation and APA formation unanswered in tumors where these
mutations occur. KCNJ5 mRNA expression is not affected by
KCNJ5 mutations, but APA harboring KCN/5 mutations show
decreased GIRK4 protein expression when compared with adja-
cent ZG, allowing the differentiation from APA harboring other
mutations or without mutations identified [20,25].

More than 20 mutations have been identified in CACNATD
(encoding the voltage-dependent L-type calcium channel subunit
alpha-1D, Cav1.3) [26]. The Cav1.3 calcium channel consists of
4 repeat domains, each one consisting of six transmembrane
segments, with a membrane-associated loop between S5 and S6
[27-29]. Mutations occurring in CACNA1D are gain of function
mutations that lead to a decrease in the threshold of the voltage-
dependent activation or impaired channel inactivation, which is
followed by increased intracellular calcium concentrations and
thereby an induction of aldosterone biosynthesis [28,29].
ATP1A1 and ATP2B3 are members of the P-type family of ATPases
and are composed of 10 transmembrane domains (M1-M10)
with intracellular N— and C— termini. ATP1A7 codes for the Na*-
ATPase alpha-1 subunit. Mutations in this pump lead to a loss of
its activity and affinity to K" and to an inward proton or sodium
leak, which has been proposed to induce aldosterone production
through cell membrane depolarization and increased calcium
influx [28,30]. Nevertheless, transient transfection of -two of

the described ATPTA1 mutations in the adrenocortical cell line
H295R did not result in modifications of basal cytosolic calcium
levels, and barely increased potassium-stimulated calcium con-
centrations, in spite of depolarizing the cells and stimulating
aldosterone biosynthesis. In these cells, Stindl et al. found that
there was an increased intracellular acidification, which was
suggested to requlate CYP71B2 biosynthesis [31].

ATP2B3 codes for the plasma membrane calcium-transporting
ATPase 3 (PMCA3). Mutations of PMCA3 are found in the trans-
membrane domain M4 and result in the deletion of different
amino acids in the region between Leu422 and Leu433. One
mutation in particular, p.Leu425_Val426del, leads to reduced
calcium export which is due to the loss of the physiological
pump functions, and an increased intracellular calcium signaling
due to the depolarization-activated Ca®* channels [32]. Recently,
a second mechanism explaining aldosterone production due to
ATP2B3 mutations was suggested. ATP2B3 mutations induce an
increase in calcium influx by the opening of depolarization-
activated calcium channels and by a possible calcium leak
through the mutated PMCA3 [32].

CACNATH encoding the pore-forming a1 subunit of the T-type
voltage-dependent calcium channel Cav3.2 has been recently
shown to be involved in familial forms of PA in some cases
associated with developmental disorders [33,34]. In addition, it
was also described as germline mutation in a patient with APA
[34]. This channel consists of a single polypeptide chain of four
homologous domains (I-1V), each one containing six transmem-
brane spans (51-56) and cytoplasmic C— and N— Termini. Mutant
Cav3.2 channels show significant changes in their electrophysio-
logical properties, specifically a shift in activation towards more
negative voltages and modifications of their inactivation proper-
ties. Consequently, the channels are activated at less depolarized
voltages leading to activation of calcium signaling and autono-
mous aldosterone production [33,34]. A germline CACNATH vari-
ant was identified in one patient with APA without somatic
mutations and improvement after adrenalectomy [33,34]. This
case suggest that CACNATH might be a susceptibility gene for
different types of PA, including APA.

The Wnt/B-Catenin signaling pathway has been shown to play
an important role in the development of the adrenal cortex and
in aldosterone biosynthesis [35]. This signaling pathway is
constitutively active in ~70 % of APA [36]. In unstimulated
conditions, B-catenin is located in the cytosol, and is part of
the axin complex along with adenomatous poliposis coli protein
(APC), axin, Glycogen Synthase Kinase-3f (GSK-3[3) and Caseine
Kinase-1B. Eventually, B-catenin in this complex will be phos-
phorylated resulting in its degradation by the proteasome, and
preventing its translocation to the nucleus and the activation of
different Wnt target-genes. The activation of the pathway occurs
through binding of Wnt ligand to its receptor Frizzled resulting in
the inhibition of the phosphorylation of B-catenin, which dis-
sociates from the axin complex and translocates to the nucleus
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where it induces the expression of Wnt target-genes, most
notably the transcription factors T-cell factor (TCF) and lympho-
cyte enhancer factor (LEF), through its actions as a transcrip-
tional coactivator [35]. Mutations in the CTNNBT gene, encoding
B-Catenin, have been described in 2-5 % of APA [17,19]. The
description of somatic CTNN78 mutations associated with higher
expression of luteinizing hormone-chorionic gonadotropin
receptor (LHCGR) and gonadotropin-releasing hormone receptor
(GNRHR) in APA diagnosed during pregnancy or menopause
suggested that pregnancy may reveal an underlying PA [37].
Other studies, however, showed high expression of GNRHR and
LHCGR in more than 40 % of APA [38,39], and the presence of
CTNNBT mutations both in females and males [17,19]. Further
studies are necessary to establish the mechanism of
CTNNB1 mutations in the development of APA.

To a much lesser extent, somatic PRKACA (encoding the catalytic
o subunit of Protein Kinase A) mutations have been described in
APA [18]. Rhayem et al. identified somatic mutations of the
PRKACA gene in two patients with APA by whole exome
sequencing. The mutation p.Leu206Arg, previously identified
in cortisol-producing adenoma (CPA) [40-42], was found in
one patient with PA and Cushing syndrome. The second muta-
tion (p.His88Asp) was identified in a patient without cortisol
hypersecretion [18]. This particular mutation was not associated
with a gain of function, the mechanism underlying increased
PKA signaling and tumorigenesis in CPA. The role of these
mutations on aldosterone secretion and their frequency in
APA remains to be established.

CTNNBT mutations and PRKACA mutations are also identified in
CPA. Other evidence for an overlap of genetic determinants of
aldosterone and cortisol excess have been described, including
the cortisol co-secretion observed in a subset of APA, notably
those harboring KCNJ5 mutations [43]. The complex mechanisms
that would explain how the same mutations could end up in two
different hormonal phenotypes remain to be discovered.

Clinical correlates of somatic mutations

The discovery of clinical or biochemical surrogate markers of
somatic mutations in APA could be of benefit for the manage-
ment of the disease. Different studies described the higher
prevalence of somatic KCNJ5 mutations in women and in young
patients with APA [10,16,44]. KCNJ5 mutations were also asso-
ciated to higher levels of plasma aldosterone and larger tumors
[16], and with higher left ventricular mass index [45]. CACNA1D
mutations were associated with smaller APA [10]. More
recently, KCNJ5 mutations were described as a predictor of
better outcome in young patients with APA [46]. Promising
datafor the identification of the underlying APA genotype came
from a study that analyzed steroid profiles in adrenal and
peripheral venous plasma samples from APA patients by liquid
chromatography-tandem mass spectrometry [47]. The authors
identified a 7-steroid fingerprint in peripheral venous samples

tome 47 > n°7-8 > July 2018 |

allowing to correctly classify 92 % of the APA accordingl to the
genotype. Additionally, specific steroid profiles were associ-
ated with KCNJ5 mutations, in particular the presence of signi-
ficantly higher hybrid steroids 18-hydroxycortisol and 18-
oxocortisol. This approach may be translated into clinical care,
allowing to identify the APA genotype from peripheral venous
plasma samples before surgery. This could be useful for the
selection of patients for adrenal vein sampling.

Heterogeneity of aldosterone-producing
adenomas (APA)

In spite of the fact that the relation between aldosterone
production and the presence of somatic mutations is well
established, the impact of these mutations on nodule/APA
formation and cell proliferation is still far from fully understood.
APA present a highly pronounced molecular heterogeneity not
only on a mutational status, but also in terms of aldosterone
synthase expression within the same APA. Recent studies
showed the presence of different somatic mutations in different
aldosterone-producing nodules from the same adrenal [48,49],
suggesting that somatic mutations are independent events
occurring in a previously remodeled adrenal cortex. In the same
context, Nanba et al. described one case of a patient that was
diagnosed with PA and Cushing syndrome with double adreno-
cortical adenomas, one harboring a KCNJ5 somatic mutation and
the other a PRKACA somatic mutation [50]. Furthermore, in APA
exhibiting heterogeneity of aldosterone synthase expression,
APA-driver mutations were identified only in positive aldoste-
rone synthase regions [51]. Interestingly, two different muta-
tions were identified in the same APA, lying in two distinct
positive aldosterone synthase regions [51]. These findings sug-
gest that somatic mutations are second hits in APA development
that emerge from specific mechanisms that remain to be eluci-
dated. Supporting this hypothesis, our group described the
occurrence of a germline APC mutation and a somatic
KCNJ5 mutation leading to the development of an APA in a
young patient with severe unilateral PA, bilateral macronodular
adrenal hyperplasia and Gardner syndrome [52], suggesting a
two-hit model for APA development with the APC mutation
driving nodule formation and the KCN/5 mutation being respon-
sible for aldosterone hypersecretion.

Another theory was suggested by Nishimoto et al., in a study
that describes aldosterone-producing cell clusters (APCC) in
being the origin behind APA development [53]. AP(Cs are
structures of outer morphological ZG cells in contact with the
capsule and inner ZF-like cells, expressing CYP11B2 but not
CYP11B1 [53,54]. They are found in normal adrenal tissue
and in adrenals with APA. APCC express important amounts
of aldosterone synthase in normal and pathological conditions.
In a later study, Nishimoto et al. sequenced DNA from AP(Cs that
were collected from normal adrenal glands and identified muta-
tions in APA-driver genes in up to 35 % of the collected samples;
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specifically, mutations in CACNATD, ATP1A1 and ATP2B3. Inter-
estingly, no mutations in KCNJ5 were reported, which is the most
frequently mutated gene in APA [55]. The authors suggest that
APCCs could represent cellular precursors that could lead to APA
with their specific mutations through unknown mechanisms. On
the other hand, they propose that APCCs with KCNJ5 could be
rarer, or that APCCs that develop KCNJ5 mutations tend to
become APAs quite quickly and are hard to be witnessed before
the APA development [55]. It was suggested that the sequence
of events leading to APA development from an APCC occurs
through the development of structures called possible APCC-to-
APA translational lesions (pAATL) [56]. pAATL are composed by
an outer APCC-like portion and inner micro-APA (mAPA)-like
portion. The genetic characterization of pAATL is complex. In
one adrenal, a KCNJ5 mutation was identified only in the mAPA-
like portion of a pAATL, not observed in the APCC-like portion and
was different from the mutation identified in an APA within the
same adrenal. This suggests that the APA and the pAATL do not
share the same origin and that the KCN/5 mutation leads to
differentiation of the mAPA portion from the APCC. In a second
adrenal, both portions of the pAATL carried an ATPTAT mutation
indicating its clonal origin. Although the model whereby APA
arise from APCC through pAATL and mAPA is intriguing, further
studies are required to better clarify the suite of genomic events
involved in this transition.

Conclusion

The role of each mutation in the regulation of aldosterone
production is well studied, while the impact of these mutations
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Abstract

Primary aldosteronism (PA) is the most common form and an under-diagnosed cause

of secondary arterial hypertension, accounting for up to 10% of hypertensive cases and
associated to increased cardiovascular risk. PA is caused by autonomous overproduction
of aldosterone by the adrenal cortex. It is mainly caused by a unilateral aldosterone-
producing adenoma (APA) or bilateral adrenal hyperplasia. Excess aldosterone leads

to arterial hypertension with suppressed renin, frequently associated to hypokalemia.
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Mutations in genes coding for ion channels and ATPases have been identified in APA,
explaining the pathophysiology of increased aldosterone production. Different inherited
genetic abnormalities led to the distinction of four forms of familial hyperaldosteronism
(type | to IV) and other genetic defects very likely remain to be identified. Somatic
mutations are identified in APA, but also in aldosterone-producing cell clusters (APCCs)
in normal adrenals, in image-negative unilateral hyperplasia, in transitional lesions

and in APCC from adrenals with bilateral adrenal hyperplasia (BAH). Whether these
structures are precursors of APA or whether somatic mutations occur in a proliferative
adrenal cortex, is still a matter of debate. This review will summarize our knowledge on
the molecular mechanisms responsible for PA and the recent discovery of new genes
related to early-onset and familial forms of the disease. We will also address new issues

concerning genomic and proteomic changes in adrenals with APA and discuss adrenal
pathophysiology in relation to aldosterone-producing structures in the adrenal cortex.

Journal of Endocrinology
(2019) 242, R67-R79

Introduction

Primary aldosteronism (PA) is due to excessive and
autonomous aldosterone production by the adrenal cortex.
Itisthe most frequent form of secondary hypertension with
an estimated prevalence up to 10% in referred patients,
4% in primary care (Hannemann & Wallaschofski 2012,
Monticone et al. 2017) and 20% in patients with resistant
hypertension (Calhoun et al. 2002, Douma et al. 2008).
PA is characterized by an increased aldosterone-to-renin
ratio, which is the principal feature used for screening,
often hypokalemia and metabolic alkalosis and an

increased risk of cardiovascular complications. The
prevalence of left ventricular hypertrophy is higher in
patients with PA even after adjustment for hypertension
duration (Rossi et al. 1996). Moreover, PA patients
have a significantly higher prevalence of coronary
artery disease, nonfatal myocardial infarction, heart
failure and atrial fibrillation (Savard et al. 2013). The
two major causes of PA are APA and BAH, also called
idiopathic hyperaldosteronism (IHA). Although guidelines
for the management of PA have been published and are
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widely used in reference centers (Funder et al. 2016),
improvements for better diagnosis, subtype identification
and treatment for non-operable patients are urgently
required to allow for improved care and prevention of
cardiovascular complications.

Recently, whole exome sequencing had allowed
identifying several somatic genetic abnormalities in
APA, providing a pathogenic model for PA development.
Recurrent somatic mutations were identified in genes
coding for ion channels (KCNJ5 Choi et al. 2011 and
CACNA1D Azizanetal. 2013, Scholl etal. 2013) and ATPases
(ATP1A1 and ATP2B3, Azizan et al. 2013, Beuschlein et al.
2013) regulating intracellular ionic homeostasis and cell
membrane potential. Germline mutations were identified
in familial forms of PA, allowing to distinguish four
different forms of familial hyperaldosteronism (FH), based
on the underlying genetic defect (Fernandes-Rosa et al.
2018, Scholl et al. 2018, Zennaro 2019). These mutations
increase intracellular calcium concentrations, leading
to the activation of the calcium signaling pathway and
to increased aldosterone production by increasing the
expression of CYP11B2, coding for aldosterone synthase.
In addition, somatic mutations were also identified in
CTNNBI1 coding for b-catenin in a small proportion of
APA (Teo et al. 2015, Scholl et al. 2015a, Akerstrom et al.
2016) and mutations in PRKACA (encoding protein kinase
cAMP-activated catalytic subunit «) have been described
in two cases (Rhayem et al. 2016).

Even though the consequences of these mutations
on aldosterone production are well demonstrated, their
impact on cell proliferation and APA formation is not well
understood. Different pathogenic mechanisms have been
proposed, including different hits being responsible for
adrenocortical cell proliferation and hormonal secretion
or the development of APA from aldosterone-producing
cell clusters (APCC) of the adrenal cortex.

Steroid biosynthesis in the adrenal cortex

The adrenal cortex is composed of three separate layers,
the zona glomerulosa, the zona fasciculata and the
zona reticularis. This zonation is functional, each zone
producing specific steroid hormones due to the zone-
specific expression of two enzymes, the aldosterone
synthase and the 11p-hydroxylase. Cholesterol is the
common precursor in steroid hormone biosynthesis
through a process that implicates multiple enzymatic
steps, the major effectors being enzymes belonging
to the cytochrome P450 family. In zona glomerulosa,
where aldosterone is produced, cholesterol is converted

Molecular mechanisms in 242:3 R68
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into 11-deoxycorticosterone through the successive
actions of the cytochrome P450 side-chain cleavage
(CYP11A1), the 3p-hydroxysteroid dehydrogenase
type II (HSD3B2) and the 2la-hydroxylase (CYP21A2).
Aldosterone synthase (encoded by the CYP11B2 gene)
catalyzes the three final steps in aldosterone biosynthesis.
The first step consists in the hydroxylation at the C11
position of the intermediate steroid deoxycorticosterone
into corticosterone, followed by a hydroxylation at the C18
position and the formation of 18-hydroxy-corticosterone.
The last step is the oxidation of the hydroxyl group on
C18, finally resulting in the production of aldosterone
(Connell & Davies 2005).

Cortisol biosynthesis occurs in the zona fasciculata,
where 17a-hydroxylase is expressed. This enzyme
is responsible for the conversion of pregnenolone
and progesterone to 17-OH-pregnenolone and
17-OH-progesterone, precursors of cortisol, whereas
21-hydroxylase induces a hydroxylation in the
C11 position of the 170H-progesterone producing
11-deoxycortisol. The final step of cortisol biosynthesis is
the hydroxylation in the C21 position of 11-deoxycortisol
by 11B-hydroxylase, encoded by CYP11B1 and specifically
expressed in the zona fasciculata and reticularis (Connell
& Davies 2005).

Aldosterone production is mainly regulated by the
renin angiotensin system and potassium concentrations
and, to a lesser extent, by the adrenocorticotropic hormone
(ACTH) (Connell & Davies 2005). The renin angiotensin
system plays a major role in sodium homeostasis. In
response to a decrease in blood volume, dehydration or
hyponatremia, renin is secreted by the juxta-glomerulus
apparatus of the kidney and cleaves the angiotensinogen
produced in the liver to produce angiotensin I. In the
lungs, angiotensin I in converted by the angiotensin-
converting enzyme (ACE) to angiotensin II (Ang II). Ang
IT acts via its AT1 receptor expressed in zona glomerulosa
cells, activating a Gag-phospholipase C-mediated pathway,
inducing the production of inositol 1,4,5-triphosphate
(IP3) and 1,2-diacylglycerol. IP3 binding to its receptor
leads to calcium release from the endoplasmic reticulum,
thus increasing intracellular calcium concentrations. In
parallel, Ang II also inhibits the potassium channels TASK
(TWIK-related acid-sensitive potassium channel) and
GIRK4 (G-protein-activated inward rectifier potassium
channel) and the Na*/K+ ATPase, therefore inducing cell
membrane depolarization, and the opening of voltage-
dependent membrane calcium channels, leading to calcium
influx into the cell and activation of calcium signaling
(Spat & Hunyady 2004, OKki et al. 2012a) (Fig. 1A and B).
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Activation of calcium signaling increases the availability
of cholesterol in the cell, by stimulating the activity of the
enzyme cholesterol ester hydrolase, but also by increasing
the expression of StAR (steroid acute regulatory protein),
which is responsible for cholesterol transport into the
mitochondria, and of other steroidogenic enzymes (Spat
& Hunyady 2004). Calcium/calmodulin-dependent
protein kinases also activate transcription factors such as
nuclear receptor subfamily 4 group A members 1 and 2
(NUR77/NGF1B and NURR1 encoded by NR4Al and
NR4A2 respectively), which increase transcription of the
CYP11B2 gene (Bassett et al. 2004b).

Cortisol production is regulated by the hypothalamic-
pituitary-adrenal axis via ACTH. ACTH binds to the
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melanocortin receptor 2 (MC2R), inducing an increase
in intracellular cAMP levels via the activation of a Gas
protein. cAMP activates PKA signaling following its
binding to the regulatory subunits of PKA (Ruggiero &
Lalli 2016). The duration of ACTH stimulation affects its
role in the biosynthesis of steroids. Short-term stimulation
increases the availability of intracellular cholesterol and
its transfer to the internal membrane of the mitochondria,
primarily through the phosphorylation of StAR at
the Ser195 position; it also induces the expression of
steroidogenic enzymes. However, long-term stimulation
by ACTH induces transcriptional regulation of StAR
and steroidogenic enzymes. Particularly, PKA signaling
activates transcription factors such as steroidogenic
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Regulation of aldosterone biosynthesis in normal conditions and in PA. (A) In unstimulated conditions, zona glomerulosa cells are hyperpolarized. This
state is maintained by the activity of potassium channels such as TASK and GIRK4 and the NA*/K* ATPase pump. (B) Increases in extracellular potassium
levels inhibit K* currents of TASK channels and lead to cell membrane depolarization. Activation of Angll signaling through its receptor (AT1R) on the
surface of ZG cells inhibits K* channels and the Na*/K* ATPase, which leads to cell membrane depolarization, opening of voltage-gated Ca2* channels and
increased intracellular calcium concentrations. Intracellular calcium activates signaling pathways leading to CYP771B2 expression and thus increasing
aldosterone biosynthesis. Activation of AT1R also activates a Gag-phospholipase C-mediated pathway, inducing an increase in the concentration of
inositol 1,4,5-triphosphate (IP3), which binds to its receptor expressed on the endoplasmic reticulum, inducing the release of calcium from intracellular
stores. (C) Mutations in KCN/5 encoding the potassium channel GIRK4 are responsible for a loss of selectivity of the channel and lead to sodium influx into
the cell; mutations in ATPTA7 encoding the a1 subunit of the Na*/K* ATPase increase intracellular Na* and H* concentrations; mutations in CLCN2,
encoding the chloride channel CIC-2, increase chloride conductance at resting potentials; all these abnormalities lead to membrane depolarization of
glomerulosa cells. Cell membrane depolarization induces opening of voltage-gated calcium channels, increased intracellular calcium concentrations and
activation of calcium signaling, triggering increased expression of CYP77B2 and aldosterone production. (D) Mutations in CACNATH and CACNATD encoding
the voltage-gated calcium channels Cav3.2 and Cav1.3 as well as mutations in ATP2B3, encoding the Ca2* pump PMCAS3, directly increase intracellular
calcium concentrations and lead to increased aldosterone biosynthesis through activation of calcium signaling.
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factor 1 (SF-1), cAMP-responsive element-binding protein
(CREB), cAMP-responsive element modulator and
CCAAT/enhancer-binding protein and activator protein 1,
which regulate the expression of steroidogenic genes
(Ruggiero & Lalli 2016).

ACTH stimulation also induces aldosterone
production by similar mechanisms. Moreover, ACTH
stimulates calcium flow into zona glomerulosa cells by
activating L-type calcium channels. However, in the case
of a chronic ACTH stimulation, CYP11B2 expression
is inhibited, which causes a reduction in aldosterone
production, as opposed to the expression of CYP11BI
which is responsible of cortisol production (Vinson 2016).

There exist other factors that regulate aldosterone
production in a paracrine fashion. Among them, serotonin
(5-HT) produced by mastocytes stimulates steroid production
(El Ghorayeb et al. 2016) through mechanisms involving the
5-HT receptor type 4 (HTR4) (Lefebvre et al. 1993, Lefebvre
et al. 2001) which is expressed in adrenocortical cells.
Activation of HTR4 activates adenylyl cyclase and induces
calcium influx into the cell through T-type channels, thus
regulating cortisol and aldosterone production (Louiset ef al.
2017). Remarkably, activation of 5-HT4 by agonists such as
cisapride or zacopride induces aldosterone production in
healthy volunteers (Lefebvre et al. 2000).

Genetic alterations in PA

The mechanisms that regulate aldosterone production
are severely altered in PA. PA is the most common form
of secondary arterial hypertension, with an estimated
prevalence of 10% in referred patients in specialized centers
and up to 5% in the general hypertensive population (Rossi
etal. 2006, Hannemann & Wallaschofski 2012, Monticone
et al. 2017). Although the majority of cases are sporadic,
PA may be transmitted as a Mendelian trait in familial
forms of the disease. Familial forms of PA account for
1-5% of cases and are transmitted as autosomal dominant
traits. Four different forms have been described, based on
the underlying genetic defect. Similarly, recurrent somatic
mutations in different genes have been identified in up to
88% of APA (Nanba et al. 2018).

Germline mutations in FH

FH type |

FH-I or glucocorticoid-remediable aldosteronism (GRA) is
an autosomal dominant disease that accounts for 0.5-1%
of PA in adult patients, but up to 3% in pediatric cohorts
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(Medeau et al. 2005, Aglony et al. 2011, Mulatero et al.
2011, Pallauf et al. 2012). It is characterized by early and
severe hypertension, often associated to hypokalemia.
Peculiar features of FH-I are the presence of hybrid steroids
18-hydroxycortisol and 18-oxocortisol in the urines
and the suppression of aldosterone by dexamethasone
(Sutherland et al. 1966). These features are a consequence
of the underlying genetic defect, which consists in the
formation of a chimeric gene between the regulatory
regions of CYP11B1 and the coding regions of CYP11B2
due to unequal crossing over during meiosis. This results
in ectopic expression of CYP11B2 in the zona fasciculata
of the adrenal cortex, and ACTH-regulated expression of
aldosterone synthase (Lifton et al. 1992, Stowasser et al.
2000). Those patients can be efficiently treated with low-
dose glucocorticoids (Stowasser et al. 2000); however,
cardiovascular consequences of high aldosterone
excess may manifest even in young normotensive
patients (Stowasser et al. 2005) and patients with FH-I
are at increased cardiovascular risk, with increased
number of cerebrovascular events at a young age
(Litchfield et al. 1998).

FH type Il

FH-II is a non-glucocorticoid-remediable form of familial
hyperaldosteronism,
dominant fashion, found in 1.2-6% of adult patients with
PA. Patients display a familial history of PA, and different
subtypes of the disease (APA or BAH) may be present within
the same family (Stowasser & Gordon 2001, Medeau et al.
2005, Mulatero et al. 2011, Pallauf et al. 2012). FH-II is
not distinguishable from other sporadic forms of PA, the
diagnosis is based on the identification of two or more
affected family members. While a genetic locus was
associated with FH-II on 7p22 (Lafferty et al. 2000), no
pathogenic mutations were identified in several candidate
genes located in this chromosomal region. It is only very
recently that use of whole exome sequencing allowed the
discovery of a new gene associated to FH-II. Two groups
have indeed identified several gain-of-function mutations
in the CLCNZ2 gene coding for the CLC-2 chloride channel
in patients with FH-II and early-onset PA and described
for the first time the implication of a chloride channel in
the regulation of aldosterone production (Fig. 1C).

In one study, a de novo heterozygous p.Gly24Asp
mutation in the CLCN2 gene was identified in a patient
diagnosed at 9 years of age with hypertension due to PA,
associated to profound hypokalemia (Fernandes-Rosa et al.
2018). This gain-of-function mutation affects a highly

transmitted in an autosomal
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conserved region in the CIC-2 chloride channel, in which
mutations lead to constitutive activation of the channel
(Grunder et al. 1992). The channel is highly expressed
in the human and mouse adrenal zona glomerulosa
and patch clamp analyses of zona glomerulosa cells
from mouse adrenal gland slices show bona fide chloride
currents, which are abolished in Clcn2 knockout mice,
indicating that CIC-2 is the foremost chloride channel in
the adrenal zona glomerulosa (Fernandes-Rosa et al. 2018).
Expression of the mutated CIC-2 in adrenocortical cells
leads to increased chloride currents and depolarization of
the zona glomerulosa cell membrane, opening voltage-
gated calcium channels and triggering autonomous
aldosterone production (Fig. 1C). This work indicates
for the first time the implication of an anion channel
in the regulation of aldosterone biosynthesis, PA and
hypertension (Fernandes-Rosa et al. 2018).

In the other study, whole exome sequencing of three
members of a large Australian family with FH-II previously
described by Stowasser et al. (Stowasser et al. 1992, Lafferty
et al. 2000) allowed the identification of a germline
mutation in the CLCN2 gene, p.Argl72Gln, in affected
family members. The same mutation was identified in
three additional cases with early-onset PA, one within a
familial context, another occurring de novo. Furthermore,
the authors identified four additional germline CIC-2
variants, p.Met22Lys, p.Tyr26Asn, p.Lys362del and
p-Ser865Arg in four unrelated patients with early-onset PA
(Scholl et al. 2018). Immunohistochemistry confirmed the
expression of CIC-2 in human adrenal zona glomerulosa.
Mutant channels showed gain of function, with higher
open probabilities at the glomerulosa resting potential.

Altogether, these results indicate that CLCN2 should
be included in the panel of genes that are screened in
patients who develop early-onset PA and in families
with a diagnosis of FH-II. Mutations may be located in
different domains of CIC-2 and therefore affect channel
function at different degrees, which explains phenotypic
heterogeneity and the presence of relatively mild cases.

FH type Ill and germline KCNJ5 mutations

FH-III is a non-glucocorticoid-remediable form
of FH, showing early-onset severe hypertension,
hyperaldosteronism,  profound hypokalemia and

high levels of the hybrid steroids 18-oxocortisol and
18-hydroxycortisol (Geller et al. 2008). Patients require
bilateral adrenalectomy to control blood pressure,
which shows massive bilateral hyperplasia of the adrenal
cortex, although mild forms have also been described.
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Recurrent germline mutations in the KCNJ5 gene (coding
for the potassium channel GIRK4) have been identified
in FH-III (Choi et al. 2011). KCNJ5 codes for the G
protein-activated inward rectifier potassium channel 4
(GIRK4), which is composed of two membrane-spanning
domains (M1 and M2), one pore-forming region (HS)
and cytoplasmic N- and C-termini that participate in the
formation of pore structure. The mutations are located in
a highly conserved domain within or near the channel
selectivity filter. They induce a gain of function, with
a loss of potassium selectivity in favor of an increased
unspecific sodium influx into the cytoplasm. This results
in cell membrane depolarization, increased intracellular
calcium concentrations, activation of Ca?+ signaling and
autonomous aldosterone biosynthesis (Choi et al. 2011,
OKi et al. 2012b) (Fig. 1C). Different KCNJ5 mutations
have been described in the literature, which not all
are associated with severe PA (Mulatero et al. 2013).
Indeed, KCNJS mutations were also identified in patients
diagnosed with mild PA in a context of FH-II, with no BAH
at imaging and blood pressure controlled by conventional
medication. The genetic diagnosis allowed reclassifying
those patients into mild forms of FH-III. Remarkably,
mutations associated with milder phenotypes have more
pronounced functional effects in vitro. In particular, the
channel’s selectivity was less affected by the p.Thr158Ala
mutation compared to the channels carrying the other
mutations (p.Leul68Arg and p.Glyl151Arg) (Choi et al.
2011). The p.Glyl151Glu mutation, identified in mild
cases diagnosed as FH-II, generates significantly larger
Na+ currents than the p.Glyl51Arg mutation and leads
to sodium-dependent cell death (Scholl et al. 2012), with
strong depolarization of adrenocortical cells expressing
the mutated channel (Mulatero et al. 2012).

FH type IV and germline CACNA1H mutations

FH-IV is a non-glucocorticoid-remediable form of FH,
which has been attributed to germline CACNAIH
Familial analysis showed that despite
autosomal dominant transmission of the mutation,
differences could be observed within family members on
a clinical level, indicating incomplete penetrance of the
disease (Scholl et al. 2015b).

CACNA1H codes for the ol subunit of the voltage-
gated T-type calcium channel Cav3.2. The structure
of this subunit consists of four homologous domains
(named from I to IV) where each domain contains six
transmembrane helices (51-S6). A recurrent p.Met1549Val
mutation in CACNA1H was first identified in five patients

mutations.
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with hypertension due to PA by age 10 years and their
relatives. The mutation affects the electrophysiological
properties of the channel, inducing specifically a shift in
the voltage sensitivity of the channel to a more negative
current and a modification of its inactivating properties,
which triggers an opening of the channel at more
negative membrane potentials, allowing activation of
calcium signaling in the absence of stimulation (Scholl
et al. 2015b) (Fig. 1D). Scholl et al. demonstrated in their
study that cells transfected with the Cav3.2 1549Val had
more aldosterone biosynthesis as well as higher CYP11B2
expression when compared to cells transfected with the
WT Cav3.2 channel (Reimer et al. 2016).

In a similar study, Daniil et al. identified four germline
mutations in the CACNAIH gene in PA patients with
different phenotypic presentations. Two of the variants
(p-Val1951Glu and p.Pro2083Leu) in this study are
located in the cytoplasmic C terminus of the channel.
A p.Ser196Leu variant was located in the S4 segment of
domain I of the channel, and one mutation, p.Met15491le,
islocated in the S6 segment of domain III. The p.Met15491le
mutation, affecting the same amino acid described by
Scholl et al. in patients with FH-IV, was identified in a
patient with early-onset PA and multiplex developmental
disorder. Cav3.2 p.Ser196Leu and p.Pro2083Leu were
found in two patients with FH-II, and p.Val1951Glu was
identified in one patient with APA. Electrophysiological
analysis revealed significant changes in the Ca?+ current
properties for all mutants, suggesting a gain-of-function
phenotype. Moreover, transfection of the mutant Cav3.2
in the adrenocortical cell line H295R-S2 led to increased
aldosterone production and increases the expression of
steroidogenic enzymes following potassium stimulation
(Daniil et al. 2016).

Germline CACNA1D mutations in PA

CACNA1D mutations have been described in two children
with PASNA (primary aldosteronism, seizures and
neurological abnormalities) (Scholl et al. 2013). CACNA1D
codes for the al subunit of the voltage-gated L-type
calcium channel Cavl.3. Again, these mutations induce
a gain of function, with the channel opening at lower
voltages. This leads to excessive aldosterone production by
increasing Ca2+ entry that causes an increased intracellular
Caz+-mediated signaling with induction of aldosterone
biosynthesis (Azizan et al. 2013, Scholl et al. 2013).

The first case was identified in a 3-year-old female who
suffered severe hypertension, biventricular hypertrophy,
neurological abnormalities and aldosteronism as a
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newborn, associated with high aldosterone levels, a high
aldosterone-to-renin ratio and hypokalemia. Genetic
analyses identified a germline mutation in CACNA1D
(p-Gly403Asp), a variant that had also been identified
in APA (Scholl et al. 2013, 2015a). The second subject
exhibited cerebral palsy and complex seizures just after
birth, with HT and hyperaldosteronism with hyperkalemia
at age 5 years. Genetic analysis leads to the identification
of a CACNAID mutation (p.lle770Met) also found as
recurrent mutation in APA (Scholl et al. 2013, Korah &
Scholl 2015) (see below).

Somatic mutations in APA

Numerous recurrent somatic mutations have been
identified in APA. These affect genes coding for ion
channels (KCNJ5 Choi et al. 2011 and CACNAI1D
Azizan et al. 2013, Scholl et al. 2013) also involved in
inherited forms. In addition, recurrent mutations have
been identified in genes coding for ATPases (ATPI1A1
which codes for the al subunit of the Na+/K+-ATPase
Azizan et al. 2013, Beuschlein et al. 2013 and ATP2B3
encoding the plasma membrane calcium-transporting
ATPase 3 (PMCA3) Beuschlein et al. 2013) that regulate
the intracellular ionic homeostasis and membrane
potential. Nat+/K+-ATPase and PMCA3 are members of
the P-type family of ATPases and are composed of ten
transmembrane domains (M1-M10) with intracellular N-
and C-tails. ATP1A1 mutations affect amino acids in the
transmembrane helices M1, M4, and M9 of the al subunit.
They lead to a loss of pump activity and a reduction in
its affinity for potassium as well as an inward leakage
of sodium, inducing membrane depolarization (Azizan
et al. 2013, Beuschlein et al. 2013). In addition, mutant
pumps may induce a proton leak (Azizan et al. 2013),
leading to intracellular acidification which contributes
to aldosterone production. Indeed, expression of mutant
al subunits of the Na+t/K+ ATPase carrying the L104R,
V332G and G99R mutations in adrenocortical NCI-H295R
cells failed to increase intracellular Ca?+ concentrations,
but showed intracellular acidification, which caused
increased aldosterone production (Stindl et al. 2015).
Under physiological conditions, the PMCA3 extrudes
one cytosolic Ca?* in exchange for two H*. PMCA3
mutations occur in the transmembrane domain M4 and
induce the deletion of a stretch of amino acids between
Leu425 and Leu433 (Beuschlein et al. 2013, Fernandes-
Rosa et al. 2014). Cells expressing the mutant PMCA3
have a reduced capacity to export CaZ+, suggesting a loss
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of the physiological pump function. In addition, they
induce an increased Ca2+ influx possibly due to opening
of depolarization-activated Ca?+ channels or to Ca?+ leak
through the mutated pump (Tauber et al. 2016). All these
mutations induce an increase in intracellular calcium
levels, followed by an activation of calcium signaling and
therefore increase the biosynthesis of aldosterone.

A study on 474 subjects presenting an APA, performed
within the European Network for the Study of Adrenal
Tumors (ENS@T), found mutations in 54.2% of APA,
where 38% of these were found in the KCNJ5 gene, 9.3%
in CACNAID, 5.3% in ATPIA1 and 1.7% in ATP2B3
(Fernandes-Rosa et al. 2014). Patients presenting mutations
in KCNJ5 were mostly women and younger patients,
while APA with CACNA1D mutations were smaller than
the other mutational groups (Fernandes-Rosa et al. 2014).
A recent meta-analysis on 1636 patients from 13 studies
showed a prevalence of KCNJ5 mutations of 43%, with
much higher frequencies (up to 77%) in populations
from FEast Asia in comparison to studies performed on
European populations. APA harboring KCNJ5 mutations
were more frequent in women and associated with larger
tumors and a higher plasma aldosterone concentration
when compared with mutation-negative APA. APA where
KCNJ5 mutations are present are also associated with APA
composed mainly of ZF-like cells. Other mutations were
associated mainly with male gender and smaller tumors
(Lenzini et al. 2015).

In a recent study, Nanba et al. performed CYP11B2
immunohistochemistry on 75 adrenal samples from white
American patients, in order to identify APA and other
aldosterone-producing regions prior to genetic analysis.
DNA was then extracted directly from formalin-fixed
paraffin-embedded (FFPE) tissue, positive for CYP11B2
expression. Complete next-generation sequencing of all
genes involved in PA identified somatic mutations in 88%
of APA (Nanba et al. 2018). Again, KCNJ5 mutations were
the most frequent mutational events (43%), followed
by CACNAID (21%), ATP1A1 (17%), ATP2B3 (4%) and
CTNNB1 (3%) mutations. Also, KCNJ5 mutations were
more frequent in women (70 vs 24% in men). This study
shows that CYP11B2 immunohistochemistry-guided next-
generation sequencing allows the identification of a larger
portion of somatic mutations in APA. Similar results were
obtained by analyzing adrenocortical adenomas from 79
black patients with PA. Somatic mutations in aldosterone
driver genes were found in 89% of APAs. Interestingly,
CACNA1D mutations were the most frequent (42%) ones
in APA from patients with African ancestry, followed by
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KCNJ5 (34%), ATP1A1 (8%) and ATP2B3 mutations (4%)
(Nanba et al. 2019).

Other less frequent mutations that play an important
role in APA were identified in CTNNB1 and PRKACA.
CTNNBI1 codes for p-catenin. This protein is a central
element of the Wnt/f-catenin signaling pathway, which
has an essential role in the development of the adrenal
cortex, in the differentiation of the zona glomerulosa and
steroid hormone biosynthesis (E1 Wakil & Lalli 2011).
In unstimulated conditions, p-catenin is present in the
cytoplasm and is associated to the degradation complex
with adaptor proteins such as axin, APC (adenomatous
polyposis coli), two serine/threonine kinases, caseine
kinase 1 (CK1a) and glycogen synthase kinase 34 (GSK3p).
This complex phosphorylates p-catenin, which is then
recognized by the ubiquitin ligase E3 that results in
its destruction by the proteasome, thus preventing its
translocation into the nucleus and the activation of
different Wnt target genes. Activation of the Wnt/p-
catenin signaling pathway by binding of Wnt to its
receptor frizzled inhibits the phosphorylation of p-catenin
which dissociates from the axin complex and translocates
to the nucleus where it induces the expression of Wnt
target genes, by binding to the transcription factors TCF
(T-cell factor) and LEF (lymphocyte enhancer factor) as a
transcriptional co-activator (MacDonald et al. 2009). It has
been shown that p-catenin indirectly regulates CYP11B2
expression via transcriptional induction of the nuclear
receptors NURR1 and NUR77 (Berthon et al. 2014). The
Wnt/p-catenin signaling pathway has been shown to be
constitutively active in 70% of APA (Berthon et al. 2014).
Mutations in CTNNB1 have been found in 2-5% of APA
and are more frequent in women (Teo et al. 2015, Scholl
et al. 2015a, Akerstrom et al. 2016). Mutations specifically
occur in exon 3, which codes for the serine/threonine
residue which when phosphorylated results in the
degradation of p-catenin (Berthon et al. 2010). To a much
lesser extent, somatic mutations in PRKACA, which codes
for the cAMP-dependent protein kinase catalytic subunit
a, have been described in APA (Rhayem et al. 2016). A
study performed on a cohort of 12 patients showed a
prevalence of 1.6% of this mutation. One of the described
mutations in this study was new (p.His88Asp) (Rhayem
et al. 2016), whereas the other mutation, p.Leu206Arg,
had been previously described as a recurrent somatic
mutation in patients with cortisol-producing adenoma
and Cushing’s syndrome (Goh et al. 2014). Mutations in
both PRKACA and CTNNBI have been mainly associated
with cortisol-producing adenomas and/or adrenocortical
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cancer. Therefore, the mechanisms explaining how
the same mutations result in two different hormonal
phenotypes remain to be established.

Genomic and proteomic alterations in APA

Despite the major advances on the genetics of PA, many
questions remain open concerning the pathophysiology of
the disease, in particular, the mechanisms and dynamics of
adenomaformation. Several studies have explored genomic
and proteomic alterations in APA, to better understand
the mechanisms involved in its development. A recent
extremely original work performed deep quantitative
proteomic and phosphoproteomic profiling on APA and
adjacent non-tumoral adrenal cortex from six patients
with PA. The authors identified, out of 5555 proteins
common to all samples, 18 which were significantly
downregulated and 11 significantly upregulated in all
APA. Proteome data confirmed that upregulation of the
steroidogenic enzymes HSD3B2, CYP21A2, CYP11B2
and of proteins involved in cholesterol uptake (lipolysis-
stimulated lipoprotein receptor (LSR)) is involved in the
increase of steroidogenesis in APA (Swierczynska et al.
2019). This study also showed that steroidogenic enzymes
are regulated by phosphorylation; in particular, HSD3B2
is phosphorylated at Ser95 or 96 and CYP21A2 has a novel
phosphorylation site at Ser489. An altered composition of
the extracellular matrix (ECM) was also revealed in APA,
with reduction in proteins related to collagen and collagen
fibril assembly, enzymes involved in extracellular matrix
turnover and structural components of the extracellular
matrix. The deregulation of kinases affecting cytoskeleton
remodeling and
suggests that APA development may be accompanied or
be related to changes in cytoskeleton rearrangements
and possibly innervation. Remarkably, the GTPase RHOC
controlling actin organization, which was upregulated in
APA, significantly increased the expression of CYP11B2
at the transcriptional level in transfected adrenocortical
H295R cells.

APA also showed higher levels of proteins involved
in N-glycosylation and enzymes involved in GABA
degradation. Remarkably, the activity of the main
regulators of steroidogenesis, MC2R (receptor for ACTH)
and AT1R (receptor for Ang II) is affected by N-glycosylation
and the level and the activity of N-glycoproteins like
lipoprotein receptors (LDLR and SR-B1) and many ion
channels (TASK1, TASK3, TREK1, Kv1.4, CACNA1D) are
affected by N-glycosylation. The inhibition of TASK1,
TASK3 and KV1.4 glycosylation decreases the number of

axonal guidance-related pathways
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cell-surface channels, leading to a reduced current flow,
protein instability and intracellular channel retention
(Watanabe et al. 2004, Mant et al. 2013, Swierczynska
et al. 2019). Reduced GABAergic signaling in APA may
also modulate aldosterone production. Indeed, in
physiological conditions, GABAergic signaling mediates
a decrease of steroidogenesis in vivo in the rat adrenal
cortex (Mishunina & Kononenko 2002). Finally, one of
the most dysregulated pathways in APAs appeared to be
the mTORCI1 signaling pathway. Its activity was increased
in APA; this pathway is involved in cell proliferation
and steroidogenesis in APA cells and immortalized
adrenocortical cells. Thus, the increase of its activation
may lead to an increased steroidogenic output and
adenoma development. This opens new perspectives on
the benefits of inhibiting mTORC1 in patients with APA
(Su et al. 2013, Swierczynska et al. 2019).

Similarly, gene expression profiling of APA allowed
identifying genes and intracellular signaling pathways
involved in the pathogenesis and pathophysiology of this
tumor. As expected, microarray studies and SAGE (serial
analysis of gene expression) showed higher expression
of CYP11B2 in APA compared to normal adrenals and
adjacent cortical tissue (Assie et al. 2005, Williams et al.
2010), although other studies report a subgroup of
APA with reduced expression of aldosterone synthase
(Lenzini et al. 2007). However, these data require to be
reevaluated in the context of recent work showing that
in a certain number of multinodular adrenals some of
the larger nodules do not express CYP11B2, which is
localized to smaller nodules or APCC (Fernandes-Rosa
et al. 2015, Nanba et al. 2018); this finding may have
led to some sample biases in earlier studies. Despite this,
APA show a genotype-phenotype correlation indicating
that transcriptional signatures may be influenced by
APA genotype, although different studies report slightly
different results. Indeed, APA with different gene
mutations show distinct expression profiles (Azizan et al.
2012). While some studies reported a higher CYPI11B2
expression in APA with KCNJ5 mutations compared to APA
without KCNJ5 mutation (Monticone et al. 2012, Seccia
et al. 2012), a higher expression of CYP11B2 was reported
in APA with ATP1A1 and ATP2B3 mutations, compared
to KCNJ5-mutated tumors (Akerstrom et al. 2015). In a
large transcriptome analysis performed on 102 samples,
KCNJ5-mutated APA did not show differential clustering
compared to tumors not harboring KCNJ5 mutations
(Boulkroun et al. 2012, Zennaro 2019).

Several studies revealed an upregulation of genes
encoding transcription factors (NURR1 and NGF1B)
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that regulate the transcription of CYP11B2 (Bassett et al.
2004a), genes encoding the transcription factors SF-1
(NR5A1) and DAX1 (NROBI) that play an essential role
in adrenal development and steroidogenesis (Bassett et al.
2005) and a target gene of SF-1, VSNLI, which increases
aldosterone production in the NCI H295R cells (Williams
et al. 2012). Furthermore, Azizan et al. reported higher
CYP17A1 expression in APA composed of cells resembling
to the zona fasciculata carrying KCNJ5 mutations (Azizan
et al. 2012). This result was also confirmed in KCNJ5-
mutated tumors compared with ATP1A1/CACNAI1D

mutant adenomas by immunohistochemistry
(Tan et al. 2017).
Finally, a recent methylome analysis revealed

hypomethylation of CYP11B2 in APA and a higher
demethylation of G protein-coupled receptors (GPCRs)
and GPCR-related genes (Itcho et al. 2018). Thus, this
hypomethylation may stimulate aldosterone production
in APA through receptors that would regulate gene
transcription like ACTH, glucagon, somatostatin,
parathyroid hormone and glutamate metabotropic
receptors. Remarkably, HTR4, MC2R and PTGER1
(prostaglandin E receptor 1), which all regulate aldosterone
biosynthesis, showed hypomethylation and upregulation
of their mRNA in APA.

APCC and the development of APA

Different studies showed the existence of APCC in the
subcapsular portion of the normal human adrenal gland.
These APCC, which are suggested to autonomously
produce aldosterone, are characterized by the presence of
subcapsular zona glomerulosa-like cells and inner zona
fasciculata-like cells (Nishimoto et al. 2010) and a uniform
CYP11B2, but absent CYP11B1 expression (Nishimoto
et al. 2016). Therefore, APCC and APA are distinctive in
their sizes, cellular arrangements and enzyme expression
profiles, as APA may consist of heterogeneous cell types
expressing either CYP11B1 or CYP11B2. In the human
adrenal gland, aldosterone synthase staining is continuous
in the zona glomerulosa at young age between 0 and
11 years, whereas with increasing age, the adrenal cortex
loses the continuous staining of aldosterone synthase and
acquires a variegated zonation with increased number
of CYP11B2 expressing APCC (Omata et al. 2017). The
discontinuous CYP11B2 expression is suggested to be
the consequence of a negative feedback produced by the
autonomous aldosterone production by APCC.

Even though there is no sex difference in APA
prevalence, a higher APCC score was described in female
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adrenals (Nishimoto et al. 2015). Transcriptome analyses
identified markers for APCC in addition to CYP11B2,
which showed significantly higher transcript expressions
in APCC compared to zona glomerulosa or fasciculata.
These genes code for proteins playing a role in glucose
transport (SLC35F1), aldosterone production (MC2R)
and regulation of intracellular phosphorylation and
dephosphorylation (PPP4R4) (Nishimoto et al. 2015).

Different somatic mutations leading to autonomous
aldosterone production were identified in APCC from
normal subjects, supporting a pathological behavior
of APCC (Nishimoto et al. 2015). Next-generation
sequencing of 23 APCC samples from FFPE and frozen
tissues from normal adrenals showed that 35% of APCC
harbored mutations observed in APA and known to cause
aldosterone overproduction in CACNAID (26%) and
ATP1A1 (6%). No mutations in KCNJ5 have been identified
in APCC so far. Different explanations are given for this
observation, including that APCC with KCNJ5 mutations
may rapidly progress into APA (Nishimoto et al. 2015).

Omata et al. demonstrated that the accumulation
of APCC is a cellular and molecular cause of IHA.
Examination of a cohort of 15 adrenals with IHA with
CYP11B2 immunohistochemistry and next-generation
sequencing showed that the adrenal cortex of all IHA
adrenals harbored at least one CYP11B2-positive APCC or
aldosterone-producing microadenomas. IHA adrenals had
a significantly larger number of APCC than normotensive
controls. Somatic mutations were identified in CACNA1D
in 58% of cases and only in one case in KCNJ5. These
findings suggest that not only hyperplasia but also the
enlargement of APCC with somatic aldosterone driver
gene mutations (most likely CACNA1D) are responsible
for IHA (Omata et al. 2018).

Finally, transitional structures were described
showing a subcapsular APCC-like portion and inner APA-
like portion (Nishimoto et al. 2016). These structures
are called pAATL, possible APCC-to-APA transitional
lesions. These pAATL are characterized by the presence
of mutations in APA driver genes, in particular KCNJ5
and ATP1A1, with KCNJ5 mutations identified
exclusively in the APA-like portion of the structure
(Nishimoto et al. 2016).

Conclusion

Although much progress has been made over the last ten
years in our understanding of the molecular mechanisms
leading to PA, there still remain a number of open
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questions which need to be addressed. In particular,
in a certain number of familial cases, diagnosed mainly
as FH-II, no genetic abnormality has been identified in
known genes. This is also the case for a small proportion
of APA, in which even CYP11B2-guided next-generation
sequencing of all coding exons of all APA driver genes
fails identifying somatic mutations. This suggests that
additional genes may be involved in the disease, which
remain to be discovered. Another question relates to
the mechanisms leading to APA development. Indeed,
germline mutations identified in familial forms lead to
adrenal cortex hyperplasia, but not to APA. Whether
nodule formation requires an additional genetic hit
favoring increased proliferation, or whether APA derive
from APCC carrying somatic mutations remains to be
clarified. A related question is how do APCC develop, in
particular how and when do somatic mutations occur
and whether there is any difference between APCC with
and without somatic mutations. Future work addressing
these issues will allow progress in our knowledge on the
molecular mechanisms involved in normal aldosterone
physiology and development of PA and possibly provide
new tools for the development of better diagnostic and
therapeutic approaches.
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