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Introduction to WNT signaling:

The evolutionarily conserved WNT signaling pathways are based around the WNT protein family, made up of 19 glycoproteins responsible for regulating cell fate, self-renewing stem cells, survival, migration, polarity, and proliferation [START_REF] Anastas | WNT signalling pathways as therapeutic targets in cancer[END_REF][START_REF] Komiya | Wnt signal transduction pathways[END_REF][START_REF] Papkoff | The int-1 proto-oncogene products are glycoproteins that appear to enter the secretory pathway[END_REF]. Secreted WNTs act in an autocrine or paracrine manner by binding to the extracellular N-terminal cysteine-rich domain (CRD) of Frizzled (Fzd), a protein with 7 transmembrane spanning domains, kindred to G-proteins [START_REF] Schulte | The Frizzled family of unconventional G-protein-coupled receptors[END_REF]. Alternatively, WNTs can bind the transmembrane tyrosine kinases RYK, ROR1 and ROR2, either alone or together with Fzd. Different combinations of WNTs and membrane receptors then trigger canonical (WNT/β-cat) or non-canonical (WNT/PCP or WNT/Calcium) signaling pathways. In non-canonical signaling, the WNT-Fzd and / or WNT-RYK/ROR complexes stimulate downstream targets such as Rac/rho, calcium (PLC, PKC, CAMK2), NFkB, PI3K-AKT, JNK and Src. These pathways are essentially independent of β-catenin and have been shown to repress canonical signaling. Canonical signaling, on the other hand, requires an additional co-receptor, receptor low-density-lipoprotein-related-protein 5/6 (LRP5/6) [START_REF] He | LDL receptor-related proteins 5 and 6 in Wnt/beta-catenin signaling: arrows point the way[END_REF]. WNT bound Fzd interacts with LRP 5/6 at the membrane to facilitate the cytoplasmic interaction with intracellular Disheveled (Dvl). This review will essentially focus on canonical signaling as this is the only pathway that has been shown to play a role in the adrenal so far.

Mechanisms of canonical WNT signaling:

In the absence of Wnt signaling, β-catenin is phosphorylated by a destruction complex, resulting in destabilization [START_REF] Hart | The F-box protein beta-TrCP associates with phosphorylated beta-catenin and regulates its activity in the cell[END_REF] (Figure 1A). The destruction complex is comprised of Axin, Casein Kinase 1α (CK1α), glycogen synthase kinase 3β (GSK3), adenomatosis polyposis coli (APC), protein phosphatase 1 (PP1), and protein phosphatase 2A (PP2A) [START_REF] Macdonald | Wnt/β-catenin signaling: components, mechanisms, and diseases[END_REF][START_REF] Stamos | The β-Catenin Destruction Complex[END_REF]. Axin acts as a scaffolding protein for GSK3β and CK1α, which are the two proteins responsible for phosphorylating different serine and threonine residues on β-catenin, encoded by the third exon of the CTNNB1 gene. Phosphorylated βcatenin is recognized by the E3-ubiquitin ligase β-Trcp and targeted to the proteasome for degradation.

In the presence of WNT signaling, extracellular WNT ligands bind the transmembrane co-receptors Fzd and LRP5/6 (Figure 1B). WNT bound Fzd-LRP5/6 recruits the cytoplasmic protein Dvl, initiating the recruitment of the Axin-GSK3β-CK1α complex to bind Dvl and LRP5/6. GSK3β and CK1α are responsible for phosphorylation of LRP5/6, while membrane bound Axin allows for cytoplasmic accumulation of β-catenin [START_REF] Macdonald | Wnt/β-catenin signaling: components, mechanisms, and diseases[END_REF]. This results in nuclear migration of β-catenin and activation of the Tcell-specific transcription factor/lymphoid enhancer-binding factor 1 (TCF/LEF1) transcription factors [START_REF] Gordon | Wnt Signaling: Multiple Pathways, Multiple Receptors, and Multiple Transcription Factors[END_REF][START_REF] Molenaar | XTcf-3 Transcription Factor Mediates β-Catenin-Induced Axis Formation in Xenopus Embryos[END_REF].

Recent years have seen the identification of novel key regulators of canonical WNT signaling. R-Spondins are secreted ligands for the leucine-rich repeat containing G-protein coupled receptors LGR4-6 [START_REF] De Lau | The R-spondin/Lgr5/Rnf43 module: regulator of Wnt signal strength[END_REF]. Binding of R-Spondins to LGRs induces internalization of the transmembrane E3 ubiquitin ligases RNF43 and ZNRF3. These proteins coded by β-catenin target genes act as negative regulators of the pathway by inducing ubiquitinylation and degradation of Fzd. Their clearance from the cell membrane in response to binding of R-Spondins to LGRs thus results in WNT pathway activation [START_REF] Hao | ZNRF3 promotes Wnt receptor turnover in an R-spondin-sensitive manner[END_REF][START_REF] Koo | Tumour suppressor RNF43 is a stem-cell E3 ligase that induces endocytosis of Wnt receptors[END_REF]. The key role of the R-Spondin/LGR/RNF43/ZNRF3 module in tumorigenesis has recently been demonstrated in a number of cancers, including adrenocortical carcinoma (see below) [START_REF] Hao | Control of Wnt Receptor Turnover by R-spondin-ZNRF3/RNF43 Signaling Module and Its Dysregulation in Cancer[END_REF].

Deregulation of canonical WNT signaling in tumors

The intricate connection of WNT signaling with tumorigenesis was first demonstrated in 1984 when Nusse and Varmus demonstrated that most mammary carcinomas induced by the mouse mammary tumour virus (MMTV) were the result of insertion of MMTV in the Int-1 locus, resulting in overexpression of a proto-oncogene that later became WNT1 [START_REF] Nusse | Mode of proviral activation of a putative mammary oncogene (int-1) on mouse chromosome 15[END_REF]. Since then, an ever growing number of publications has linked deregulation of WNT signaling with tumorigenesis. Prototypical alterations result in inactivation of negative regulators such as APC and AXIN or constitutive activation of βcatenin resulting from mutations that target phosphorylation residues encoded by the third exon of CTNNB1. However, other alterations targeting RNF43, ZNRF3, LGR5 or R-Spondin fusions have also emerged more recently [START_REF] Zhan | Wnt signaling in cancer[END_REF].

Adrenocortical tumors:

The adrenal gland is composed of two different tissues. The outer cortex is derived from the mesoderm and has a steroidogenic endocrine activity. The central medulla is composed of chromaffin cells derived from the ectoderm and is part of the sympathetic nervous system. Together, these two tissues constitute a central stress response organ involved in the control of blood pressure, glucose and lipid metabolism, and modulation of immune responses. In human, the adrenal cortex is divided in three distinct functional zones [START_REF] Yates | Adrenocortical development, maintenance, and disease[END_REF]: -zona glomerulosa (zG) in the outermost part of the cortex synthesizes aldosterone, involved in regulation of hydromineral homeostasis.

-zona fasciculata (zF), further within the cortex synthesizes cortisol, involved in regulation of glucose and lipid metabolism. It is also a potent anti-inflammatory and immune suppressive hormone.

-zona reticularis (zR), in contact with the medulla synthesizes adrenal androgens. Benign unilateral adrenocortical tumors are commonly found in the general population, with a prevalence of 1-7% [START_REF] Bertherat | Adrenal incidentalomas[END_REF][START_REF] Fassnacht | Management of adrenal incidentalomas: European Society of Endocrinology Clinical Practice Guideline in collaboration with the European Network for the Study of Adrenal Tumors[END_REF]. The majority are represented by adenomas (ACA), which can be further classified into non-functioning (i.e. not associated with steroid excess), aldosterone-secreting (Conn's syndrome), cortisol secreting (Cushing's syndrome), or androgen secreting (virilizing syndrome) adenomas [START_REF] Fassnacht | Management of adrenal incidentalomas: European Society of Endocrinology Clinical Practice Guideline in collaboration with the European Network for the Study of Adrenal Tumors[END_REF][START_REF] Groussin | Insights into the Molecular Biology of Adrenocortical Tumors[END_REF]. Benign bilateral adrenal tumors are less frequent and can be classified as Primary Bilateral Macronodular Adrenal Hyperplasia (PBMAH) and Micro-nodular Adrenal Hyperplasia (MiAH), which essentially presents as Primary Pigmented Nodular Disease (PPNAD). Both tumor types are associated with increased cortisol secretion [START_REF] Bonnet-Serrano | Genetics of tumors of the adrenal cortex[END_REF]. Adrenocortical carcinomas (ACC) represent a malignant and aggressive phenotype affecting 0.8-2 per million per year in adults, with a significantly higher occurrence in Brazilian children at 3 per million per year [START_REF] Allolio | Adrenocortical Carcinoma: Clinical Update[END_REF][START_REF] Wajchenberg | Adrenocortical carcinoma: clinical and laboratory observations[END_REF][START_REF] Libé | Adrenocortical carcinoma (ACC): diagnosis, prognosis, and treatment[END_REF]. The last 10 years have been revolutionary for ACT research, resulting in the discovery of the significant role of the WNT pathway in adrenocortical tumorigenesis.

Role of WNT signaling in benign adrenal tumors:

Aldosterone producing adenomas (APAs)

Aldosterone-producing adenomas are benign tumors of the adrenal cortex resulting in hyperaldosteronism, and known to cause a portion of Primary Aldosteronism (PA) cases [START_REF] Backman | RNA Sequencing Provides Novel Insights into the Transcriptome of Aldosterone Producing Adenomas[END_REF]. Over the last 8 years, exome analysis has allowed identification of a number of driver mutations in KCNJ5, ATP1A1, ATP2B3, CACNA1D and CACNA1H that all culminate in deregulation of calcium signaling and hypersecretion of aldosterone in more than 50% of cases [START_REF] Fernandes-Rosa | Somatic and inherited mutations in primary aldosteronism[END_REF]. Although the role of these mutations in hormone secretion is well established, their pro-tumorigenic potential remains controversial. Studies in the mouse adrenal cortex have identified canonical WNT/signaling as a key player in the etiology of APA. In the normal adrenal cortex, canonical WNT/β-catenin signaling is activated in zona glomerulosa (zG) by autocrine/paracrine stimulation by WNT4 and R-Spondin 3 [START_REF] Berthon | Constitutive betacatenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF][START_REF] Drelon | PKA inhibits WNT signalling in adrenal cortex zonation and prevents malignant tumour development[END_REF][START_REF] Vidal | The adrenal capsule is a signaling center controlling cell renewal and zonation through Rspo3[END_REF] (Figure 2). Interestingly, constitutive activation of WNT signaling in all cortical zones through Cre-mediated deletion of the third exon of Ctnnb1 results in ectopic differentiation of zona glomerulosa (zG) cells, hyperproliferation and concomitant hyperaldosteronism, suggesting a role of constitutive WNT signaling in APA etiology. Consistent with this idea, WNT/ β-catenin signaling pathway is abnormally activated in ~70% of APAs, although only about 5% have activating CTNNB1 mutations [START_REF] Åkerström | Activating mutations in CTNNB1 in aldosterone producing adenomas[END_REF][START_REF] Berthon | WNT/β-catenin signalling is activated in aldosteroneproducing adenomas and controls aldosterone production[END_REF][START_REF] Berthon | Pregnancy, Primary Aldosteronism, and Somatic CTNNB1 Mutations[END_REF]. Remaining cases of constitutive activation may be resulting from down-regulation of WNT pathway inhibitors such as secreted frizzled related protein 2 (SFRP2). Indeed, SFRP2 expression is decreased in APA patients and knocking out Sfrp2 in mice results in increased canonical WNT activity and hyperaldosteronism [START_REF] Berthon | WNT/β-catenin signalling is activated in aldosteroneproducing adenomas and controls aldosterone production[END_REF].

Although APAs with CTNNB1 mutations have levels of aldosterone similar to non-mutated adenomas [START_REF] Åkerström | Activating mutations in CTNNB1 in aldosterone producing adenomas[END_REF] and heterogenous expression of CYP11B1 & CYP11B2 [START_REF] Wu | The prevalence of CTNNB1 mutations in primary aldosteronism and consequences for clinical outcomes[END_REF], strong evidence suggests that constitutive WNT pathway activation can play a direct role in increasing aldosterone secretion. Indeed, isolated activating mutations of CTNNB1 both in patients [START_REF] Åkerström | Activating mutations in CTNNB1 in aldosterone producing adenomas[END_REF] and mouse models [START_REF] Berthon | Constitutive betacatenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF] result in reninangiotensin-independent aldosterone secretion, in the absence of known APA driver mutations. Furthermore, we have shown that β-catenin, directly or indirectly through NURR1 and NUR77, transcriptionally upregulates expression of major genes involved in aldosterone synthesis (CYP21, CYP11B2 & AT1R), which results in increased aldosterone secretion [START_REF] Berthon | WNT/β-catenin signalling is activated in aldosteroneproducing adenomas and controls aldosterone production[END_REF].

Beyond its role in hormone production, constitutive WNT/β-catenin activation is likely to play a key role as driver of tumorigenesis. Constitutive activation of β-catenin in mouse, results in hyperproliferation, hyperplasia and adenoma formation [START_REF] Berthon | Constitutive betacatenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF]. In patients, APAs with CTNNB1 mutations display a significant increase in size [START_REF] Åkerström | Activating mutations in CTNNB1 in aldosterone producing adenomas[END_REF], consistent with a role of β-catenin in stimulating proliferation of human adrenocortical cell lines [START_REF] Gaujoux | Silencing mutated β-catenin inhibits cell proliferation and stimulates apoptosis in the adrenocortical cancer cell line H295R[END_REF]. A potential role as a tumorigenic driver is further supported by the observation that CTNNB1 mutations occur in adenomas that are not mutated for canonical drivers such as KCNJ5, ATP1A1, ATP2B3 and CACNA1D [START_REF] Åkerström | Activating mutations in CTNNB1 in aldosterone producing adenomas[END_REF]. However, in this context, βcatenin activation may trigger development of tumors with different molecular characteristics as suggested by RNA sequencing of a small group of 15 CTNNB1 mutated APAs [START_REF] Backman | RNA Sequencing Provides Novel Insights into the Transcriptome of Aldosterone Producing Adenomas[END_REF]. Whether activation of canonical WNT signaling plays a role in tumorigenesis of APA without CTNNB1 mutations is still unclear. However, because mutations of KCNJ5 inhibit rather than stimulate adrenocortical cell growth [START_REF] Oki | Potassium channel mutant KCNJ5 T158A expression in HAC-15 cells increases aldosterone synthesis[END_REF], it is tempting to speculate that the constitutive activation of WNT signaling observed in a majority of APA may constitute another hit required to increase proliferation in this context.

Non-secreting and cortisol secreting adrenocortical adenomas

Non-aldosterone secreting adenomas can be classified as overt cortisol producing, associated with Cushing's syndrome, adenomas with subclinical cortisol production and non-secreting adenomas. In their seminal work on the role of WNT signaling in adrenocortical tumorigenesis, Tissier et al. demonstrated abnormal nucleo-cytoplasmic accumulation of β-catenin in 10/26 adrenocortical adenomas (ACAs) that were either non-secreting (NSAs) or cortisol secreting (CSAs). They further showed that 7 (27%) of these benign tumors harbored somatic constitutive activating mutations in CTNNB1, suggesting a role of canonical WNT signaling in the etiology of ACAs [START_REF] Tissier | Mutations of beta-catenin in adrenocortical tumors: activation of the Wnt signaling pathway is a frequent event in both benign and malignant adrenocortical tumors[END_REF]. This has been further confirmed by studies showing both abnormal nucleo-cytoplasmic accumulation of β-catenin (51% of ACAs) and activating CTNNB1 mutations in 36 to 39% of adenomas [START_REF] Bonnet | Wnt/beta-catenin pathway activation in adrenocortical adenomas is frequently due to somatic CTNNB1-activating mutations, which are associated with larger and nonsecreting tumors: a study in cortisol-secreting and -nonsecreting tumors[END_REF][START_REF] Ronchi | Genetic Landscape of Sporadic Unilateral Adrenocortical Adenomas Without PRKACA p.Leu206Arg Mutation[END_REF][START_REF] Tadjine | Frequent mutations of beta-catenin gene in sporadic secreting adrenocortical adenomas[END_REF] Consistent with the pro-oncogenic role of constitutive WNT signaling both in human adrenocortical cells [START_REF] Gaujoux | Silencing mutated β-catenin inhibits cell proliferation and stimulates apoptosis in the adrenocortical cancer cell line H295R[END_REF] and mouse models [START_REF] Berthon | Constitutive betacatenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF][START_REF] Drelon | Analysis of the role of Igf2 in adrenal tumour development in transgenic mouse models[END_REF][START_REF] Heaton | Progression to Adrenocortical Tumorigenesis in Mice and Humans through Insulin-Like Growth Factor 2 and β-Catenin[END_REF], patients with activating CTNNB1 mutations had larger tumors and carried a significantly higher number of mutations [START_REF] Bonnet | Wnt/beta-catenin pathway activation in adrenocortical adenomas is frequently due to somatic CTNNB1-activating mutations, which are associated with larger and nonsecreting tumors: a study in cortisol-secreting and -nonsecreting tumors[END_REF][START_REF] Ronchi | Genetic Landscape of Sporadic Unilateral Adrenocortical Adenomas Without PRKACA p.Leu206Arg Mutation[END_REF]. In cohorts where this was analyzed, CTNNB1 mutations were mutually exclusive with activating driver PRKACA mutations [START_REF] Ronchi | Genetic Landscape of Sporadic Unilateral Adrenocortical Adenomas Without PRKACA p.Leu206Arg Mutation[END_REF][START_REF] Li | Clinical characteristics of PRKACA mutations in Chinese patients with adrenal lesions: a single-centre study[END_REF][START_REF] Thiel | PRKACA mutations in cortisol-producing adenomas and adrenal hyperplasia: a single-center study of 60 cases[END_REF]. The majority of adenomas with CTNNB1 mutations were non-secreting (52 to 61%), followed by subclinical cortisol secreting tumors (22-54%) and overt cortisol producing adenomas (16-18%) [START_REF] Bonnet | Wnt/beta-catenin pathway activation in adrenocortical adenomas is frequently due to somatic CTNNB1-activating mutations, which are associated with larger and nonsecreting tumors: a study in cortisol-secreting and -nonsecreting tumors[END_REF][START_REF] Ronchi | Genetic Landscape of Sporadic Unilateral Adrenocortical Adenomas Without PRKACA p.Leu206Arg Mutation[END_REF][START_REF] Thiel | PRKACA mutations in cortisol-producing adenomas and adrenal hyperplasia: a single-center study of 60 cases[END_REF]. This was further confirmed by a recent study on 38 cortisol producing adenomas which found CTNNB1 mutations in 24% of tumors, that were restricted to the subclinical Cushing's syndrome patients [START_REF] Hoxie | SAT-352 Comprehensive Genetic Analysis of Cortisol-Producing Adenomas[END_REF]. These data suggest that constitutive WNT pathway activation drives formation of less differentiated adenomas. This is consistent with data in vitro and in vivo, showing that constitutive activation of βcatenin is associated with decreased expression of key enzymes of zona fasciculata differentiation and reduced corticosterone/cortisol production [START_REF] Berthon | Constitutive betacatenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF][START_REF] Walczak | Wnt signaling inhibits adrenal steroidogenesis by cell-autonomous and non-cell-autonomous mechanisms[END_REF].

Primary Pigmented Nodular Adrenal Disease (PPNAD)

PPNAD is the most common form of micro-nodular adrenal hyperplasia, characterized by the presence of bilateral pigmented micro-nodules and Cushing's syndrome. PPNAD is mostly found in the context of Carney Complex (CNC), a familial tumor predisposition syndrome associated with constitutive activation of Protein Kinase A (PKA) pathway. This is mostly the result of inactivation of PRKAR1A, which encodes the regulatory subunit RIα of PKA but it is also associated with inactivating mutations of phosphodiesterases PDE11A and PDE8B (for review see [START_REF] Bonnet-Serrano | Genetics of tumors of the adrenal cortex[END_REF]). Consistent with data showing that activation of PKA can stimulate canonical WNT pathway through interactions with the destruction complex and β-catenin (For review see [START_REF] Drelon | Adrenal cortex tissue homeostasis and zonation: A WNT perspective[END_REF]), gene expression analyses and immunohistochemistry suggested that WNT pathway was activated in a subset of PPNAD with PRKAR1A mutations, which could mediate some of the oncogenic effects of PKA [START_REF] Almeida | Activation of cyclic AMP signaling leads to different pathway alterations in lesions of the adrenal cortex caused by germline PRKAR1A defects versus those due to somatic GNAS mutations[END_REF][START_REF] Gaujoux | Wnt/β-Catenin and 3′,5′-Cyclic Adenosine 5′-Monophosphate/Protein Kinase A Signaling Pathways Alterations and Somatic β-Catenin Gene Mutations in the Progression of Adrenocortical Tumors[END_REF][START_REF] Horvath | Serial analysis of gene expression in adrenocortical hyperplasia caused by a germline PRKAR1A mutation[END_REF][START_REF] Tadjine | Detection of somatic β-catenin mutations in primary pigmented nodular adrenocortical disease (PPNAD)[END_REF]. However, our data using mouse models of constitutive PKA activation following adrenal-specific ablation of Prkar1a, show that PKA signaling pathway antagonizes canonical WNT signaling in the adrenal cortex [START_REF] Drelon | PKA inhibits WNT signalling in adrenal cortex zonation and prevents malignant tumour development[END_REF]. We showed that this mechanism, which is essential for functional adrenal cortex zonation, relied on rapid and robust repression of WNT4 expression and activating phosphorylation of GSK3β (Y615) [START_REF] Drelon | PKA inhibits WNT signalling in adrenal cortex zonation and prevents malignant tumour development[END_REF]. This strongly suggests that WNT pathway is unlikely to play a major role in the development of PPNAD. However, it is possible that the most advanced PPNAD may overcome this inhibitory mechanism to gain a growth advantage. Consistent with this idea, activating CTNNB1 mutations were found in macronodules/adenomas that developed in the context of PPNAD, rather than in the micro-nodules [START_REF] Gaujoux | Wnt/β-Catenin and 3′,5′-Cyclic Adenosine 5′-Monophosphate/Protein Kinase A Signaling Pathways Alterations and Somatic β-Catenin Gene Mutations in the Progression of Adrenocortical Tumors[END_REF][START_REF] Tadjine | Detection of somatic β-catenin mutations in primary pigmented nodular adrenocortical disease (PPNAD)[END_REF].

Primary Bilateral Macronodular Adrenal Hyperplasia (PBMAH)

PBMAH is characterized by multiple bilateral adrenal macronodules, associated with varying degrees of Cushing's syndrome (from subclinical to overt). A number of mutations in key actors of PKA pathway such as GNAS (encoding GαS) and phosphodiesterases or ectopic expression of illegitimate receptors (GIP-receptor, LHR, 5-HTR…) coupled with PKA signaling, have been described. More recently, genome-wide approaches have identified frequent (21 to 26%) germline inactivating mutations of ARMC5, associated with nodule-specific secondary alterations [START_REF] Alencar | ARMC5 mutations are a frequent cause of primary macronodular adrenal Hyperplasia[END_REF][START_REF] Assié | ARMC5 mutations in macronodular adrenal hyperplasia with Cushing's syndrome[END_REF][START_REF] Faucz | Macronodular adrenal hyperplasia due to mutations in an armadillo repeat containing 5 (ARMC5) gene: a clinical and genetic investigation[END_REF]. The function of ARMC5 is still elusive. The wild-type protein induces apoptosis of adrenocortical cell lines in culture and this activity is lost by mutants found in patients [START_REF] Assié | ARMC5 mutations in macronodular adrenal hyperplasia with Cushing's syndrome[END_REF]. Interestingly, mice with heterozygous wholebody ablation of Armc5 initially develop hypocorticosteronemia at 12 months, which resolves as hypercorticosteronemia at 18 months, as seen in patients with ARMC5 mutations. Although the molecular underpinnings of this phenomenon are unknown, this endocrine hyperactivity is associated with a mild increase in canonical WNT pathway activity, characterized by abnormal cytoplasmic accumulation of β-catenin in the adrenal cortex and increased expression of the two canonical target genes Axin2 and Lef1 [START_REF] Berthon | Age-dependent effects of Armc5 haploinsufficiency on adrenocortical function[END_REF]. Whether this reflects a direct role of ARMC5 in canonical WNT signaling or an indirect effect through compensatory response (presumably through chronic ACTH increase) to the initial decrease in endocrine activity, remains to be investigated. Of note, ARMC5 mutations are also found at low frequency (10.7%, n=6/56) in african-american patients with primary aldosteronism [START_REF] Zilbermint | Primary Aldosteronism and ARMC5 Variants[END_REF]. This further suggests a potential link with WNT signaling.

Role of WNT signaling in Adrenocortical Carcinomas (ACC):

Adrenocortical carcinomas are rare and aggressive adrenocortical tumors with an overall 5 years survival rate of 35%, which is reduced below 15% for patients with metastatic disease. A number of alterations, including overexpression of the growth factor IGF2, inactivation of the TP53/RB pathway and mutation/deregulation of key epigenetic regulators, has been demonstrated in ACC [START_REF] Assié | Integrated genomic characterization of adrenocortical carcinoma[END_REF][START_REF] Crona | Adrenocortical carcinoma -towards genomics guided clinical care[END_REF][START_REF] Drelon | EZH2 is overexpressed in adrenocortical carcinoma and is associated with disease progression[END_REF][START_REF] Zheng | Comprehensive Pan-Genomic Characterization of Adrenocortical Carcinoma[END_REF]. Seminal work by Tissier et al. established a prominent role of canonical WNT signaling in ACC [START_REF] Tissier | Mutations of beta-catenin in adrenocortical tumors: activation of the Wnt signaling pathway is a frequent event in both benign and malignant adrenocortical tumors[END_REF]. Following these early findings, a number of studies have shown that canonical WNT signaling is abnormally activated in about 40% of these tumors. Consistent with data in ACAs, activation of canonical WNT signaling is associated with the C1A/CoCII-III subgroups of aggressive carcinomas [START_REF] Assié | Integrated genomic characterization of adrenocortical carcinoma[END_REF][START_REF] Zheng | Comprehensive Pan-Genomic Characterization of Adrenocortical Carcinoma[END_REF][START_REF] Gaujoux | beta-catenin activation is associated with specific clinical and pathologic characteristics and a poor outcome in adrenocortical carcinoma[END_REF][START_REF] Ragazzon | Transcriptome analysis reveals that p53 and {beta}-catenin alterations occur in a group of aggressive adrenocortical cancers[END_REF]. CTNNB1 activating mutations and inactivating APC mutations are found in 16% and 2-3% of ACC, respectively [START_REF] Assié | Integrated genomic characterization of adrenocortical carcinoma[END_REF][START_REF] Zheng | Comprehensive Pan-Genomic Characterization of Adrenocortical Carcinoma[END_REF]. They have been shown to trigger adrenocortical tumourigenesis in transgenic mice, although the occurrence of carcinomas was low, suggesting that secondary hits were required for tumor progression [START_REF] Berthon | Constitutive betacatenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF][START_REF] Drelon | Analysis of the role of Igf2 in adrenal tumour development in transgenic mouse models[END_REF][START_REF] Heaton | Progression to Adrenocortical Tumorigenesis in Mice and Humans through Insulin-Like Growth Factor 2 and β-Catenin[END_REF]. Recently, pan-genomic analyses identified alterations (mostly homozygous deletions) of ZNRF3 in 19-21% of ACC that were not mutated for CTNNB1 or APC [START_REF] Assié | Integrated genomic characterization of adrenocortical carcinoma[END_REF][START_REF] Zheng | Comprehensive Pan-Genomic Characterization of Adrenocortical Carcinoma[END_REF]. As ZNRF3 and its homologue RNF43 have been shown to inhibit WNT pathway by inducing degradation of FZD [START_REF] Hao | Control of Wnt Receptor Turnover by R-spondin-ZNRF3/RNF43 Signaling Module and Its Dysregulation in Cancer[END_REF], this suggested that inactivation of ZNRF3 may be driving ACC tumorigenesis through WNT signaling. Consistent with a potential role of ZNRF3 in adrenal pathophysiology, mouse genetic experiments have shown that its antagonist Rspo3, is essential for adrenal cortex renewal homeostasis [START_REF] Vidal | The adrenal capsule is a signaling center controlling cell renewal and zonation through Rspo3[END_REF]. To understand the role of ZNRF3 in adrenal pathophysiology, Basham et al. recently developed a mouse model of Cre/loxP mediated Znrf3 deletion in the adrenal cortex [START_REF] Basham | A ZNRF3-dependent Wnt/β-catenin signaling gradient is required for adrenal homeostasis[END_REF]. Deletion of Znrf3 resulted in adrenal cortex hyperplasia, increased proliferation and mild WNT pathway activation. This was in line with the relatively low levels of expression of a canonical WNT signature in ACC patients with ZNRF3 versus CTNNB1 mutations. Although progression from hyperplasia to carcinoma was not demonstrated in this study, this strongly suggests that ZNRF3 functions as a tumor suppressor in the adrenal cortex. Interestingly, inactivation of Porcupine, a key factor for WNT ligand secretion, partially reversed the hyperplastic phenotype, indicating that the effect of Znrf3 ablation was at least in part dependent on WNT ligands [START_REF] Basham | A ZNRF3-dependent Wnt/β-catenin signaling gradient is required for adrenal homeostasis[END_REF]. Porcupine inhibitors such as LGK974 [START_REF] Liu | Targeting Wnt-driven cancer through the inhibition of Porcupine by LGK974[END_REF] may thus provide a valuable therapeutic options for patients with ZNRF3 alterations.

Conclusions: one pathway, multiple outcomes

Since the demonstration of WNT pathway activation in adrenocortical tumors fourteen years ago, tremendous progress has been made to understand its function in adrenal pathophysiology. It is now very clear that it plays a key role in adrenal cortex zonation [START_REF] Drelon | PKA inhibits WNT signalling in adrenal cortex zonation and prevents malignant tumour development[END_REF], differentiation [START_REF] Berthon | WNT/β-catenin signalling is activated in aldosteroneproducing adenomas and controls aldosterone production[END_REF], renewal [START_REF] Finco | Sonic Hedgehog and WNT Signaling Promote Adrenal Gland Regeneration in Male Mice[END_REF] and tumorigenesis. However, how one pathway can be involved in the development of such diverse tumors as malignant carcinomas, benign non-secreting, cortisol or aldosterone producing adenomas is unclear. A number of non-exclusive possibilities could account for this.

One key aspect of canonical WNT signaling is dosage. Indeed, Kielman et al. showed that different mutations in Apc or Ctnnb1, which resulted in variable levels of WNT pathway activation, were associated with differential defects in development of derivatives of the three germ layers in teratoma formation assays [START_REF] Kielman | Apc modulates embryonic stem-cell differentiation by controlling the dosage of beta-catenin signaling[END_REF]. This was further confirmed in the intestine, where allelic series of Apc were used to demonstrate an inverse correlation between Apc expression, canonical WNT pathway activation and as a consequence, differentiation, proliferation and polyps formation in the intestinal epithelium [START_REF] Li | The threshold level of adenomatous polyposis coli protein for mouse intestinal tumorigenesis[END_REF]. Dosage effects and threshold levels were also demonstrated for embryonic development of anterior structures, hepatic zonation and hepatocellular carcinoma formation [START_REF] Buchert | Genetic dissection of differential signaling threshold requirements for the Wnt/beta-catenin pathway in vivo[END_REF].

Expression analysis of WNT reporters and target gene expression has shown that canonical WNT signaling is more active in the outer portion of the adrenal cortex [START_REF] Drelon | PKA inhibits WNT signalling in adrenal cortex zonation and prevents malignant tumour development[END_REF][START_REF] Vidal | The adrenal capsule is a signaling center controlling cell renewal and zonation through Rspo3[END_REF][START_REF] Walczak | Wnt signaling inhibits adrenal steroidogenesis by cell-autonomous and non-cell-autonomous mechanisms[END_REF]. Quantitative in situ hybridization analysis of the expression of the canonical WNT target gene Axin2, showed that canonical WNT signaling was high in zona glomerulosa, consistent with expression of Wnt4 and Rspo3 in this area [START_REF] Drelon | PKA inhibits WNT signalling in adrenal cortex zonation and prevents malignant tumour development[END_REF][START_REF] Vidal | The adrenal capsule is a signaling center controlling cell renewal and zonation through Rspo3[END_REF], moderate in the outermost part of zona fasciculata (where most proliferation normally occurs) and off in the innermost part of zona fasciculata [START_REF] Basham | A ZNRF3-dependent Wnt/β-catenin signaling gradient is required for adrenal homeostasis[END_REF]. Therefore, one may anticipate that depending on WNT signaling levels achieved following alteration of some regulators of the pathway, tumors may present variable differentiation pattern. Consistent with this, whereas mice with Ctnnb1 exon 3 deletion developed aldosterone producing adenomas in a context of robust canonical WNT activation [START_REF] Berthon | Constitutive betacatenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF], Znrf3 ablation resulted in hormonally silent proliferative expansion of zona fasciculata in a context of moderate pathway activation [START_REF] Basham | A ZNRF3-dependent Wnt/β-catenin signaling gradient is required for adrenal homeostasis[END_REF] (Figure 2). This suggests that high levels of canonical WNT signaling induce glomerulosa differentiation whereas milder levels stimulate proliferation without a significant impact on differentiation. Interestingly, advanced tumors found in mice with Ctnnb1 exon 3 deletion, which showed massive nuclear accumulation of β-catenin, were strongly de-differentiated as shown by low to absent nuclear staining for Steroidogenic Factor 1 [START_REF] Berthon | Constitutive betacatenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF] (Figure 2). This suggests that beyond a certain threshold, WNT pathway activation drives robust proliferation and de-differentiation, which may be associated with aggressive ACC progression.

Although these data can account for different effects of mutations in ZNRF3, APC or CTNNB1, they cannot explain formation of carcinomas or aldosterone-producing adenomas with the exact same activating mutation in CTNNB1. One important issue that has still not been addressed in adrenocortical tumors is the question of the cell of origin, which may be essential in understanding the readout of canonical WNT pathway activation. Indeed, dosage effects have been shown to be dependent on the cell type with a slight decrease in β-catenin dosage showing a dramatic effect on Paneth cells differentiation but only a modest effect on crypt morphogenesis [START_REF] Andreu | A genetic study of the role of the Wnt/beta-catenin signalling in Paneth cell differentiation[END_REF]. Differential effects of the same dosage have also been identified in the intestine, liver and natural killer cells [START_REF] Buchert | Genetic dissection of differential signaling threshold requirements for the Wnt/beta-catenin pathway in vivo[END_REF].

Another important aspect that will need to be addressed is the presence of genetic modifiers or even associated mutations. This is clearly true for carcinomas, which can present a high number of concomitant potentially harmful alterations [START_REF] Assié | Integrated genomic characterization of adrenocortical carcinoma[END_REF][START_REF] Zheng | Comprehensive Pan-Genomic Characterization of Adrenocortical Carcinoma[END_REF] but also adrenal adenomas, which unexpectedly present multiple deleterious gene alterations [START_REF] Ronchi | Genetic Landscape of Sporadic Unilateral Adrenocortical Adenomas Without PRKACA p.Leu206Arg Mutation[END_REF]. These may modulate WNT pathway activation in one way or another. One clear example of this, is PKA signaling pathway activation, which was shown to inhibit canonical WNT signaling both in adrenal cortex differentiation/zonation and in ACC progression [START_REF] Drelon | PKA inhibits WNT signalling in adrenal cortex zonation and prevents malignant tumour development[END_REF].

Finally, it would be interesting to evaluate the effect of non-canonical WNT signaling on canonical signaling. Although this may not apply for downstream mutations in APC or CTNNB1, this is an important issue for alterations of ZNRF3, which works through clearance of the membrane receptor Fzd and may thus activate non-canonical pathway [START_REF] Katoh | Molecular genetics and targeted therapy of WNT-related human diseases (Review)[END_REF]. This has not been demonstrated in the adrenal so far, but it is worth noting that Znrf3 ablation is associated with up-regulation of Wnt5a, a prototypical non-canonical signaling inducer. It is thus conceivable that some of the effects of ZNRF3 alterations may be mediated by subtle changes in canonical/non-canonical equilibrium.

Altogether, these data demonstrate an all-encompassing role of WNT signaling in adrenal cortex tumorigenesis and warrant evaluation of therapeutics targeting this pathway.

Figure 1. Canonical WNT signaling. A-in the absence of ligands, β-catenin is phosphorylated by GSK3β and CK1 within the so-called destruction complex. Phosphorylated b-catenin is ubiquitinylated and targeted for proteasomal degradation. Further inhibition of the pathway is ensured by the membrane-bound E3-ubiquitin ligases ZNRF3 and RNF43 that are encoded by WNT target genes. These ubiquitinylate the WNT ligand receptor FZD, targeting it for degradation. B-Upon binding of WNT ligands to FZD and LRP5/6, DVL is recruited, which triggers recruitment of the destruction complex to the cell membrane, preventing β-catenin phosphorylation. β-catenin accumulates in the cytoplasm and migrates to the nucleus where it interacts with LEF/TCF transcription factors to stimulate WNT target genes expression. WNT signaling can be further stimulated by binding R-Spondins (RSPO) to LGR4/5/6 receptors. This results in inactivation of the E3-ubiquitin ligases ZNRF3 and RNF43, preventing degradation of FZD. A-In the normal adrenal cortex, canonical WNT signaling is activated within zona glomerulosa (zG), through the stimulatory action of WNT ligands produced within the zG (WNT4) and capsule and of RSPO3 produced by the capsule. This is essential for zG differentiation. In the outer zF, low levels of WNT signaling are associated with normal levels of proliferation. Further down the cortex, WNT signaling is turned off by the inhibitory action of PKA [START_REF] Drelon | PKA inhibits WNT signalling in adrenal cortex zonation and prevents malignant tumour development[END_REF][START_REF] Vidal | The adrenal capsule is a signaling center controlling cell renewal and zonation through Rspo3[END_REF][START_REF] Basham | A ZNRF3-dependent Wnt/β-catenin signaling gradient is required for adrenal homeostasis[END_REF]. B-Absence of ZNRF3 in Znrf3 KO adrenals, results in low activation of WNT signaling at a level similar to normal outer zF. This results in proliferative expansion of zF [START_REF] Basham | A ZNRF3-dependent Wnt/β-catenin signaling gradient is required for adrenal homeostasis[END_REF]. C-In young ∆Cat mice that express a constitutive active version of β-catenin, high levels of WNT signaling (similar to what is normally found in zG) result in ectopic differentiation and proliferation of zG-like cells and hyperaldosteronism [START_REF] Berthon | Constitutive betacatenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF][START_REF] Berthon | WNT/β-catenin signalling is activated in aldosteroneproducing adenomas and controls aldosterone production[END_REF]. D-in aged ∆Cat mice, very high levels of WNT signaling are associated with dedifferentiation, massive hyperplasia and aggressive in situ carcinoma development with loco-regional tumor spreading [START_REF] Berthon | Constitutive {beta}catenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF].
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 2 Figure2. Role of WNT signaling dosage in adrenal physiology and disease. A-In the normal adrenal cortex, canonical WNT signaling is activated within zona glomerulosa (zG), through the stimulatory action of WNT ligands produced within the zG (WNT4) and capsule and of RSPO3 produced by the capsule. This is essential for zG differentiation. In the outer zF, low levels of WNT signaling are associated with normal levels of proliferation. Further down the cortex, WNT signaling is turned off by the inhibitory action of PKA[START_REF] Drelon | PKA inhibits WNT signalling in adrenal cortex zonation and prevents malignant tumour development[END_REF][START_REF] Vidal | The adrenal capsule is a signaling center controlling cell renewal and zonation through Rspo3[END_REF][START_REF] Basham | A ZNRF3-dependent Wnt/β-catenin signaling gradient is required for adrenal homeostasis[END_REF]. B-Absence of ZNRF3 in Znrf3 KO adrenals, results in low activation of WNT signaling at a level similar to normal outer zF. This results in proliferative expansion of zF[START_REF] Basham | A ZNRF3-dependent Wnt/β-catenin signaling gradient is required for adrenal homeostasis[END_REF]. C-In young ∆Cat mice that express a constitutive active version of β-catenin, high levels of WNT signaling (similar to what is normally found in zG) result in ectopic differentiation and proliferation of zG-like cells and hyperaldosteronism[START_REF] Berthon | Constitutive betacatenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF][START_REF] Berthon | WNT/β-catenin signalling is activated in aldosteroneproducing adenomas and controls aldosterone production[END_REF]. D-in aged ∆Cat mice, very high levels of WNT signaling are associated with dedifferentiation, massive hyperplasia and aggressive in situ carcinoma development with loco-regional tumor spreading[START_REF] Berthon | Constitutive {beta}catenin activation induces adrenal hyperplasia and promotes adrenal cancer development[END_REF].
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