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Mechanism of ectopic hormone receptors in adrenal tumors and hyperplasias

Since the initial description of glucose-dependent insulinotropic polypeptide (GIP)-dependent Cushing's syndrome, the molecular mechanisms leading to aberrant expression of G-protein coupled receptors in the adrenocortical adenomas and bilateral adrenal hyperplasia have excited scientific curiosity. This review addresses the recent advances in our understanding of the molecular pathogenesis of GIP-dependent Cushing's syndrome, focusing in particular on two novel findings reported by our group two years ago. First, we discuss the observations of monoallelic GIP receptor (GIPR) expression and transcriptional heterogeneity in GIP receptorexpressing adrenal lesions, corroborated recently by similar findings in GIPR-expressing somatotroph pituitary adenomas from patients with acromegaly. Second, we review the findings of 19q13.32 microduplications and chromosome rearrangements as molecular hits leading to adrenal GIPR expression in some adrenocortical adenomas. We further discuss some unanswered questions and future research directions, such as the molecular mechanisms leading to GIPR expression in bilateral adrenal hyperplasia, the putative mechanisms of several aberrant hormone receptors coexpression and the respective role of aberrant receptors as factors modifying steroidogenesis and as molecular drivers responsible for tumor development.

Finally, we review the potential therapeutic implications of aberrant receptors in the treatment of bilateral adrenal lesions.

Introduction

Adrenal Cushing's syndrome results from excessive pituitary corticotropin (ACTH)-independent cortisol production by adrenocortical tumors or by bilateral adrenal hyperplasia [START_REF] Lacroix | Cushing's syndrome[END_REF]. Recent discoveries have substantially enriched our understanding of the pathogenesis of adrenal lesions leading to hypercortisolism [START_REF] Assie | ARMC5 mutations in macronodular adrenal hyperplasia with Cushing's syndrome[END_REF][START_REF] Beuschlein | Constitutive activation of PKA catalytic subunit in adrenal Cushing's syndrome[END_REF][START_REF] Goh | Recurrent activating mutation in PRKACA in cortisol-producing adrenal tumors[END_REF][START_REF] Cao | Activating hotspot L205R mutation in PRKACA and adrenal Cushing's syndrome[END_REF]. In addition to genetic driver events promoting tumor development and growth, autocrine / paracrine factors regulating adrenal steroidogenesis have been reported [START_REF] Louiset | Intraadrenal corticotropin in bilateral macronodular adrenal hyperplasia[END_REF].

In a subset of patients with adrenal Cushing's syndrome, the cortisol excess is regulated at least in part by aberrant (ectopic or excessive) expression of certain G-protein-coupled receptors in adrenal lesions [START_REF] Lacroix | Ectopic and abnormal hormone receptors in adrenal Cushing's syndrome[END_REF][START_REF] El Ghorayeb | Multiple aberrant hormone receptors in Cushing's syndrome[END_REF]. The concept of the illegitimate expression of certain receptors in the adrenal cortex has been evoked since 1971, following the in vitro demonstration of adenylate cyclase activation by ACTH, but also by adrenaline, norepinephrine and TSH in rat adrenocortical cells [START_REF] Schorr | Abnormal hormone responses of an adrenocortical cancer adenyl cyclase[END_REF]. The first description in humans reported the case of a patient with cortisol secreting adrenocortical adenoma, in whom the production of cortisol presented an inverse rhythm with low fasting morning plasma cortisol concentrations that increased after food intake [START_REF] Hamet | Cushing syndrome with food-dependent periodic hormonogenesis[END_REF]. In 1992, two groups simultaneously reported in two patients with bilateral adrenal hyperplasia and food-dependent Cushing's syndrome, that the postprandial rise of cortisol production was induced by the glucose-dependent insulinotropic polypeptide GIP, an intestinal hormone produced by K-cells [START_REF] Lacroix | Gastric inhibitory polypeptide-dependent cortisol hypersecretion--a new cause of Cushing's syndrome[END_REF][START_REF] Reznik | Food-dependent Cushing's syndrome mediated by aberrant adrenal sensitivity to gastric inhibitory polypeptide[END_REF]. A few years later, the ectopic expression of the glucose-dependent insulinotropic polypeptide receptor (GIPR) was demonstrated in an adrenal adenoma by in situ hybridization [START_REF] De Herder | Food-dependent Cushing's syndrome resulting from abundant expression of gastric inhibitory polypeptide receptors in adrenal adenoma cells[END_REF]. This was followed by an important number of publications of case reports or small series over the last 3 decades, reviewed in [START_REF] Lacroix | Ectopic and abnormal hormone receptors in adrenal Cushing's syndrome[END_REF][START_REF] El Ghorayeb | Multiple aberrant hormone receptors in Cushing's syndrome[END_REF]. Activation of the ectopic GIP receptor, functionally coupled to cAMP signaling, triggers excessive hormone production, and, possibly adrenal cell proliferation.

The discovery of GIP-dependent Cushing's syndrome [START_REF] Lacroix | Gastric inhibitory polypeptide-dependent cortisol hypersecretion--a new cause of Cushing's syndrome[END_REF][START_REF] Reznik | Food-dependent Cushing's syndrome mediated by aberrant adrenal sensitivity to gastric inhibitory polypeptide[END_REF] opened an important new research direction leading to identification of adrenocortical expression of several other receptors belonging to the family of G-protein coupled receptors, functionally coupled to the AMPc-PKA pathway. A systematic description of the historical background and pathophysiological and clinical implications of the aberrantly expressed G-protein coupled receptors is beyond the scope of this manuscript. Interested readers will find detailed information in the following review articles [START_REF] Lacroix | Ectopic and abnormal hormone receptors in adrenal Cushing's syndrome[END_REF][START_REF] El Ghorayeb | Multiple aberrant hormone receptors in Cushing's syndrome[END_REF][START_REF] St-Jean | Aberrant G-protein coupled hormone receptor in adrenal diseases[END_REF]. Let us simply mention that the illegitimate expression of a G-protein coupled receptor in adrenocortical lesions may be:

stricto sensu ectopic, meaning that the receptor is not expressed (at significant levels) in the normal adrenocortical cells of zona fasciculata (i.e. GIPR, GnRH receptor, β-adrenergic receptor type 1, glucagon receptor); -or an overexpression of an eutopic receptor, when the receptor is physiologically expressed in zona fasciculata cells, but at significantly lower level (i.e. vasopressin receptor type 1a, angiotensin II receptor type 1a, receptor of LH / hCH , serotonin receptor type 4).

Examples of receptors aberrantly expressed in adrenal cortex are schematically represented in the Figure 1. Of note, the cortisol secreting adrenocortical lesions may coexpress several aberrant receptors [START_REF] El Ghorayeb | Multiple aberrant hormone receptors in Cushing's syndrome[END_REF][START_REF] St-Jean | Aberrant G-protein coupled hormone receptor in adrenal diseases[END_REF]. A systematic search for aberrant hormone receptors in patients with overt or subclinical Cushing's syndrome, using various stimulation or suppression tests (summarized in Figure 1), showed that the expression of one or several such receptors occurs frequently. Indeed, 80% of patients with cortisol-secreting bilateral adrenal hyperplasias and almost 50% of patients with cortisol-secreting adrenocortical adenomas presented with at least one aberrant response to screening tests [START_REF] El Ghorayeb | Multiple aberrant hormone receptors in Cushing's syndrome[END_REF][START_REF] Libe | Aberrant cortisol regulations in bilateral macronodular adrenal hyperplasia: a frequent finding in a prospective study of 32 patients with overt or subclinical Cushing's syndrome[END_REF]. Finally, it should be noted that the illegitimate expression of G protein-coupled receptors is not restricted to cortisol-producing adrenal lesions, but has been also described in a few cases of aldosterone producing adenomas responsible for primary aldosteronism [START_REF] Lampron | Regulation of aldosterone secretion by several aberrant receptors including for glucose-dependent insulinotropic peptide in a patient with an aldosteronoma[END_REF][START_REF] Teo | Pregnancy, Primary Aldosteronism, and Adrenal CTNNB1 Mutations[END_REF].

The therapeutic implications of aberrant hormone receptors in adrenocortical lesions, schematically represented in Figure 2, are however limited. A long-term control of Cushing's syndrome has been obtained in a man with bilateral macronodular hyperplasia by targeting the ectopic β-adrenergic receptor with propranolol, permitting to avoid bilateral adrenalectomy for 22 years [START_REF] Lacroix | Propranolol therapy for ectopic beta-adrenergic receptors in adrenal Cushing's syndrome[END_REF]. Similarly, in a woman with bilateral macronodular hyperplasia overexpressing the receptor of LH / hCH, a 20 years-long control of cortisol excess has been reached with leuprolide acetate [START_REF] Lacroix | Leuprolide acetate therapy in luteinizing hormone--dependent Cushing's syndrome[END_REF]. In the future targeting ectopic GIPR receptor by its naturally occurring GIP antagonist could be an interesting therapeutic option for patients with GIP-dependent Cushing's syndrome [START_REF] Gasbjerg | Glucose-dependent insulinotropic polypeptide (GIP) receptor antagonists as anti-diabetic agents[END_REF]. However, in the majority of adrenal lesions, excessive steroid production is regulated by several aberrant receptors together with other factors such as locally produced ACTH (Figure 2). Thus, targeting only one aberrant receptor is not an efficient therapeutic strategy in these cases.

Since the initial description of GIP-dependent Cushing's syndrome, the molecular mechanisms leading to aberrant expression of hormone receptors in the adrenal tissue has excited scientific curiosity. However the molecular mechanism of ectopic hormone receptors in adrenal tumors and hyperplasias has remained enigmatic for more 25 years. We have recently reported molecular events leading to adrenal GIPR expression in a large international collection of 16 specimens of adrenocortical adenomas and bilateral macronodular adrenal hyperplasias derived from patients with GIP-dependent adrenal Cushing's syndrome or with GIP-dependent primary aldosteronism [START_REF] Lecoq | of GIP-dependent Cushing's syndrome, occurring through monoallelic transcriptional activation of GIPR driven in some adrenal lesions by structural chromosome variations[END_REF]. This translational and collaborative research, integrating multiple international expertises, allowed us to postulate two original conclusions discussed in the following two sections of this review.

1) Mono-allelic GIPR expression and transcriptional heterogeneity in GIPR-expressing adrenal lesions

All 16 adrenal samples expressed significant amounts of GIPR transcripts as quantified by RT-qPCR. To visualize GIPR expression at the single cell level in patient's adrenal lesions, we used RNA FISH allowing detection of nascent RNA molecules at their transcription sites in the interphase nuclei. We found that all adenoma and hyperplasia samples expressed GIPR from a single allele of GIPR gene. Normal adrenal tissue does not express GIPR, whereas GIPR expression in tissues that are physiologically receptive to GIP is supposed to occur from both alleles, as GIPR is not considered as an imprinted gene.

Of note, GIPR expression was detected in a certain proportion of nuclei, ranging from 5 to 50%. This diversity in transcriptional activity observed at the individual cell level may be related to the genetic intra-lesion heterogeneity of the adrenal lesions. Alternatively, it could result from transcriptional bursting due to stochastic fluctuation between transcriptionally active and inactive gene states [START_REF] Fujita | Transcriptional bursting is intrinsically caused by interplay between RNA polymerases on DNA[END_REF]. Indeed, according to the current knowledge, transcription is not a continual process, RNA production occurs by switching between "on" and "off" states of genes.

Interestingly, samples showing the highest GIPR transcript levels quantified by RT-qPCR also exhibited the highest proportion of nuclei expressing GIPR detected by RNA FISH, suggesting a good complementarity of these two techniques.

2) 19q13.32 microduplication rearranged with other chromosome regions drive adrenal

GIPR expression

Mono-allelic GIPR expression consistently observed in all adrenal lesions suggest a common disease mechanism resulting in transcriptional activation of a single allele of the gene. Abnormal DNA methylation in the proximal GIPR promoter has been ruled out. Combined molecular search using array-CGH and DNA FISH identified in two adrenocortical adenomas somatic microduplications in 19q13.32 encompassing a 100.4-kb and 191.9-kb region, respectively. Mate-pair sequencing, enabling a pangenomic analysis of chromosome breakpoints, identified an inter-chromosomal rearrangement between the duplicated segments 19q13.32 and 20q13.12 in one adenoma and an intra-chromosomal rearrangement between the duplicated segments 19q13. 32 and 19q13.43 in another adenoma. In both tumors, the rearrangement showed a similar configuration, with a tandem duplication of one chromosome segment, separated by insertion of the GIPR gene-containing segment in inverted orientation (Figure 3). These chromosome rearrangements did not result in fusion genes. They rather generated a novel genomic environment by juxtaposing the GIPR gene with cis-acting regulatory sequences, thus permitting its expression. Indeed, according to the RNA FISH experiments on these tumor samples, only the GIPR allele placed in the rearranged chromosome environment was transcriptionally active. In one tumor GIPR was juxtaposed with the second intron of ubiquitously expressed ZMYND8 gene. This intronic region, rich in regulatory sequences, functions as an alternative promoter. We in particular demonstrated the functional role of a glucocorticoid response element, creating an intracrine and / or paracrine positive regulatory loop, in which the cortisol excess maintains the aberrant GIPR expression (Figure 3). It should be noted however that this recreated genomic environment is specific for this adenoma only. In the second tumor with 19q13.32 microduplications GIPR fall in a vast inter-genic region, offering a less straightforward mechanistic explanation.

Unanswered questions and further research directions

However, far from closing the debate, data reported in [START_REF] Lecoq | of GIP-dependent Cushing's syndrome, occurring through monoallelic transcriptional activation of GIPR driven in some adrenal lesions by structural chromosome variations[END_REF] open new questions and leave some old enigmas unanswered.

-What are the molecular mechanisms leading to the transcriptional activation of GIPR in the remaining adrenal lesions without 19q13.32 microduplications? First, our findings raise questions as to the molecular pathogenesis of GIPR-dependent primary bilateral macronodular adrenal hyperplasia. Bilateral illicit expression of GIPR and of other aberrant G-protein-coupled receptors in this disease could arise from germline or somatic chromosome rearrangements during early development. Six out of 16 GIPR-expressing adrenal samples have been analysed by mate-pair sequencing. This analysis provided molecular insights for two adenomas bearing 19q13.32 microduplications, but left the others lesions without explanation. Given the performance of this relatively old technique, the hypothesis of a structural abnormality, i.e. of a small microdeletion in cis regulatory sequences [START_REF] Lacroix | Ectopic and abnormal hormone receptors in adrenal Cushing's syndrome[END_REF] involved in the transcriptional repression of GIPR, remains plausible.

Mutations of transcription factors may also be considered [START_REF] Lacroix | Ectopic and abnormal hormone receptors in adrenal Cushing's syndrome[END_REF], although this hypothesis is difficult to reconcile with the observations of mono-allelic GIPR expression. Finally, pyrosequencing of the GIPR proximal GIPR promoter does not exclude the possibility of methylation abnormalities in distal regulatory sequences or in the gene body. Indeed, the GIPR gene comprises several CpG islands and hypermethylation of GIPR gene associated with GIPR upregulation has been described in small intestinal neuroendocrine tumors [START_REF] Karpathakis | intestinal neuroendocrine tumors are highly epigenetically dysregulated. GIPR gene body hyperpemthylaton was in articular observed[END_REF]. Along this line, we have recently performed whole genome DNA methylation analysis in 16 somatotroph pituitary tumors expressing or not GIPR (vide infra). GIPR-expressing adenomas negative for GNAS gene mutations displayed global DNA hypermethylation, pronounced in the gene bodies, in comparison with GNAS-mutated adenomas not expressing GIPR. DNA methylation analysis of GIPR gene revealed no alterations in promoter methylation but hypermethylation of GIPR gene body in GIPR-expressing tumors [START_REF] Hage | Hypermethylator Phenotype and Ectopic GIP Receptor in GNAS Mutation-Negative Somatotropinomas[END_REF]. As recently demonstrated, such gene body DNA methylation may preserve stabilization of the nucleosome in transcribed regions and enhance transcriptional efficiency [START_REF] Jones | Functions of DNA methylation: islands, start sites, gene bodies and beyond[END_REF]. Thus, abnormal DNA methylation, or other epigenetic modifications, could also be the pathogenetic driver event of aberrant GIPR expression.

-How to explain the concomitant expression of several aberrant receptors in one adrenal lesion?

Microduplications of the 19q13.32 locus explain exclusively the expression of GIPR. However, concomitant expression of several illicit receptors has been systematically repeatedly reported [START_REF] El Ghorayeb | Multiple aberrant hormone receptors in Cushing's syndrome[END_REF][START_REF] St-Jean | Aberrant G-protein coupled hormone receptor in adrenal diseases[END_REF]. In our series, four samples coexpressed two or more aberrant receptors, including three samples of bilateral hyperplasia expressing the LH / hCG receptor. No microamplifications and / or structural variation on chromosome segments containing the genes of these receptors were observed. Recently, a link has been proposed between activating p.Ser33Cys, p.Gly34Arg and p.Ser45Phe mutations of CTNNB1 encoding ß-catenin and overexpression of GnRH and LH / hCH receptors in three aldosterone producing adenomas [START_REF] Teo | Pregnancy, Primary Aldosteronism, and Adrenal CTNNB1 Mutations[END_REF]. However, this result has not been found by others [START_REF] Berthon | Pregnancy, Primary Aldosteronism, and Somatic CTNNB1 Mutations[END_REF][START_REF] Gagnon | Genetic Characterization of GnRH/LH-Responsive Primary Aldosteronism[END_REF] and was not confirmed in our series.

-Do illegitimate receptors drive tumor development or only trigger excessive hormone production ? Of note, the adenoma with 19q13.32 microduplication inserted into the intron 2 of ZMYND8 also harbored a somatic p.Ser45Cys mutation of CTNNB1. This suggests a 2 step model, in which the activating ß-catenin gene mutation may have contributed to the tumor development, whilst the chromosome rearrangement resulted in GIPR expression, triggering the specific profile of postprandial cortisol excess. Similarly, MEN1 mutation in another patient from our series probably represented the molecular hit favoring the development of bilateral macronodular adrenal hyperplasia in that case. On the other hand, no mutations in genes driving adrenal tumorigenesis were found in the remaining adrenal samples. Thus, the presence of ectopic G-protein-coupled receptors, functionally coupled to cAMP pathway, which is a major mitogenic signal in zona fasciculata cells, could per se promote cell proliferation and tumor development, as it has been demonstrated in mice [START_REF] Mazzuco | Ectopic expression of the gastric inhibitory polypeptide receptor gene is a sufficient genetic event to induce benign adrenocortical tumor in a xenotransplantation model[END_REF] and suggested in transiently pregnancy induced bilateral adrenal hyperplasia and severe Cushing's syndrome [START_REF] Plockinger | Functional Implications of LH/hCG Receptors in Pregnancy-Induced Cushing Syndrome[END_REF].

Ectopic GIPR in somatotroph pituitary adenomas

The concept of ectopic expression of hormone receptors has recently been extended to growth hormone (GH)-secreting pituitary adenomas. Chronic GH excess from these tumors is responsible for gigantism during childhood and acromegaly in adulthood. A subset of patients with acromegaly present with a paradoxical increase in GH secretion (instead of suppression) after oral glucose load [START_REF] Besser | Growth hormone release inhibiting hormone in acromegaly[END_REF]. By analogy to GIP-dependent Cushing's syndrome, this paradoxical rise in GH has been linked to ectopic expression of the GIPR in somatotroph pituitary tumors [START_REF] Occhi | The glucose-dependent insulinotropic polypeptide receptor is overexpressed amongst GNAS1 mutation-negative somatotropinomas and drives growth hormone (GH)promoter activity in GH3 cells[END_REF][START_REF] Regazzo | The GIP/GIPR axis is functionally linked to GH-secretion increase in a significant proportion of gsp(-) somatotropinomas[END_REF]. However, the quantity of GIPR transcripts is significantly lower in the pituitary tumors compared to adrenal lesions. Based on our above-described findings in adrenal lesions [START_REF] Lecoq | of GIP-dependent Cushing's syndrome, occurring through monoallelic transcriptional activation of GIPR driven in some adrenal lesions by structural chromosome variations[END_REF], we have searched the molecular mechanisms leading to ectopic GIPR expression in these pituitary tumors. Corroborating our observations in adrenal lesions, GIPR expression occurred in the pituitary tumors though transcriptional activation of a single allele of the GIPR gene in all GIPRexpressing pituitary tumors, except in two samples tetraploid for the GIPR locus, where expression occurred from two alleles per nucleus. Again, we searched for the reasons of this hypomorphic transcriptional activation. Unlike in the adrenal adenomas, array-CGH did not identify 19q13.32 microduplications, however DNA FISH visualized in four samples microamplifications encompassing only the GIPR gene. These microamplifications were present in a certain proportion of nuclei, illustrating the subclonal architecture of pituitary adenomas [START_REF] Hage | Hypermethylator Phenotype and Ectopic GIP Receptor in GNAS Mutation-Negative Somatotropinomas[END_REF][START_REF] Hage | Genomic Alterations and Complex Subclonal Architecture in Sporadic GH-Secreting Pituitary Adenomas[END_REF]. As already stated above, global DNA methylation analysis showed an overall hypermethylator phenotype in GIPR-expressing samples compared with GNAS-mutated adenomas, and in particular, GIPR gene body hypermethylation, likely leading to ectopic gene expression. Such GIPR gene hypermethylation has been reported in small intestinal neuroendocrine tumors [START_REF] Karpathakis | intestinal neuroendocrine tumors are highly epigenetically dysregulated. GIPR gene body hyperpemthylaton was in articular observed[END_REF]. Nevertheless it is not clear whether GIPR is aberrantly expressed in these tumors. Finally, besides adrenal and pituitary tumors, chromosome rearrangements and / or abnormal epigenetic modifications may also be responsible for ectopic secretion of various hormones by neuroendocrine tumors and other tumors associated with paraneoplastic hormonal syndromes.

Conclusion

Recently important advances have been achieved in our understanding of the molecular pathogenesis of GIP-dependent Cushing's syndrome. Ectopic GIPR expression in adrenocortical adenomas and in primary bilateral macronodular adrenal hyperplasias systematically occurs from single allele of GIPR gene. This monoallelic ectopic GIPR expression was associated in two adrenal adenomas with a genomic gain in 19q13.32 containing GIPR gene with chromosomal rearrangements, creating a novel genomic environment favorable for GIPR transcription.

However, despite recent insight, there are still many unanswered questions. Answering of the opened questions will provide a more complete understanding of the pathogenesis of adrenal Cushing's syndrome, with aberrantly expressed hormone receptors in their adrenal lesions. Adapted from [START_REF] Lecoq | of GIP-dependent Cushing's syndrome, occurring through monoallelic transcriptional activation of GIPR driven in some adrenal lesions by structural chromosome variations[END_REF]. 
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 1 Figure 1. Aberrant expression of hormone receptors in the adrenal lesions and the stimulation or suppression tests used to identify these receptors in clinical practice.AVPR1a and HTR4 in grey boxes are the most frequently encountered aberrant receptors.
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 2 Figure 2. Pharmaceutical targeting of the ectopic receptors as an alternative therapeutic approach to (bilateral) adrenalectomy.
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 3 Figure 3. Example of a molecular event leading to ectopic GIPR expression in an adrenocortical adenoma.
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Identifications of factors determining the tissue specificity of G-protein coupled receptors expression will represent a big step forward in human physiology.