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Περίληψη 

 

Οι αµφοτερόπλευρες επινεφριδιακές υπερπλασίες (BAHs) πιθανόν να προκαλούνται 

από γονίδια που κωδικοποιούν για µόρια τα οποία συµµετέχουν στο cAMP µονοπάτι 

σηµατοδότησης. Λίγα είναι γνωστά για το cAMP µονοπάτι σηµατοδότησης στους 

όγκους του φλοιού των επινεφριδίων οι οποίοι δεν φέρουν µεταλλάξεις σε γνωστά 

γονίδια. Η µαζική µακροοζώδης φλοιοεπινεφριδιακή νόσος (MMAD) και η 

πρωτοπαθής κεχρωσµένη  φλοιοεπινεφριδιακή νόσος (PPNAD), δύο µορφές BAHs, 

πιθανον να σχετίζονται µε αποκλίσεις στην έκφραση των microRNAs. 

Μελετήσαµε το cAMP µονοπάτι σηµατοδότησης µε ενζυµατικές και µοριακές 

µεθόδους σε όγκους του φλοιού των επινεφριδίων οι οποίοι δεν φέρουν µεταλλάξεις. 

Επιπλέον, µας ενδιέφερε να µελετήσουµε το microRNA προφιλ στις  MMAD και  

PPNAD και να ανιχνεύσουµε τα πιθανά ζευγάρια microRNA - γονιδίων που 

εµπλέκονται στην επινεφριδιακή ογκογένεση.  

Μελετήσαµε δείγµατα ιστών από 27 ασθενείς µε όγκους του φλοιού των 

επινεφριδίων (ηλικίας 5 - 60 ετών) και τα συγκρίναµε µε φυσιολογικό ιστό του 

φλοιού των επινεφριδίων. Όλα τα δείγµατα ελέγχθηκαν για µεταλλάξεις στα γονίδια : 

GNAS, PRKAR1A, PDE11A, PDE8B. Μελετήσαµε τα επίπεδα cAMP, και την 

συγγένεια πρόσδεσης στο cAMP καθώς και την ενεργότητα της πρωτεινικής κινάσης 

Α (PKA) και των φωσφοδιεστερασών (PDEs). Επιπρόσθετα, µελετήσαµε 10 ασθενείς 

µε MMAD (ηλικίας 39-60 ετών) και 10 ασθενείς µε PPNAD (ηλικίας 5-41 ετών) µε 

στόχο να καθορίσουµε το microRNA προφιλ, 4 φυσιολογικοί επινεφριδιακοί ιστοι 

χρησιµοποιήθηκαν σαν κοντρολ. Όλα τα δείγµατα αναλύθηκαν µε microRNA 

microarrays και τα αποτελέσµατα αξιολογήθηκαν µε Real Time PCR. Τα 

αποτελέσµατα συνεκτιµήθηκαν µε δεδοµένα έκφρασης που υπήρχαν διαθέσιµα πάνω 

στα ίδια δείγµατα MMAD,  PPNAD µε στόχο να αναγνωρίσουµε τα πιθανά ζεύγη  

microRNA - γονιδίων τα οποία εµπλέκονται στον σχηµατισµό της επινεφριδιακής 

υπερπλασίας. Χρησιµοποιώντας µια  PPNAD κυτταρική σειρά, προσπαθήσαµε να 

διερευνήσουµε τους ρυθµιστικούς µηχανισµούς που ρυθµίζουν την έκφραση του 

miR-449. 

Όλα τα αδενώµατα ήταν αρνητικά για µεταλλάξεις, και είχαν χαµηλότερα επίπεδα 

PDE δραστηριότητας και υψηλότερη συγγένεια πρόσδεσης στο cAMP από το 

φυσιολογικό ιστό. BAHs µε ή χωρίς µεταλλάξεις είχαν υψηλότερα επίπεδα cAMP και 

µειωµένη ελεύθερη - PKA ενεργότητα. 



 

 - 6 - 

37 και 44 microRNAs είχαν διαφορετική έκφραση µεταξύ της MMAD και PPNAD 

αντίστοιχα και του φυσιολογικού επινεφριδιακού ιστού. Επίσης, αναγνωρίσαµε 

πιθανούς γονιδιακούς στόχους γι αυτά τα  microRNAs. Μετά από συσχέτιση  µε 

διάφορες κλινικές παραµέτρους , θεωρήσαµε τα miR-130a και miR-382 καθώς και το 

let-7b ως πιθανούς διαγνωστικούς δείκτες στις MMAD και PPNAD αντίστοιχα. 

Επιπρόσθετα δείχνουµε ένα ρυθµιστικό µηχανισµό σύµφωνα µε τον οποίο η PKA 

τροποποιεί την έκφραση του miR-449 καθώς και του γονιδίου στόχου WISP2. 

Οι όγκοι του φλοιού των επινεφριδίων ανεξάρτητα µε την ύπαρξη ή όχι µεταλλάξεων, 

επέδειξαν λειτουργικές ανωµαλίες στο cAMP µονοπάτι σηµατοδότησης. 

Πιθανολογείται οτι επιγενετικά γεγονότα, επίδραση των microRNAs ή άλλα 

επιπρόσθετα γονιδιακά ελλείµµατα είναι υπεύθυνα. Τα microRNAs φαίνεται να 

έχουν ιδιαίτερο ρυθµιστικό ρόλο στις MMAD και PPNAD, συµπεριλαµβανοµένης 

µιας συσχέτισης µε την κλινική εικόνα και την σοβαρότητα της νόσου. Επίσης, 

διαφαίνεται ότι τα microRNAs είναι ρυθµιστές του Wnt σηµατοδοτικού µονοπατιού, 

εισάγοντας ένα νέο παθογενετικό µηχανισµό στην επινεφριδιακή ογκογένεση. 
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Abstract 

Context  Bilateral adrenal hyperplasias (BAHs) may be caused by mutations of genes 

that code for molecules that participate in cAMP signaling. Little is known about 

cAMP signaling in adrenocortical tumors (ADTs) that do not harbor mutations in 

known genes. Massive macronodular adrenocortical disease (MMAD) and Primary 

pigmented adrenocortical disease (PPNAD), two forms of BAHs may be caused by 

aberrant microRNA expression.  

Objective We assessed the cAMP signaling pathway by enzymatic and molecular 

studies in mutation-negative ADTs. Furthermore, we were interested in identifying 

the microRNA profile in MMAD and PPNAD and in detecting putative microRNA-

gene target pairs involved in adrenal tumorigenesis.  

Design Samples from 27 patients with ADTs (ages 5-60 years) were studied and 

compared to normal adrenocortical tissue. All samples were sequenced for GNAS, 

PRKAR1A, PDE11A, and PDE8B sequencing defects. Cyclic AMP (cAMP) levels 

and binding, protein kinase A (PKA), and phosphodiesterase (PDE) activities were 

assayed. Additionally, 10 patients with MMAD (ages 39 - 60 years) and 10 patients 

with PPNAD (ages 5-41 years) were studied in order to identify the microRNA 

profile; 4 normal adrenal cortices were used as controls. All samples were analyzed 

using microRNA microarrays; data were validated by Real Time PCR. MicroRNA 

microarray analysis was integrated with expression data in the same MMAD, PPNAD 

samples to identify potential microRNA-gene target pairs implicated in adrenal 

hyperplasia formation. Using a PPNAD cell line we tried to investigate the regulatory 

mechanisms underlying the expression of miR-449.  

Results All adenomas were mutation-negative; these tumors had lower PDE activity 

levels and higher cAMP binding affinity than normal adrenal. BAHs, both with and 

without any mutations, had higher cAMP levels and decreased free PKA activity.  

A total of 37 microRNAs, 44 microRNAs were differentially expressed between 

MMAD, PPNAD and normal tissues respectively. We also identified putative gene 

targets for these microRNAs. After considering various clinical parameters from our 

patients, we identified miR-130a and miR-382 as putative diagnostic markers in 

MMAD and let-7b in PPNAD. We demonstrate a regulatory mechanism according to 

which PKA modulates the expression of miR-449 and its target gene WISP2.  

Conclusion: ADTs independently of their mutation status, demonstrated functional 

abnormalities of cAMP signaling. It is probable that epigenetic events, microRNA 
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implication or additional defects of genes involved in this pathway are responsible. 

MicroRNAs appear to have distinct regulatory effects in MMAD and PPNAD, 

including an association with clinical presentation and severity of the disease. 

MicroRNAs are modulators of the Wnt signaling pathway, indicating a novel 

pathogenetic mechanism in adrenal tumorigenesis.  
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1 Introduction 

1.1 Adrenal Glands; Anatomy and function 

Adrenal glands are two triangular endocrine glands, responsible for many critical 

functions of the human body. They are situated anteriosuperiorly to the kidneys 

(figure1.1), on the level of the 12th thoracic vertebra; their blood supply is provided 

by the adrenal arteries.  Histopathologically, they can be divided into the adrenal 

medulla, the central part, and the adrenal cortex. The adrenal medulla is the main 

source of cathecholamines: adrenaline and nor-adrenaline that mediate the fight or 

flight response via the sympathetic nervous system. The adrenal cortex is mainly 

responsible for 3 major functions: glucocorticoid synthesis (cortisol), 

mineralocorticoid synthesis (aldosterone) and androgen synthesis (testosterone, 

androstenedione). Cortisol production is regulated via the hypothalamic-pituitary- 

adrenal axis under the control of ACTH (Adrenocoticotropic Hormone). (1,2) 

 

 

Figure 1.1 Adrenal glands (Grays Anatomy) 

 

Adrenal dysfunction may lead to obesity, metabolic syndrome, osteoporosis and late 

onset diabetes- mellitus. Nowadays, the increasing use of Computed Tomography for 

diagnostic purposes has led to the estimation that almost one in ten adults has a 

nodule (> 1 cm) in the adrenal cortex (3). These incidentalomas are most commonly 

classified as adrenal adenomas; benign unilateral adrenal tumors that bear a good 

outcome. Adrenal cancer is rare with an incidence of 1 in 1500 of the adrenocortical 
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tumors and a prevalence of 4-12 cases per million (4) but is associated with a high 

morbidity rate in case it remains untreated. Bilateral adrenal hyperplasias (BAHs) 

comprise a rather less well known group of adrenal disorders with an important role in 

the pathogenesis of Cushing Syndrome. Mainly, Primary Pigmented Nodular 

Adrenocortical Disease (PPNAD) and ACTH Independent Macronodular 

Adrenocortical Hyperplasia (AIMAH), both familial and sporadic forms, have been 

implicated in Cushing Syndrome (3). 

1.2 Cushing Syndrome 

Cushing syndrome (CS) is an endocrine syndrome caused by high levels of cortisol in 

the serum. It may be due to pituitary adenomas; a medical condition known as 

Cushing’s disease, due to ectopic excretion of adrenocorticotropic hormone (ACTH) 

or due to ACTH-independent adrenal tumors. In children, it usually presents with 

weight gain and delayed growth development. Other symptoms include facial 

plethora, hypertension, hirsutism and skin manifestations such as striae and acanthosis 

nigricans. In order to establish the diagnosis of Cushing, hypercortisolism should be 

documented. Usually, the 24h urinary free cortisol (UFC) excretion is measured 

(normal range: <70µg/m2/24h). A gold standard test that is being used very often in 

order to confirm endogenous excess of cortisol is the diurnal plasma cortisol 

variation. Midnight cortisol levels higher than 5µg/dl are indicative of CS. Other tests 

such as corticotropin releasing hormone (CRH) test and the Liddle’s test are 

performed in order to distinguish the cause of Cushing’s syndrome (1,5). 

1.3 Adrenal Cushing Syndrome 

Bilateral adrenocortical hyperplasias, along with the most common adrenal adenoma 

and the very rare adrenal carcinoma comprise the spectrum of  diseases that can be the 

causes of  adrenal Cushing’s syndrome. 

1.3.1 Bilateral Adrenocortical  Hyperplasias (BAHs) 

It is estimated that almost 10% in young adulthood and 15% in childhood, of the 

ACTH-independent Cushing’s syndrome can be due to BAHs. The most known 

groups of adrenal hyperplasia are the primary pigmented nodular adrenocortical 

disease (PPNAD) and the ACTH - independent macronodular adrenocortical 

hyperplasia (AIMAH) which is also known as massive macronodular adrenocortical 
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disease (MMAD). Recent findings, mainly in the field of molecular genetics, have 

added more knowledge regarding the existence of different forms of adrenal 

hyperplasias and a new nomenclature has been recently suggested by Stratakis et al, 

2007, (6). Three main criteria have been used for this classification. The size of the 

nodules (1cm is the size-limit that distinguishes micro- from macronodular 

hyperplasias), the presence of hyperplasia or atrophy in the surrounding tissue as well 

as the detection of pigmented lesions (Table1.1) (6). 

 

 

Table 1.1: Adrenocortical lesions causing Cushing’s syndrome (6) 

1.3.1.1 PPNAD 

Primary pigmented nodular adrenocortical disease (PPNAD) is a rare form of bilateral 

adrenal hyperplasia that can cause CS. PPNAD is linked to Carney Complex (CNC); 

an autosomal dominant disease with multiple neoplasia manifestations from the 

endocrine system that was first described in 1985 by Dr J. Aidan Carney (7) (see 

below CNC). PPNAD also exists in its sporadic form, but less frequently; almost 90% 

of PPNAD cases are associated with CNC. This form of adrenal hyperplasia is the 
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most frequent endocrine tumor in patients with CNC and it can present either in the 

first years of life or more commonly in the 2-3 decade of life. It can be differentially 

diagnosed form other causes of hypercorisolism using Liddle’s test; a paradoxical 

increase in urinary free cortisol and 17-OH-Steroid is detected on day 6 after 

dexamethasone stimulation (5). 

 

PPNAD is attributed to inactivating mutations of the regulatory subunit R1A of the 

PKA enzyme that lead to non functional protein products. According to biochemical 

studies on PKA function, PPNAD tumors exhibit increased PKA activity upon cAMP 

stimulation (8) mainly attributed to overexpression of other regulatory subunits of the 

PKA protein (9). 

 

Recently, the gene expression profile was studied in PPNAD, using serial analysis of 

gene expression (SAGE) and revealed the differential expression of several important 

genes implicated in steroidogenesis and cell proliferation signaling pathways, between 

PPNAD and normal adrenal (10). 

 

Pathologic features of the adrenals in PPNAD include small or normal size of the 

gland and the presence of black or dark brown nodules throughout the atrophic cortex. 

Especially in young patients the combination of the atrophic cortex and the pigmented 

micronodules is diagnostic. In older patients, nodules more than 1cm have been 

detected (3). 

1.3.1.2 iMAD 

iMAD is a micronodular adrenal hyperplasia and although it has many common 

features with PPNAD, it consists a distinct entity. It usually has an early onset and 

presents with atypical Cushings Syndrome (ACS). Patients with ACS have a hectic 

phenotype accompanied be osteoporosis and muscle wasting. The urinary free cortisol 

levels in these patients tend to range between normal values (11). This type of adrenal 

hyperplasia has been associated with mutations in the PDE11A gene, according to a 

genome wide screen of 10 kindreds (12). The pathologic features of the disease 

include hyperplasia of the surrounding adrenal cortex and absence of pigmentation 

(6). 
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1.3.1.3 MMAD/AIMAH 

Unlike the case with PPNAD, most patients with MMAD do not have family history 

of this disease and present with CS in middle age or even late adulthood (13). 

Aberrant expression of G protein-coupled receptors (GPCRs) was identified as the 

main molecular mechanism that underlies the cause of MMAD in the majority of the 

cases (14), but how this molecular abnormality is generated in the adrenal cortex of 

affected subjects remains the subject of intense inquiry. 

 

Somatic mutations of the GNAS gene are present in patients with McCune-Albright 

syndrome (MAS) and CS due to BAH (15); in addition, a number of patients with 

MMAD/AIMAH were found to harbor GNAS mutations in their adrenocortical tissue 

(16). In these cases, aberrant GPCR expression may be due to activation of the protein 

kinase A (PKA) signaling pathway by increased cAMP levels (3) but in most patients 

with MMAD/AIMAH the underlying cause of this phenomenon remains a mystery. 

Our laboratory reported several genes that may play a role, following an expression 

microarray analysis of tissues affected by MMAD/AIMAH (17). 

1.3.2 Adrenocortical Adenoma 

Adrenortical adenoma (ACA) is the most common cause of adrenal Cushing’s 

syndrome. Usually it is unilateral, it can present at all ages and it has been associated 

with the Multiple Endocrine Neoplasia syndrome type 1 (MEN1) (approximately  

50% of the patients diagnosed with MEN1 have ACAs), with Familial Adenomatous 

Poluposis syndrome (FAP), McCune-Albright  and others. Despite its benign nature, 

ACA also has to be removed laparoscopically in symptomatic patients (6). 

1.3.3 Adrenocortical Cancer 

Adrenocortical cancer (ACC) is quite rare, the estimated prevalence rate is 4-12/ 

million of population and bears a poor prognosis (18). In order to differentiate the 

ACC from the adrenocortical adenoma we currently use the Weiss score which is 

based on histopathological features of the tumor such as necrosis, architecture and 

vascular invasion (19). The required treatment for ACC is open adrenalectomy, 

although most of the patients are diagnosed in a late stage when metastases are 

already present (20). ACC has been linked with several familial disorders such as Li-

Fraumeni syndrome and Beckwith-Wiedemann syndrome (21). 
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1.4 The cAMP signaling pathway 

1.4.1 GSA and MAS 

During the investigation of adrenal tumorigenesis it has been indicated that 

aberrations of the cAMP pathway have a major role (figure 1.2). The first element of 

this pathway that was associated with the pathogenesis of adrenocortical tumors was 

the stimulatory Gs-protein a subunit (encoded by GNAS1), which was found altered 

in McCune-Albright syndrome. 

 

G proteins are cardinal mediators of extracellular signals into cellular responses. They 

are heterotrimeric compounds of three subunits: alpha, beta and gamma, which are 

encoded by multiple different genes. In the inactive state, a subunit is bound to GDP 

and to the heterodimer of beta and gamma subunits. Upon activation, GDP is replaced 

by GTP and a subunit dissociates from the beta, gamma dimmer and the recetor. At 

this phase, a subunit activates ion channels and other effector molecules until it is 

inactivated again by its endogenous GTPase activity, returning to the non-stimulated 

stage (21-23). 

 

G proteins, due to their variability of their subunits, can interact with a great range of 

receptors. Adenylate Cyclase is activated by receptors bound to G alpha s (alpha 

subunits with a ubiquitous expression) leading to increased cAMP synthesis and PKA 

activation. Gsa subunit is encoded by the GNAS1 gene located in chromosome 

20q13.1-13.2. Mutations of this gene may lead to the stabilization of G protein in 

either the active or the inactive state (21). 

 

McCune-Albright Syndrome is a sporadic disease, which was first described in 1936 

by McCune and Albright with a series of case reports. It is caused by postzygotic 

activating mutations of the a-subunit of G protein that lead to an increase in Adenylate 

Cyclase activity in a monoclonal cellular population. The wide distribution of the 

cells which bear the activating mutation defines the features of the disease, depending 

on the different tissues which are involved.  In the majority of the cases, the mutation 

is a substitution of Arginine 201 by histidine or cysteine, that leads to the stabilisation 

of Gsa protein in an active form. The main three characteristics of this syndrome 

include polyostotic fibrous dysplasia, café au lait spots and precocious puberty, 
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nevertheless other characteristics have been also reported. Endocrine disorders such 

as secreting pituitary adenomas, adrenal hyperplasia and hypercortisolism, thyroid 

and parathyroid dysfunction and osteomalacia have been associated with MAS, 

suggesting that it is a quite heterogeneous condition with a wide range of 

manifestations. Hypercortisolism due to adrenocortical tumors is a rare finding in 

patients with MAS, and it has mainly been described during the early years of life. 

According to a study of 113 patients with signs of MAS, 7 of them had high levels of 

cortisol, and the activating mutation in Gsa was detected in two out of the four adrenal 

tissue samples available for testing (22). Cushing’s in MAS can resolve 

spontaneously, but most of the times treatment is required; adrenalectomy is the 

treatment of choice . The correlation of Gsa mutations and the adrenal dysfunction in 

patients with MAS has established a possible pathogenetic mechanism for adrenal 

tumorigenesis. Is that mechanism also present in sporadic forms of adrenal disease? In 

patients with Cushing’s syndrome, due to AIMAH, and without any typical signs of 

MAS, activating mutations of Gsa have been detected (23). 

1.4.2 PRKAR1a and CNC 

Protein kinase A is another core member of the cAMP signaling pathway that is 

involved in adrenal tumorigenesis.  Inactivating mutations of the regulatory subunit 1 

of PKA protein has been described in patients with Carney Complex, a multiple 

endocrine neoplasia syndrome. 

 

Protein kinase A is cAMP dependent kinase, with a regulatory role in cell 

proliferation, growth, transcription and apoptosis. PKA consists of two homo- or 

hetero-dimmers of regulatory subunits and two catalytic subunits. The regulatory 

subunits exist in two forms, RI and RII and combine with the catalytic subunit (Ca, 

Cβ or Cγ) in order to form the PKA molecule. PKA can be detected in human cells in 

two at least different isoforms depending on the identity of the homo/heterodimers of 

the regulatory subunits. PKA I consists of the RIa and/or RIb and PKA II respectively 

consists of RIIa and/or RIIb subunits. RIa is the most abundant subunit and is encoded 

by the PRKAR1A gene, located in 17q22-24 locus (24). 

 

The inactive form of PKA consists of the two regulatory subunits and the two 

catalytic ones. Regulatory subunits comprise of the amino terminal dimerization 
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domain, a region that interacts with the catalytic subunit, and the carboxyl terminus 

domain. Two cAMP binding sites, site A and site B are located in the carboxyl 

terminus domain. Binding of cAMP to site B, changes the conformation of the 

molecule and enhances the binding of cAMP to site A (24). So, upon activation of the 

molecule, two cAMP molecules bind to each R subunit, resulting in the dissociation 

of the catalytic subunits. The catalytic subunits have serine-threonine kinase activity 

and are capable of phosphorylating a wide range of transcriptional factors and other 

substrates, regulating cell growth and differentiation. Inactivating mutations of the 

R1A subunit of PKA have been identified in the majority of patients with Carney 

Complex (9). 

 

Carney Complex (CNC; MIM# 160980) is a dominantly inherited disease with three 

main characteristics: spotty skin pigmentation (leniginosis), myxomas (cardiac and 

cutaneous) and endocrine hyperactivity. Most of the patients previously diagnosed 

under the syndromes of LAMB (lentigines, atrial myxoma, blue nevi) or NAME 

(nevi, atrial myxoma, myxoid neurofibroma, ephelide) are now characterized as CNC 

patients. 

Although some of the features may present early in life (lentigines, myxomas) most of 

the patients are diagnosed in the second or third decade of life. Cardiac myxomas can 

appear at any age, are more aggressive in comparison to sporadic myxomas and are 

responsible for 50% of the mortality in CNC patients. Cutaneous myxomas include 

myxomas of the median ear, eyelid, breast as well as female genital system. 

 

Various endocrine disorders have been described in CNC patients. The most common 

feature is primary pigmented nodular adrenocortical disease (PPNAD), a form of 

adrenal hyperplasia causing CS. ACTH-independent Cushing’s syndrome is the main 

endocrine manifestation in CNC patients. Approximately one fourth of CNC patients, 

have been diagnosed with PPNAD and this might be an underestimation due to 

subclinical and periodical forms of CS. Other endocrine disorders include thyroid 

gland dysfunction, pituitaty adenomas as well as testicular tumors. Life expectancy is 

decreased in these patients, mainly because of the cardiac myxomas and neoplasias 

(25). 
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Genetic linkage studies have identified two different loci associated with this 

syndrome, 17q22-24 (CNC1) and 2p16 (CNC2). Locus 2p16 is still under 

investigation, since no specific gene has been indicated yet. Hypothetically, a non 

coding molecule could be related with this locus eg a miRNA. According to a study in 

CNC patients registered in the NIH Mayo Clinic collection, 52.8% of the kindreds 

had a mutation in CNC1 locus (9). Until today, approximately 60 PRKAR1A 

inactivating mutations have been detected; most of them are substitutions, small 

deletions or insertions. Only two large deletions have been described in two patients 

with CNC (26). In the majority of the cases the mutations lead to a premature stop 

codon and mRNAs are degraded by nonsense mediated mRNA decay. Additionally, 

loss of hybridization for PRKAR1A was identified in tumors from CNC patients, 

suggesting the putative role of R1A as a tumor suppressor gene (8). 

 

Recently, mutations that escape nonsense mediated mRNA decay and lead to the 

expression of truncated, malfunctioning proteins have been described (26, 27). In 

vitro studies regarding those mutations have reported increased PKA activity, 

decreased cAMP binding and increased pCREB / CREB ratios indicating that 

impaired PRKAR1A function is sufficient for alterations in PKA activity that enhance 

tumorigenesis  (27). 

 

PRKAR1A mutations have also been detected in patients with isolated PPNAD, with 

no other symptoms of Carney Complex; most probably they have occurred de novo 

(4, 9). 
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Figure 1.2: The ACTH–cAMP–PKA pathway (18). 

 

1.4.3 PDE11A 

Additionally to GSA and PRKAR1A, another molecule associated with the cAMP 

pathway has been found implicated in adrenal tumorigenesis. Inactivating mutations 

of the phosphodiesterase 11A (PDE11A) have been detected in a genome wide screen 

of 10 kindreds, with adrenal hyperplasia and without any other known defects, like 

PRKAR1A or GNAS mutations (12). 

 

Cyclic nucleotide phosphodiesterases (PDEs) are the enzymes, which degrade the 

cAMP and/or cGMP molecules and inactivate them, regulating cell signaling and cell 

homeostasis. PDEs comprise a huge group of enzymes; over 100 different proteins 

have been reported until today. The vast variety of these enzymes is attributed not 

only to the large number of genes that encode these proteins (21 genes) but also to 

their complex structure. Most of these genes are regulated by multiple promoters and 

in combination with alternative splicing, a big variety of transcripts is expressed (28). 
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PDEs can be divided in 11 families (PDE1-PDE11) based on their sequence 

homology and their biochemical and pharmacological and features. Additionally, 

according to their substrate specificity they can be subdivided into those that are 

cAMP specific (PDEs 4,7,8), cGMP specific (PDEs 5,6,9) and those that can 

hydrolyze both cAMP and cGMP (PDEs 1,2,3,10,11) (28). According to structural 

studies on PDEs, the specificity of their catalytic site is mainly regulated by the 

orientation of a glutamine residue located in the binding pocket of the enzyme. When 

the rotation of this residue is not constrained by adjacent molecular bonds, then the 

enzyme can hydrolyze both cyclic nucleotide phosphates whereas, if the orientation of 

glutamine is stable, the enzyme has cAMP or cGMP specifity depending on the 

conformation established (29). 

 

PDE11 family has been reported for the first time by Fawcett et al, 2000 and is the 

most recently described one (30). The family consists of one gene product, PDE11A, 

with 4 different variants (A1-4). PDE11A gene is located in chromosome 2, locus 

2q31.2 and contains 23 exons. The 4 variants are differentially expressed among 

tissues, and the findings regarding their expression pattern are contradictory. 

According to a recent study all PDE11A variants were detected in the prostate, testis, 

kidney, adrenal, colon and epidermis (31) although, other studies showed no 

expression of the isoforms in the human testis (32). PDE11A1 is the most 

ubiquitously expressed and PDE11A2, A3 isoforms are mainly expressed in the testis. 

PDE11A4 isoform is most highly expressed in the prostate and has also been found 

expressed in the pituitary, heart, liver and the adrenal gland (33,34). 

 

Several PDE aberrations have been associated with human inherited diseases, such as 

PDE4D polymorphisms and increased stroke susceptibility, PDE4B alleles and 

schizophrenia and PDE6 mutations and congenital eye disease. No endocrine disorder 

has been associated with malfunction of PDEs until the implication of PDE11A 

inactivating mutations in adrenal hyperplasia (28,34). 

 

The adrenal glands of patients with CS who bear the PDE11A mutations and PPNAD 

patients had similar features such as normal size and weight, multiple yellow to dark 

brown nodules and granules of lipofuscin. Despite the similar appearance with 

PPNAD, no PRKAR1A mutations were detected (12). 
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Five PDE11A mutations were reported: two frameshifts (171delTfs41X and 

1655_1657delTCT/insCCfs15X) and one base pair substitution (R307X) that leads to 

a premature stop codon, which were protein-truncating and two missense substitutions 

(R804H and R867G). FISH studies indicated loss of heterozygosity with retention of 

the mutant allele in some of these patients. Furthermore, the cAMP and cGMP levels 

were analysed in tissue lysates from the adrenals, considering the putative effects of 

PDE11A inactivation in the degradation of the second-messenger molecules. Indeed, 

the cAMP and cGMP were elevated in the affected individuals in comparison with the 

normal adrenals. Also, the levels of phosphorylated CREB were increased in the 

adrenals that bear the PDE11A mutations. Those data indicated a putative 

pathophysiological mechanism in adrenal tumorigenesis according to which PDE11A 

inactivating mutations lead to aberrations in cAMP signaling. PDE11 is partially 

inhibited by Tadalafil (IC50: 73nM), a PDE5 inhibitor administered to patients with 

erectile dysfunction, but no side effects regarding the adrenal function have been 

reported so far (12). 

 

The presence of the five germline PDE11A inactivating mutations in the general 

population was studied. The three truncating variants were also present in normal 

subjects, but with much lower frequency that in patients with adrenal hyperplasia. The 

other two missense mutations were detected in normal subjects with lower frequency 

than among patients with adrenal lesions but without statistical significance. The 

presence of the inactivating PDE11A mutations in the general population indicates 

their possible role as predisposing factors to adrenocortical neoplasms and other 

tumors (34). 

 

Also the frequency of PDE11A alterations was studied in patients with other 

adrenocortical lesions, apart from micronodular adrenocortical disease such as 

AIMAH (or MMAD), ACA and ACC. PDE11A was screened in 117 adrenocortcal 

tumors and 192 controls; one inactivating mutation that was previously described (12) 

was found in ACA but not in the controls, 22 missense variants were detected in the 

tumor samples and 11 in the control group. The common coding sequence variants 

had a higher frequency in the adrenal lesions than in the controls. Among 



Chapter 1 - Introduction 

 - 26 - 

adrenocortical tumors the higher frequency was detected in AIMAH (24%) in 

comparison with ACA (19%) and ACC (16%). This preference was anticipated since 

a genetic predisposing factor would be more frequent in a bilateral disease as 

AIMAH, in contrast to unilateral ACA and ACC. cAMP levels were also studied and 

in most cases of AIMAH and ACA, cAMP levels were higher than in normal adrenal, 

suggesting the malfunction of PDE11A in cAMP degradation. Immunocytochemistry 

in the tumor samples with the PDE11A missense variants showed decreased levels of 

PDE11A, indicated a role of this gene as a tumor suppressor in the adrenal cortex as 

previously suggested by Horvath et al, 2006.These findings present the implication of 

less deleterious mutations of PDE11A in various adrenocortical tumors, implying its 

putative role in the frequently discovered in the general population adrenal 

incidentaloma (35). 

 

A recent study investigated the possibility that PDE11A and PRKAR1A interact by 

regulating each other through the cAMP pathway. In adrenal tissues with PDE11A 

mutations the PRKAR1A expression was higher than in normal adrenal. Also, in 

adrenal samples with PRKAR1A a defects, PDE11A levels were higher than in 

normal adrenals, although without statistical significance. Furthermore, different 

adrenal hyperplasias were compared regarding their CREB/pCREB levels. Patients 

with iMAD (PDE11A defects) had the highest pCREB/ CREB ratio. Based on these 

findings the underlying mechanism could be that in PDE11A defective tissues, cAMP 

levels would be expected to be higher, leading to increased activation of PKA, 

increased pCREB/CREB levels and even increased PRKAR1A levels due to the CRE 

sequences in the promoter of the gene. Increased PRKAR1A levels would than lead to 

inactivation of PKA and thus would inhibit the responce to increased cAMP levels. 

On the other hand, in tissues with PRKAR1A defects, where the PKA system would 

be stimulated and the cAMP signaling increased, elevation of the PDE levels such as 

PDE11A would degrade cAMP and would control the hyperactivation of the cAMP 

pathway(36). 

1.4.4 PDE8B 

The same genome wide study that identified the mutations in PDE11A, suggested as a 

candidate gene PDE8B due to its location in 5q13. A mutation ; c.914>T, pH305P has 

been detected in a young girl with Cushing syndrome and was associated with 
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abnormal PKA activity. This single base substitution was not found in the control 

group that was tested, giving another indication of the potential role of PDEs in 

adrenocortical function (11,37). 

1.5 The WNT signaling pathway 

 

Besides the cAMP pathway, another transduction system has been associated with 

adrenal pathogenesis; the Wnt signaling pathway. The Wnt signaling pathway 

regulates a vast range of cellular functions such as growth and differentiation and is 

critical during embryonic development (38). The major event in the Wnt signaling 

pathway is the phosphorylation of β-catenin (CTNNB1) by the glycogen synthase 

kinase -3β (GSK3B) that leads to the degradation of CTNNB1 and the 

downregualtion of the target genes. On the other hand, activation of the Wnt receptor 

leads to the inhibition of the GSK3B, the accumulation of CTNNB1 in the cytoplasm 

and its subsequent translocation into the nucleus that highlights the upregulation of 

the target genes (figure 1.3) (Soon, The Oncologist, 2008). 

 

The first association between Wnt pathway and adrenal lesions was made in patients 

with Familial Adenomatous Polyposis (FAP) who also developed adrenal adenomas. 

In FAP, mutations of the adenomatosis polyposis coli (APC) gene activate the Wnt 

pathway (39). Interestingly, expression studies in both MMAD/AIMAH (17) and 

PPNAD (12) have indicated overexpression of genes involved in the Wnt pathway 

such as axin1 (AXIN1), WNT1-inducible signaling pathway protein 2 (WISP2), 

catenin- β1 (CTNNB1) and glycogen synthase kinase -3β (GSK3B). According to 

recent studies somatic mutations of β-catenin were found in both benign and 

malignant adrenocortical tumors leading to activation of the Wnt pathway (40, 41). 
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Figure 1.3: Regulation of Wnt signaling pathway. 

(A): Presence of Wnt molecule. (B): Absence of Wnt molecule (18). 
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1.6 MicroRNAs 

 

MicroRNAs are noncoding, single stranded, ~22 nucleotides in length, RNA 

sequences that have recently been identified as important regulators of target gene 

expression at the mRNA or protein level: if there is partial complementarity between 

the sequence of a given microRNA and that of its target gene, then the microRNA 

binds in the 3’UTR of the gene and regulates translation; if, on the other hand, the 

sequences of a microRNA and the target gene are perfectly complementary, then 

regulation takes place at the target gene’s mRNA level resulting usually in cleavage 

and inhibition of trasncription (42-44). The precursor molecules of microRNAs (pri-

miRNAs) are transcribed by nuclear polymerase II and are then processed into pre-

miRNAs, by the enzymatic complex Drosha-DGCR8. Pre-miRNAs are 60 to 70 

nucleotide sequences that form a hairpine structure and are transported from the 

nucleus into the cytoplasm through exportin 5 (43). Mature miRNAs are then 

generated after the cleavage of pre-miRNAs by Dicer, another RNase III (44). 

MicroRNAs exhibit their effects into the RISC complexes (RNA-induced silencing 

complex) where the mRNA target is suppressed (figure 1.4) (43). MicroRNAs exhibit 

a critical role in multiple cellular functions, such as growth and proliferation, cell 

cycle control, and apoptosis (44). Consequently, microRNAs have been implicated in 

the pathogenesis or progression of several diseases, including cancer (45-50), where 

they can act as tumor suppressors or oncogenes. Although widespread aberrations are 

indicated in different cancer types, it is well documented that several microRNAs play 

very specific roles in tumorigenesis regulating certain pathways (44-50). 

 

Recently, microRNA array profiling has been used in the investigation of numerous 

clinical samples in an effort to identify those that are differentially expressed and 

study further their role in disease pathogenesis. Several types of proliferative diseases 

have been investigated, including chronic lymphocytic leukemia (45), pancreatic (46), 

breast (47), prostatic (48) and lung (49) cancer. 
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Figure 1.4:  The biogenesis of microRNAs (50) 
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1.7 Overall aims of the thesis 

The cAMP signaling pathway is involved in the pathogenesis of BAHs (6, 51): GNAS 

activating mutations were found in macronodular BAH in the context of McCune-

Albright Syndrome (MAS) (52) and in massive macronodular adrenocortical disease 

(MMAD), (16) and G-protein coupled receptor aberrant expression has been found in 

both MMAD/AIMAH and sporadic ADTs, including CPAs (51, 53, 54). Mutations in 

the PRKAR1A gene coding for the regulatory (R) subunit 1A of cAMP-dependent 

protein kinase (PKA) are responsible for the most common form of micronodular 

BAH, primary pigmented nodular adrenocortical disease (PPNAD) (8, 55-57). More 

recently, mutations in the phosphodiesterase (PDE) genes PDE11A and PDE8B were 

found in isolated micronodular adrenocortical disease (iMAD) and iPPNAD, as well 

as in sporadic ADTs and other forms of BAHs (12, 34, 37).  

However, the vast majority of benign ADTs do not bear germline or somatic sequence 

mutations in GNAS, PRKARIA, PDE11A or PDE8B. A minority of these tumors 

demonstrate abnormal expression of one or another of these genes due to somatic 

allelic losses or other, possibly epigenetic, events. For example, PRKARIA losses in 

sporadic ADTs and MMAD/ AIMAH without coding sequence alterations (58,59) or 

PDE11A under-expression in several ADTs, including CPAs, demonstrated by both 

mRNA and protein studies  (34, 35, 36). 

The cAMP signaling system can be roughly divided into the following compartments. 

At first, the generation of cAMP, secondly the response part (PKA enzyme) and 

finally the conclusion of the signaling event brought by the cAMP binding 

Phosphodiesterases. 

The purpose of this study was to assess the overall activity of the cAMP-signaling 

pathway in ADTs that do not have coding sequence mutations or allelic losses for any 

of the above genes and genetic loci, respectively. These tumors were compared with 

those that had known PRKAR1A gene mutations and of course normal adrenal tissue. 

A relatively simple and general approach was taken: cAMP levels and cAMP binding 

affinity were assayed followed by total PKA and PDE activities along with the protein 

levels of the main molecular players. The data are somewhat surprising: they are 

suggestive of functional abnormalities of this pathway, albeit at different levels, in 

many of these lesions.          
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Moreover, we were interested in identifying the role of microRNAs in adrenal 

hyperplasias. The present study is the first one that attempts to investigate the role of 

microRNAs in any form of BAH; we selected MMAD/AIMAH and PPNAD as the 

first types of BAH to be studied for the role of microRNAs because although 

mutations in several genes have been considered as causative for BAHs, neither in 

MMAD/AIMAH nor in PPNAD the underlying pathogenetic mechanism is 

completely clarified. Also, because of the availability of a complete and recent set of 

expression data, and our access to several samples from patients with this disease. 
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2 Materials and Methods 

2.1 cAMP signaling pathway studies 

2.1.1 Subjects 

Human studies were approved by the National Institutes of Child Health and Human 

Development under the protocol 95CH0059. Twenty seven patients (19 women and 8 

men) , aged 5- 60 years with ADTs have participated in this study (Table 2.1).Tissue 

samples included thirteen from patients with MMAD, eight from patients with 

PPNAD and CNC carrying germline inactivating mutations of PRKAR1A (Table 2.2) 

and three patients with iMAD. Also, three samples from patients with cortisol 

producing adenomas were included in this study. 

 

# Patient code SEX Age(yr) Diagnosis Surgery UFC

Rt Lt Rt Lt pm am

1A ADT03.01 M 54 MMAD/AIMAH BADX 9x5x3 6x2.5x2 190 154 6.2 12.5 115.9

2A M1 F 49 MMAD/AIMAH BADX 9x5x2 7x3x5 31.8 34.4 13.1 15.7 141.5

3A ADT65.02 F 51 MMAD/AIMAH UADX-right 6.2x4 - 111 - 7.9 10.2 18

4A ADT55.02 F 42 MMAD/AIMAH UADX-right 5 - NA - 3.2 8.2 8.2

5A ADT36.01 M 46 MMAD/AIMAH BADX 10x8x3.5 8x4.5x2.5 101 490 7.5 9.8 112

6A CAR 073.01 M 60 MMAD/AIMAH BADX 12x8x4 14x7x4 155 182 12.8 16.2 179

7A CAR 589.01 M 39 MMAD/AIMAH BADX 10x5,5x2.8 7x6x2.5 36 44 29.4 28.3 449

8A ADT23.01 F 57 MMAD/AIMAH BADX 8x8.5x3.5 11.5x5x2.5 65 54.3 22 31.1 191.6

9A ADT29.03 M 45 MMAD/AIMAH BADX 10.2x6.5x2.5 13x5x4 NA 131 12.6 19.9 132.7

10A ADT27.03 F 43 MMAD/AIMAH BADX 9x4x2 9x5x2 52.3 94.8 21.8 30.5 634

11A ADT04.01 F 49 MMAD/AIMAH BADX 3.5x3.5x2.8 2.3x1.8x1.5 NA NA 32.3 30.6 242.2

12A M101 F 46 MMAD/AIMAH BADX 5x3x2.5 6.5x3x2.5 42.8 44.9 NA NA 195.2
13A ADT05.01 F 31 MMAD/AIMAH UADX-right 5x2.5x2 - 22 - 22.4 21 278.6

1B CAR 021.02 F 23 CNC/PPNAD BADX 10x2.1x1 7x3x1 NA NA 11.4 11.8 194.3

2B CAR599.02 F 41 CNC/PPNAD BADX NA NA NA NA 13 16 200

3B CAR 616.02 F 30 CNC/PPNAD BADX 7x6.5x1.5 10.5x4.5x2.5 43.4 51 13.5 14.2 61

4B CAR 047.01 F 35 CNC/PPNAD BADX 4.5x2x1 5.5x4x1.5 17 12 8.7 13.7 4.6

5B CAR 053.03 F 22 CNC/PPNAD BADX 5x3x1.8 5x2.5x2 NA NA 32.2 31.2 176.3

6B CAR 020.14 M 13 CNC/PPNAD BADX 4.5x3x0.5 5x3x0.5 13.25 13.4 3.8 8.8 25

7B CAR 79.03 M 5 CNC/PPNAD BADX 3x1.3x0.8 3x1.5x.8 NA NA 6.6 22 12

8B CAR 542.03 F 17 CNC/PPNAD BADX 6x4x1 7x4x2.5 15 23 7.4 8.5 40
9B CAR597.03 F 13 CNC/PPNAD BADX 6.5x3x1.5 8.5x3.5x1.5 NA NA 21.5 21.4 406

10B CAR 555.03 F 20 CNC/PPNAD BADX 9x4.5x1.5 6x4.5x1.5 23 18 24.4 29.2 2261.6

11B CAR583.03 F 10 iPPNAD BADX NA NA NA NA NA NA NA

1C CAR 77.03 M 19 iMAD BADX 5x1x0.6 5x1x0.5 13.1 25.6 25 21.8 598

2C CAR545.13 F 16 iMAD UADX-left - 7x3.5x1.5 - 15.6 5.2 7.1 44
3C CAR653.02 F 30 iMAD NA NA NA NA NA NA NA NA

1D ADT07.01 F 51 CPA UADX-left - 7x3.5x2.8 - 37 6 24 540.5

2D CAR070.03 F 16 CPA UADX-left - 5.2x3.5x3.5 - NA 19.6 19.5 444
3D ADT54.03 F 18 CPA UADX-left - 5.5x4x3.5 - 23.67 22.9 18.4 181

Dimensions Weight Diurnal cortisol levels

 

Table 2.1: Patient clinical data 

F, Female; M, Male; CS, Cushing Syndrome; MMAD, massive macronodular adrenocortical disease; 

CNC, Carney Complex; PPNAD, primary pigmented adrenocortical disease;  CPA, cortisol producing 

adenoma; BADX, bilateral adrenalectomy; UADX, unilateral adrenalectomy; UFC, Urinary Free 

Cortisol; 17-OHS, 17-Hydroxy-steroid; Normal range: Diurnal Cortisol : 5-25 µg/dl; UFC:8-77 

µg/24h; 17-OH – steroid: 3-10 mg/24h; Age(yr),age at the time of diagnosis; Patients 8-10B 

participated only in the microRNA studies. 

 



Chapter 2- Materials and Methods 

 - 34 - 

 

Four normal adrenal tissues were collected during surgery from areas away of the 

adrenal lesion under investigation and were used as a control. Adrenal tissues 

collected during surgery were immediately dissected by the pathologist, periadrenal 

fat was removed and they were stored in liquid nitrogen until use. 

2.1.2 cAMP levels assay 

Levels of cAMP were measured in the tissue extracts using the cyclic AMP 3H 

Biotrak Assay System from Amersham Biosciences (Piscataway NJ). The tissue 

samples were homogenized in ethanol and centrifuged at 10.000 rpm for 10 min. The 

supernatant was dried and resuspended in 50µl of assay buffer according to the 

manufacturer’s instructions. Each sample was processed in duplicates. 

2.1.3 cAMP – binding protein assay 

Gilman procedure has been used in order to measure the cAMP binding activity (60). 

Protein extract (see PKA activity below) 50µg in a total volume of 0.4 ml, containing 

50mM of Tris 7.5, 8mM of MgCl2 and 0.15 µM cyclic [3H] AMP was used as the 

incubation mixture. The samples were incubated for 50 min at 4°C and the reaction 

was stopped by adding 2ml of potassium phosphate buffer (20mM). The final mixture 

was passed through Millipore filters followed by washing with 15 ml of the same 

buffer (potassium phosphate buffer). The radioactivity was then assessed using liquid 

scintillation counting. 

2.1.4 PKA activity 

The activity of the PKA was measured following the protocol described earlier by 

Nesterova et al (61). Tissue samples were extracted in 10mM Tris-HCl pH7.5, 

1mMEDTA, 0.1 mM DTT Protease Inhibitor cocktail I (EMDBiosciences, Darmstadt, 

Germany). About 10 ug protein of the tissue extracts were added to the reaction 

mixture (50 µl) containing 0.025 mM [γ -32P] ATP, 5µM kemptide, 10 mM MgCl2 

plus or minus 5 µM cAMP and 5µM PKI. The mixtures were incubated for 15 min at 

30°C, spotted on phosphocellulose filters and washed for three times using 0.1% 

phosphoric acid. The filters were left to air dry before analysis by liquid scintillation 

counter. PKA activity assay was performed in duplicates for each sample and data 

were analyzed using a two sample-t-test. A p value of less than 0.05 was considered 
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significant. Basal levels of PKA activity represent the non stimulated PKA activity 

and total PKA activity, reflects the PKA activity after the addition of cAMP. and 

Also, we calculated the PKA activity ratio; basal PKA activity/total PKA activity, to 

determine how much PKA is present in its active state. 

2.1.5 PDE activity 

A colorimetric method was used in order to determine the PDE activity in all our 

samples (BIOMOL Cyclic Nucleotide Phosphodiesterase, Plymouth Meeting, PA). 

This PDE assay is mainly based on the degradation of cAMP and cGMP by a cyclic 

nucleotide phosphodiesterase and the subsequent counting of the phosphate released, 

using the Biomol Green Reagent. Also, a non specific cyclic nucleotide 

phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine (IBMX) was used in order 

to study the degree of PDE inhibition in our samples. 

2.1.6 Immunoblotting 

Western blot analysis of proteins in the tissue extracts was performed. The extraction 

buffer was a mixture of 20mM Tris-HCl, PH 7.5, 5mM MgCl2, 1% NP40, 100mM 

NaCl, Protease Inhibitor Cocktail I and 0.5 % sodium deoxycholate. The lysates were 

centrifuged for 10 min, 10.000rpm, 4°C and the supernatant was collected. 10 µg of 

protein were subjected to SDS/PAGE (10% Tris-Glycine gel) and then transferred to 

0.2µm nitrocellulose membranes. The membranes were probed with primary 

antibodies against PKA subunits: RIa (abcam), RIIa (Santa Cruz), RIIb and Ca (BD 

Bioscences). The blots were then washed and incubated with secondary antibodies 

against mouse or rabbit (1:1000; Amersham Biosciences) for 1 hour at room 

temperature. The bands were detected using enhanced chemiluminescence reagent 

(Amersham Biosciences).  The images were quantified using the Image Quant 

Software and were normalized against the expression of β-actin (abcam). 

2.1.7 Statistics 

All assays were obtained in duplicate measurements and an average was calculated 

for each value. Comparisons were made using a two-sample t-test and p values were 

considered significant at P<0.05. 
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2.2 microRNAs studies 

2.2.1 Subjects 

The investigation of patients with CS caused by MMAD/AIMAH or PPNAD was 

completed under the National Institute of Child Health and Human Development 

protocols 95-CH-0059 and 00-CH-160. Both protocols were approved by the 

Institutional Review Board and all subjects signed informed consents. A total of 20 

patients, aged 5-60 years, (table 2.1) were diagnosed with ACTH-independent CS that 

was caused by non-familial MMAD/AIMAH or PPNAD due to PRKAR1A 

inactivating mutations (table 2.2); the diagnosis was confirmed by histology post-

operatively. Adrenal samples were collected during surgery and immediately 

dissected by the pathologist; periadrenal fat was carefully removed and all tissues 

were stored at -80o C until further use. 

 

# Patient code SEX Age(yr) Diagnosis Mutations 

1B CAR 021.02 F 23 CS/CNC/PPNAD c.101_105delCTATT/p.Ser34fsX9

2B CAR599.02 F 41 CS/CNC/PPNAD c.682C>T/p.Arg228X

3B CAR 616.02 F 30 CS/CNC/PPNAD c.491_492delTG/p.Val164fsX4

4B CAR 047.01 F 35 CS/CNC/PPNAD c.177+1G>A

5B CAR 053.03 F 22 CS/CNC/PPNAD c.43_58del16/p.Leu15fs 104X

6B CAR 020.14 M 13 CS/CNC/PPNAD c.491_492delTG/p.Val164fsX4

7B CAR 079.03 M 5 CS/CNC/PPNAD c.496C>T/p.Gln166X

8B CAR 542.03 F 17 CS/CNC/PPNAD c.279_282delTAGG/p.Arg94fsX34

9B CAR597.03 F 13 CS/CNC/PPNAD

c.2599C>G/p.R867G* 

c.865G>T/p.Gly289Trp

10B CAR 555.03 F 20 CS/CNC/PPNAD c.440+ 1 insG  

Table 2.2: Patients with germline PRKAR1A mutations. (* additional mutation in 

PDE11A gene). 

 

Four normal adrenal RNA samples were used as controls: two from two different 

healthy individuals (Ambion, Biochain) and another that was actually a pool of 

adrenal RNA from 5 mormal subjects (Biochain). Finally, we also used a sample from 

normal adrenal that was collected from a patient who was operated in our institution 

for an unrelated diagnosis and had to have adrenalectomy. 

2.2.2 RNA extraction, microRNA array analysis and data validation 

mirVana miRNA isolation Kit (Ambion, Inc, TX, USA) was used according to 

manufacturer’s instructions in order to isolate total RNA. The quality of total RNA 

was tested using the Bioanalyzer 2100 and it was quantified using Nanodrop. 
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Expression levels of 365 microRNAs were evaluated with TaqMan microRNA array 

assays as previously described (62). Validation of these results was performed using 

the mirvana quantitative real time (qRT)-polymerase chain reaction (PCR) miRNA 

detection kit and qRT-PCR primer sets, according to the manufacturer’s instructions 

(Ambion, Inc, TX, USA). The U6 small nuclear RNA was used as internal control, as 

suggested by others (62, 63). 

 

Transcription of 0.1 ug RNA to cDNA was performed using the AMV kit (Roche, 

Indianapolis, USA). Lightcycler FastStart DNA master SYBR Green which contains 

Taq DNA polymerase, DNTPs mix, SYBR Green I dye and MgCl2 was used as a 

reaction mix for PCR. GAPDH expression levels were used as a control. RT-PCR 

analysis was completed in the Light Cycler Instrument (Roche Molecular Systems, 

Alameda, CA). The oligonucleotide primers used for CPE have been described 

previously (63). The oligonucleotide primers used for WISP2 were 5’-

CACGCTGCCTGGTCTGTCTGGATC-3’ (forward) and 5’-CACGCATAGGCTTGTATTC 

AGGAAC-3’ (reverse).  All samples were analyzed in triplicate and the average value 

of the triplicates was used for quantification; data were expressed as the ratio of target 

gene mRNA levels versus those of the GAPDH housekeeping gene (62-66). 

2.2.3 MicroRNA target prediction methods 

We used three databases to detect the putative microRNA gene-targets: miRBase 

(http//microrna.sanger.ac.uk), Pictar (http://pictar.bio.nyu.edu) and Target scan 

version 4.2 (http://www.targetscan.org/ index.html) databases. Subsequently, we 

selected only the commonly predicted microRNA targets from the three databases and 

those that were also conserved in other species, aiming to the higher biological 

significance of our results. The data from this combined prediction analysis were 

compared with the cDNA array data (17) for the MMAD and SAGE data presented in 

our previous study (10) for the PPNAD. Knowing that microRNAs most commonly 

act by suppressing the expression of their target genes, we studied only the microRNA 

-gene target pairs with inversed correlation. 

2.2.4 Cell line characterizations 

We used a cell line that was derived from the adrenocortical tissue of patient CAR 

047.01 (Table 2.1, 2.2), as previously described (67). The cell line has been frozen 
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since and it grows without any changes. According to our recent study on this 

particular cell line the PKA system remains hyperactivated. Specifically, introduction 

of the wt R1A subunit in these cells resulted in growth inhibition as well as in 

decreased cAMP levels compared to those of the parental cells indicating the 

malfunction of the PKA system (68). 

 

2.2.5 microRNA transfection experiments 

PPNAD cells were seeded in 6-well plates and were transfected with 20 or 50nM 

miR-449   (Ambion, Inc, TX, USA) using siPORT NeoFX transfection kit. siPORT 

NeoFX  is a lipid transfection agent  consisting of a mixture of lipid that 

spontaneously complex microRNAs and facilitates its transfer to the PPNAD cells. 

Transfection with 50nM of scramble negative control microRNA was used as an 

internal control. No cell toxicity was detected due to the transfection agent. RNA was 

extracted 24 and 48 hours after microRNA transfection and Real Time PCR analysis 

was performed as described above. 

2.2.6 PKA inhibitor (H89) treatment 

PPNAD cells were treated with 1uM H89 for 2h and miR-449 expression was 

evaluated by real-time PCR analysis. Furthermore, WISP2 mRNA expression was 

evaluated 24h after H89 treatment by real-time PCR. 

2.2.7 Luciferase reporter assay 

293 cells in 24-well plates were transfected using Fugene6 (Roche, Penzberg, 

Germany). Firefly luciferase reporter gene construct (WISP2 3’UTR in pEZX-MT01 

vector) (200 ng) and 1 ng of the pRL-SV40 Renilla luciferase construct (for 

normalization) were co-transfected per well. Cell extracts were prepared 24h after 

transfection, and the luciferase activity was measured using the Dual Luciferase 

Reporter Assay System (Promega, WI, USA). 
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3 Results 

3.1 cAMP signaling pathway studies 

3.1.1 Genetic studies 

A total of 27 patients with ADTs causing ACTH-independent CS were studied (Table 

2.1); both tumor and peripheral DNA was studied for GNAS, PRKARIA, PDE11A and 

PDE8B gene mutations and allelic losses of the respective chromosomal loci (data not 

shown). Only the PPNAD patients had germline mutations of the PRKAR1A gene; 

these mutations are listed in Table 2.2. 

3.1.2 cAMP levels and cAMP binding affinity 

All ADTs had higher cAMP levels than normal adrenal tissue (figure 3.1). When 

subgrouped, CPAs (0.063 + 0.034 pmol/mg) were not different from MMAD (0.063 + 

0.015 pmol/mg) or PPNAD caused by PRKAR1A mutations (0.061 + 0.036 pmol/mg). 

In addition, all cortisol-producing ADTs (with the exception of PPNAD) had higher 

cAMP binding affinity than normal adrenal tissue (12.6 +/- 4.07 cpm/µg) (figure 3.2). 

CPAs had the highest cAMP binding affinity (34.1 + 8.307 cpm/µg) (P=0.006) 

followed by MMAD (26.2 + 13.9 cpm/µg) (P=0.08). PPNAD, a disease that is caused 

by inactivating mutations of the most important endocellular cAMP receptor, 

PRKAR1A, had the lowest cAMP binding affinity (9.78 + 7.8 cpm/µg) (figure 3.2). 

 

a 
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                                                                                                             b 

 

Figure 3.1: a, Levels of cAMP in BAHS, CPA and normal adrenal; b, Levels of 

cAMP in BAHs without PRKAR1A mutations (MMAD, iMAD), PPNAD and CPA. 

 

 

                                 a 

 

 

 

 

 

 

                                                                                                       

                                                                                                      b 
 

Figure 3.2: a, cAMP binding affinity in BAHS, CPA and normal adrenal; b, cAMP 

binding affinity in BAHs without PRKAR1A mutations (MMAD, iMAD), PPNAD 

and CPA. 
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3.1.3 PKA assay 

 

Kinase activity was determined with and without the addition of cAMP and PKI in all 

samples. All adrenal hyperplasias had statistically significant lower basal PKA levels 

than normal adrenal (6.73 + 5.4 cpm/µg) (P=0.0059); there were no statistically 

significant differences between individual diagnostic subgroups (figure 3.3). Upon 

stimulation with cAMP, there were no significant differences (P>0.05): normal 

adrenal gland: 39.7 +/- 1.4 cpm/µg, CPA: 28.5 + 15.4 cpm/µg, iMAD 16.9 + 4.2 

cpm/µg; MMAD: 23.3 + 16.3 cpm/µg, and PPNAD: 40.4 + 23.2 cpm/µg.  Adrenal 

hyperplasias had lower free PKA activity than normal adrenal (16.8 + 10.9 cpm/µg) 

(P= 0.0045) and among them, PPNAD had the lowest (7.9 + 4.3 cpm/µg of protein). 

Overall, adrenal hyperplasias had significantly lower PKA activity ratio (figure 3.4) in 

comparison to normal adrenal (0.24 + 0.11 cpm/µg vs. 0.41 + 0.14 cpm/µg, 

respectively, P=0.01), and adenomas (0.38 + 0.04 cpm/µg, P=0.043). Within BAHs, 

PPNAD had lower PKA activity ratio than iMAD (P=0.033)  

 

  a 

                                  cAMP         -                       + 

 b 

Figure 3.3: a, Basal and total PKA activity in BAHS, CPA and normal adrenal; b, 

Basal and total PKA activity in the subgroups of BAHs (MMAD, PPNAD, iMAD). 
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Figure 3.4: a, PKA activity ratio in BAHS, CPA and normal adrenal; b, PKA activity 

ratio in BAHs without PRKAR1A mutations (MMAD, iMAD), PPNAD and CPA. 

 

PDE activity 

Adenomas had the lowest PDE activity compared to normal adrenal (0.0021 + 0.014 

vs. 0.0058 + 0.002 arbitrary units/µg, P=0.037) (figure 3.5). Adrenal hyperplasias as a 

group (0.047 + 0.004 arbitrary units/µg) had no different PDE activity from normal 

tissue (P>0.1); individual diagnostic groups were not different from each other, 

although MMAD was closer to adenomas and tended to be different from normal 

adrenal (P=0.1). 

 

 

 

 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

BAHs without PRKAR1A

mut

PPNAD CPA Normal

c
p

m
/u

g

* 

* 

* 



Chapter 3- Results 

 

 

 - 43 - 

 

 

 a 

 

 

 

 

 

                                                                                                         

 
                                                                                                              

                                                                                                        b 

 

 

 

Figure 3.5: A, PDE activity in BAHS, CPA and normal adrenal; B, PDE activity in 

the subgroups of BAHs (MMAD, PPNAD, iMAD). 

3.1.4 Western Bloting 

We have performed Western Blotting against the main subunits of PKA in order to 

detect differences in the expression of these proteins. According to our findings, no 

significant difference was found in the expression of PKA subunits among the ADTs 

and the normal adrenal tissues (Data not presented here). 
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3.2 microRNA studies 

 

3.2.1 miRNA gene signature in MMAD/AIMAH and PPNAD 

We tested the expression of a total of 365 microRNAs and identified 37 differentially 

expressed microRNAs between MMAD/AIMAH and normal adrenal RNA and 44 

microRNAs which had aberrant expression between PPNAD and normal adrenal. 

Specifically, in MMAD/AIMAH samples we detected 16 down-regulated microRNAs 

and 21 up-regulated ones. Down-regulated microRNAs in MMAD/AIMAH included 

miR-200b, miR-203, miR-133a and -133b, whereas up-regulated microRNAs were 

miR-210, miR-484, miR-148a and miR-130a. In PPNAD, 33 microRNAs were under-

expressed and 11 were over-expressed in comparison to normal samples. Examples of 

down-regulated microRNAs in PPNADs were the let-7 family (let-7a, let-7b, let-

7c,let-7g) and the miR-200 family (miR-200b, miR-200c). Among the up-regulated 

ones we detected miR-301, miR-210 and miR-106b. These data are presented as a 

heatmap after hierarchical clustering in figure 3.6 a, b. Several microRNAs were 

commonly up- or down-regulated in both MMAD/AIMAH and PPNAD (figure 3c). 

 



Chapter 3- Results 

 

 

 - 45 - 

   a                               b                           

down-regulated up-regulated

miR-106b miR-126

miR-148a miR-133q

miR-196a miR-143

miR-210 miR-1

 miR-376 miR-145
miR-424 miR-155

miR-484 miR-200b

miR-491 miR-200c

miR-203

miR-375  c 

 

Figure 3.6: Heat map representation of the expression pattern for 365 microRNAs 

studies in a, 10 MMAD/AIMAH samples; b, 10 PPNAD samples and 4 normal 

adrenals; c, MicroRNAs that were found up- or down regulated in both MMAD, 

PPNAD. 

A color code is used for the level of microRNA expression: blue, green: lower 

microRNA expression, red: higher microRNA expression. 
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3.2.2 Validation of microRNA microarray data 

SYBR Green qRT-PCR analysis validated the microRNA gene signature set that 

clearly distinguished MMAD/AIMAH and PPNAD tissues from normal adrenal 

samples (Figure 9A,B). The microRNAs that were most highly down-regulated in 

MMAD/AIMAH included miR-200b (- 9.36 fold), miR-203 (-7.68 fold) and miR-

146b (-6.33fold). Other down-regulated microRNAs were decreased from -4.05 to -

1.74 fold. Highly upregulated microRNAs in MMAD/AIMAH were miR-210 (10.78 

fold), miR-484 (6.69 fold), miR-196a (5.66 fold) and miR-424 (5.23 fold); other 

upregulated microRNAs increased from 4.42 to 1.48 fold (figure 3.7a). As far as it 

concerns PPNAD, among the highly down-regulated microRNAs we detected miR-

200c (-10.74 fold), miR-200b (-9.57 fold), miR-375 (-9.97 fold) and miR-7 (-7.33 

fold); the rest of the down-regulated microRNAs had a decrease of 1.62 to 4.5 fold. 

MiR-594 (7.38 fold), miR-301 (7.57 fold) and miR-139 (5.33 fold) were the most 

highly up-regulated ones in PPNAD and the other microRNAs with increased 

expression had an increase of 1.84 to 3.94 fold (figure 3.7b). 

 

 

   a 

 

 

b 

Figure 3.7: Real Time PCR of the microRNAs differentially expressed between a, 

MMAD; b, PPNAD and normal adrenals according to the microarrays,that confirmed 

the array results. 
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3.2.3 Detection of microRNA gene targets 

As described in methods, we used the TargetScan microRNA target prediction 

algorithm that can identify potential gene targets for microRNAs. To identify 

microRNAs modulating important signaling pathways in MMAD/AIMAH, we 

integrated the microRNAs-gene target pairs predicted by Target Scan with the cDNA 

microarray data from our previous study (17). We identified 20 microRNA-gene 

target pairs that could be involved in macronodular adrenal hyperplasia (Supplemental 

figure 0.1). Table 3a lists the microRNAs, their chromosomal location and predicted 

target genes. 

 

 

 

Examples of predicted microRNA – target genes are miR-145 and Threonyl-tRNA 

synthetase (TARS), miR-146b and Proteasome (prosome, macropain) 26S subunit 

ATPase 6 (PSMC6), miR-210 and Phosphorylase kinase beta (PHKB) and Hypoxia-

inducible factor 1 alpha (HIF1A). Also, miR-200b and -200c target Matrin 3 
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(MATR3), Cathepsin O (CTSO), and Pumilio homolog 2 (PUM2). PUM2, MATR3 

along with Versican (CSPG2), Translocation protein 1 (TLOC1), Cyclin G1 (CCNG1) 

and Keratin 1 (KRT1) are gene targets of Mir-203; the remaining pairs were miR-382 

and Proteoglycan 4 (PRG4), miR-148a and Thioredoxin interacting protein (TXNIP) 

and miR-196a, -196b and carboxypeptidase E (CPE). For validation of the above, we 

did test the expression of the miR-196a and CPE with qRT-PCR and confirmed the 

inverse correlation of the microRNA and the target gene expression in our patients 

(R= -0.992) (figure 3.8). 

 

 

 

 

Figure 3.8: Confirmation of the inverse correlation of miR-196a and the target gene 

carboxypeptidase E (CPE) with Real Time PCR in MMAD patients and normal 

subjects (R=-0.092). 

 

 

For the PPNAD tissues, we integrated microRNA and SAGE data together (10) with 

the bioinformatic prediction algorithms in order to identify microRNA gene-target 

pairs that would act as regulators in adrenals tumorigenesis (figure 3.9).  
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Figure 3.9: Detection of microRNA – gene targets with biological significance.  

We used the microRNA target scan prediction algorithm and we identified the 

potential gene targets for the differentially expressed microRNAs between MMADs/ 

PPNADs and normal adrenal tissues.  Subsequently, we integrated the results with 

expression data on MMAD (17) and on PPNAD (10) and finally we focused on the 

genes that had inverse correlation with the microRNA expression. 

 

Again, we selected only the gene targets that were inversely correlated with 

microRNA expression, in order to have biological significance (Suppl. Figure 0.2). In 

table 3b, we present the 22 microRNA – gene targets that are presumably implicated 

in PPNAD pathogenesis. Several microRNAs target more than one genes and more 

importantly, few genes such as Nephroblastoma overexpressed gene (NOV), 

Cytochrome P450, family 11, subfamily B, polypeptide 1 (CYP11B1) and FBJ murine 

osteosarcoma viral oncogene homolog B (FOSB) are paired with more that one 

microRNA, indicating their important role in adrenal tumorigenesis. Specifically, we 

found that miR-203 targets NOV, dopamine beta-hydroxylase (DBH), insulin-like 

growth factor binding protein 5 (IGFBP5) and FOSB. FOSB is also a target for miR-

23b and miR-1. Additionally, miR-200b, miR-200c and miR-23b target CYP11B. 

MiR-200c along with mir-132 and miR-203 are pairs with NOV. Inhibin alpha (INHA) 

is the gene target of miR-7 and regulator of G-protein signaling 5 (RGS5) can be 

targeted by miR-23b. Serine/threonine kinase 19 (STK19) and cyclin D2 (CCND2) are 

both potential targets of miR-15b and miR-16; chromogranin A (parathyroid secretory 

protein 1) (CHGA) is also targeted by mR-15b. Other predicted pairs included miR-

17-5p and steroidogenic acute regulatory protein (STAR), let-7g and cytochrome 
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P450, family 21, subfamily A, polypeptide 2 (CYP21A2) and miR-28 and G protein-

coupled receptor 107 (GPR107). Finally, miR-449 targets WNT1 inducible signaling 

pathway protein 2 (WISP2). In order to evaluate our predicted gene target- microRNA 

pairs we performed Real Time PCR for the miR-449- WISP2 pair and we confirmed 

its inverse correlation in the PPNAD samples (figure 3.12a). 

 

 

 

3.2.4 Correlation of microRNAs and clinical data 

As a test of the clinical significance of the above data, we sub-grouped our 

MMAD/AIMAH patients in 3 categories based on the “severity” of their disease 

(Table 3A): group a (patients 4, 1, 5, 3) included patients with midnight cortisol levels 

less than 10mcg/dl; group b (patients 9, 6, 2) had cortisol levels that ranged between 

10-20mcg/dl, and group c (patients 10, 8, 7) over 20mcg/dl. Upregulation of miR-

130a (r =0.91) and miR-382 (r =0.86) were associated with higher midnight cortisol 

levels (figure 3.10). 
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Figure 3.10: Micro-RNAs miR-382 and miR130a expression have a positive 

correlation with diurnal cortisol levels in MMAD patients. 

 

Regarding the PPNAD patients, again in the first group we included those with 

diurnal midnight cortisol levels < 10µg/dl (patients 1-4), the second group had cortisol 

levels between 10-20 µg/dl (patients 5-7) and in the third one cortisol was >20µg/dl 

(patients 8-10). Comparison between microRNA expression levels and diurnal 

midnight cortisol levels revealed that let-7b expression was highly correlated to 

cortisol levels (figure 3.11). Specifically let-7b expression was inversely correlated 

(r=-0.9499) with diurnal midnight cortisol levels. 
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Figure 3.11: Correlation of let7b expression and midnight cortisol levels. 

3.2.5 MiR-449 regulates WISP2 expression in PPNAD. 

One of the most important pathways that seems to be involved in PPNAD 

tumorigenesis is Wnt-signaling pathway. Wnt pathway is essential in adrenocortical 

development (69); additionally somatic mutations have been found in adrenocortical 

adenomas and carcinomas (40). In the present study we  found that (WISP2) Wnt 

induced secreted protein 2 (WISP2) is upregulated in PPNAD patients relative to 

controls according to the SAGE data. In order to study in greater detail the role of 

WISP2 in PPNAD we performed Real time PCR analysis. We detected that WISP2 is 

2.32 fold upregulated in PPNAD in comparison to normal, confirming that Wnt 

pathway is activated in PPNAD (figure 3.12a). According to our integrative analysis 

we found that miR-449 targets WISP2 (Table 3B, Supplemental figure 0.2). 

Evaluation of miR-449 expression by real-time PCR revealed that is 4.83-fold down-

regulated in PPNAD samples in comparison to normal samples (figure 3.12a). The 

inverse correlation between miR-449 and WISP2 mRNA expression levels suggested 

that miR-449 regulates Wnt pathway in PPNAD pathogenesis. In order to test the 

potential interaction between miR-449 and WISP2, we transfected miR-449 in a 

PPNAD cell line and examined WISP2 expression. We identified that miR-449 

overexpression (50 nM) suppressed >70% WISP2 mRNA expression (figure 3.12b). 

Next we sought to identify if miR-449 regulated directly WISP2 through binding in 

the 3’UTR. Luciferase assay revealed that miR-449 inhibited >60% WISP2 3’UTR 
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luciferase activity, suggesting that miR-449 regulates directly WISP2 expression 

(figure 3.12c). 

3.2.6 PKA activates Wnt pathway through miR-449 inhibition. 

PKA signaling pathway is shown to be activated in PPNAD cell line which bear 

inactivating mutations of PRKARIA mainly because of upregulation of other PKA 

subunits, such as PRKARIIB (68). In these cells, miR-449 was found downregulated 

while WISP2 was highly expressed. According to our microRNA microarray data 

from PPNAD patients, miR-449 was 4.8 fold down-regulated. Overexpression of 

miR-449 in PPNAD cell line resulted in inhibition of WISP2 expression, suggesting 

that miR-449 targets WISP2. PPNAD samples have increased PKA activity and our 

microRNA microarray analysis revealed that miR-449 is highly down-regulated in 

these tissues. In order to detect if miR-449 is regulated by PKA, we treated PPNAD 

cells with H89 (1uM) and tested miR-449 expression. We found that inhibition of 

PKA activity increases miR-449 expression (figure 3.12d). In addition, the increase 

miR-449 expression is followed by a decrease in WISP2 expression levels (figure 

3.12e). All these results suggest that PKA activation blocks miR-449 expression and 

miR-449 inhibition allows up-regulation of its target gene WISP2. 
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Figure 3.12: PKA regulates WNT signaling through miR-449.  

(a) Confirmation with RT-PCR that WISP2 is overexpressd and miR-449 is down-

regulated in PPNAD. (b) Transfection of miR-449 in our PPNAD cell line (20nM, 

50nM) reduced WISP2 expression (50% and >70% suppression of mRNA expression 

respectively). (c) Mir-449 binds to the 3’UTR of WISP2 gene, inhibiting more than 

60% of WISP2 3’UTR  luciferase activity.(d) Inhibition of PKA activity with H89 

inhibitor increases the expression of miR-449 (e) and decreases the expression of 

WISP2. 

 

 

 



Chapter 4- Discussion 

 

 

 - 55 - 

 

4 Discussion 

4.1 cAMP signaling pathway studies 

In the present study, we investigated cAMP levels, binding affinity and PKA and PDE 

activities in ADTs that had no mutations in the GNAS, PRKARIA, PDE11A and 

PDE8B genes and compared these data with those derived from samples with PPNAD 

and PRKARIA mutations, and a limited number of normal adrenal glands.  The data 

show that these benign tumors have abnormalities in the cAMP pathway; for example 

all ADTs tested had higher cAMP levels than normal adrenal tissue. Likewise, cAMP-

binding affinity was higher than normal adrenal tissue in all non-PRKAR1A-related 

lesions, independently of the histology (CPA, MMAD/AIMAH, iMAD). PPNAD that 

is due to inactivating PRKAR1A mutations (8,55-56) was expected to have low 

cAMP-binding affinity. 

 

These tumors were not tested for aberrant expression of G-protein coupled receptors 

(GPCR) but none of these lesions bore any of the known mutations of the cAMP 

pathway. Although aberrant GPCR expression could explain the higher cAMP levels 

(51, 53) in at least MMAD/AIMAH, cAMP binding affinity should not be affected by 

this phenomenon (68).  Alterations of cAMP endocellular receptors are likely, as well 

as changes in the kinetics of cAMP responsiveness, are probably responsible for this 

observation. 

 

PDE activity was measured for the first time in cortisol-producing ADTs; our data 

indicated a marked decrease in PDE activity in CPAs and a non-significant decrease 

in MMAD. These were lesions that did not have mutations in the known PDE genes 

that are mutated in ADTs (PDE11A and PDE8B), indicating that, perhaps, additional 

PDEs are involved in the genesis of benign adrenocortical lesions. In fact, one of the 

reasons that we had so few adenomas in this study, was that we had very few that did 

not have even benign polymorphisms of the PDE11A gene. PDE11A gene variants are 

very frequent in ADTs (26, 35), but the present data suggest that additional PDEs may 

be involved. 
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Furthermore, the PKA activity ratio was decreased in BAHs compared to normal 

tissue and single adenomas. This finding was expected for samples bearing PRKAR1A 

mutations but not for samples from other BAHs, such as iMAD and MMAD/AIMAH 

that did not contain PRKAR1A or 17q22-24 defects (59). PKA activity ratio indicates 

the amount of PKA that is in its active form (8, 60,61,68). These data suggest that 

functional abnormalities of the PKA enzyme may be present in BAHs even when 

PRKAR1A and its chromocomal locus are not involved. 

 

4.2 microRNAs 

The present study, the first of its kind, identified 37 microRNAs which were 

statistically different in terms of their expression in patients with MMAD/AIMAH in 

comparison to normal adrenal tissue and 44 microRNAs in PPNAD in comparison to 

normal tissue. 10 microRNAs were down-regulated and 8 were up-regulated in both 

MMAD/AIMAH and PPNAD. 

 

In both MMAD/AIMAH and PPNADs several microRNAs were downregulated. 

miR-200b and miR-200c are down-regulated in metastasis and have an important role 

in epithelial-mesenchymal transition (70) although they are over-expressed in human 

ovarian cancer (71). MiR-203 is downregulated in several types of cancer, including 

oral squamous cell carcinoma (72); MiR-203 may act as a tumor suppressor and its 

putative target gene is ABL1, a well known oncogene that is activated in chronic 

myelogenous leukemia (73). MiR-203 also targets the transcription factor p63 

involved in proliferation and differentiation of epithelial cells (74). miR-155 is 

regulated by the NF-kB signaling pathway(75), as well as  by TGF-β through Smad 4 

and influences cell migration in cancer cell metastasis (76). MiR-145 is down-

regulated in colorectal cancer; MAPK3 and the protooncogene YES1 are included 

among its putative targets (77). Mir-1 expression is also reduced in human lung and 

hepatocellular carcinomas and its ectopic expression suppressed cell proliferation and 

was associated with down-regulation of the levels of FoxP1 and MET (78, 79). MiR-

375 is expressed in pancreatic beta cells and is involved in the PI3-kinase signaling 

pathway by regulating the expression of 3-phosphoinositide-dependent protein kinase-
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1 (PDK1) (80); miR-126 down-regulation induces cell proliferation by activation of 

PI3K-AKT and ERK1/2 signaling pathways (81). 

 

In MMADs, we found reduced expression of several microRNAs (16/37) which have 

been also shown to be altered in various cancers: MiR-146b and miR-222 are both 

upregulated in papillary thyroid carcinoma; miR-146b in particular is suggested as a 

diagnostic marker for this type of cancer (82). MiR-146b is involved in innate 

immune responses mediated by cytokines and the Toll-like receptor by regulating the 

expression of TNF receptor-associated factor 6 and IL-1 receptor (IL1R)-associated 

kinase 1 (75). IL1R has been implicated in Cushing syndrome caused by 

adrenocortical adenomas (83). miR-133b is also under-expressed in colorectal cancer 

and it also targets MAPK3 and YES1 as miR-145; additionally, KRAS is predicted to 

be another target of miR-133b (77). MiR-133a and -b are also down-regulated in 

MMAD/AIMAH and appear to be involved in the regulation of pyruvate kinase type 

M2 (PKM2) in head and neck cancer (84). MiR-451 transcription is modulated by the 

hematopoietic transcription factor GATA-1, and is required for normal erythropoiesis 

by regulating its target GATA-2, according to studies in zebrafish embryos (85, 86). 

Moreover, miR-451 is involved in the regulation of multiple drug resistance mediated 

by P-glycoprotein (the MDR1 gene) in cancer cells (87). 

 

In PPNADs, we found 33 down-regulated microRNAs. Interestingly, the PPNAD 

microRNA signature reveals an aggressive phenotype that is similar to the microRNA 

profiles in malignant tissues. Specifically, the microRNA profile in PPNAD is 

characterized by the significant down-regulation of microRNAs (33/44) in 

comparison to normal adrenal. According to previous reports, in carcinogenesis there 

is mainly suppression of miRNA expression (88). Some of the microRNAs which are 

down-regulated in PPNAD such as let-7, miR-200b, miR-200c  have tumor 

suppressor functions while others which were found upregulated; miR106b, miR-210 

are related to increased cell growth and proliferation and regulate important signaling 

pathways as the MAPK and RAS pathways. 

 

Let-7 family is a very important microRNA family in cancer. In most types of cancer 

or pre-cancerous conditions let-7 members are found down-regulated. Let-7 seems to 
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have a tumor suppressor role and its loss has been correlated with increased cell 

proliferation, activation of survival pathways and anti-apoptotic mechanisms (89, 90). 

In this study we detected 4 members of let-7 family (let-7a, let-7b, let-7c, let-7g) to be 

down-regulated in PPNADs. This result suggests that the aggressiveness and 

increased cell proliferation of PPNADs may be due to let-7 down-regulation. MiR-7 

is down-regulated in glioblastomas and regulates EGFR and AKT pathways (91). 

MiR-132 and miR-146a are implicated in innate immunity responses and their down-

regulation is followed by inhibition of interleukin signaling pathways. MiR-125b is 

frequently down-regulated in medulloblastomas and is involved in the Hedgehog (Hh) 

signalling pathway (92). MiR-135 is linked to colon carcinogenesis as well; it is 

suggested that it targets the adenomatous polyposis coli (APC) gene and affects the 

Wnt pathway (93). MiR-137 down-regulation accelerates glioblastoma formation 

(94). MiR-15b and miR-16 regulate the expression of the anti-apoptotic protein Bcl2 

(95) MiR-335 is down-regulated in metastasis, acts as a tumor suppressor and 

regulates the expression of tenascin C (TNC) (96). 

 

As far as it concerns the overexpressed microRNAs in both adrenal hyperplasias, 

MiR-106b is frequently over-expressed in cancer and promotes cell cycle progression 

through regulation of p21 (97) and E2F1 (98). MiR- 424 expression is modulated by 

the transcription factor PU.1 that controls monocyte-to-macrophage differentiation 

and excerts its effects by down-regulating the transcriptional factor Nuclear Factor I 

(NFIA) (99). Mir-210 is up-regulated in breast and lymphoid malignancies; it is 

regulated by the hypoxia inducible factor (HIF) (100). 

 

Likewise, over-expressed microRNAs in MMAD/AIMAH (21/37) included several 

that have been implicated in tumorigenesis in other studies. MiR-196b is found up-

regulated in leukemia and its expression pattern is associated to specific leukemia 

subtypes (101). Additionally, miR-196b expression is correlated with estrogen 

treatment (17beta-estradiol) in a new estrogen-mediated pathway via its target gene 

Hoxb8a in zebrafish (102). MiR-324-5p is implicated in medulloblastoma formation 

by deregulation of the Hedgehog (Hh) circuitry, specifically through targeting of the 

transcription factor Gli1 (92). We found 11 microRNAs with increased expression in 

PPNAD such as miR-301, miR-139 and miR-594. 
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The biological significance of microRNAs is determined by the identification of their 

presumed gene targets. The available software-based algorithms predict 20-50 gene 

targets of each microRNA without taking into consideration the biological relevance 

of their interaction. For this reason it is important to match microRNA with 

expression data. Regarding the MMADs, we were able to match 20 microRNA-target 

gene pairs using our previously published expression data (17) (Table 3A). Examples 

of these pairs were the miR-210 and HIF1A and the miR-196a and CPE. MiR-210 

expression has been found up-regulated in several cancer types and is associated with 

hypoxia- related pathways. Specifically, miR-210 is induced by HIF1A and hypoxic 

conditions; HIF1A binds in the promoter of miR-210 and induces its expression. The 

central role of HIF in the upregulation of miR-210 has been confirmed with studies in 

several types of cancer. In our previous study (17) HIF1A was found over-expressed 

(3.68-fold); our new finding, that miR-210 is also over-expressed in MMAD/AIMAH 

tissues, is consistent with the cDNA expression and other data such as fumarate 

hydratase (FH) mutations and adrenocortical tumors (103, 104) and the hypothesis 

that activation of the HIF1A pathway may be involved in MMAD/AIMAH 

pathogenesis (103). Studies in a renal carcinoma cell line showed that inactivating 

mutations in the VHL gene had as a result the suppression of HIF degradation and the 

induction of hypoxia and miR-210 upregulation (100). Hypoxia is a common feature 

in tumors with poor prognosis and insufficient response to drugs and miR-210 has 

been suggested as a prognostic factor for breast cancer (105). 

 

CPE is found in neuroendocrine and endocrine cells such as pituitary and pancreatic 

β-cells, as a soluble exopeptidase as well as a receptor at the trans-Golgi network 

membrane; CPE converts prohormones into active neuropeptides and peptide 

hormones such as insulin, enkephalin and others and the CPE knockout mice have an 

endocrine phenotype (106). MiR-196a, which according to our findings regulates the 

expression of CPE, is reported so far as up-regulated in several cancers and has an 

oncogenic role in the regulation of Annexin A1 (ANXA1) in oesophageal cancer (107) 

and CPE has been found as a marker in neuroendocrine cancers (108). 
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We also identified two microRNAs, miR-130a and Mir-382 with an expression 

pattern that correlated with the diurnal cortisol levels of our MMAD patients, an index 

of the severity of their disease (Figure 3.10). MiR-130a has been found to be involved 

in cancer progression by regulating angiogenesis in endothelial cells through the 

suppression of two antiangiogenic homebox genes, GAX and HOXA5 (109). MiR-382 

has been studied in acute myeloid leukemia where a positive correlation between the 

leukemic subtype t(15;17)/PML-PARA and over-expression of miR-382 was detected 

(110). We also studied the correlation of the diurnal midnight cortisol levels and the 

microRNA profile in PPNAD. Let-7b was found negatively correlated to the above 

clinical marker, showing a potential role as a diagnostic marker for PPNAD. 

 

Besides cAMP pathway, also Wnt signaling pathway has been associated with adrenal 

pathogenesis. Wnt signaling pathway regulates a vast range of cellular functions such 

as growth and differentiation and is critical during embryonic development (39). In 

Familial Adenomatous Polyposis (FAP), mutations of the adenomatosis polyposis coli 

(APC) gene activate the Wnt pathway and lead to the formation of adrenal adenomas 

(38), (4). Interestingly, expression studies in both MMAD/AIMAH (17) and PPNAD 

(10) have indicated overexpression of genes involved in the Wnt pathway such as 

axin1 (AXIN1), WNT1-inducible signaling pathway protein 2 (WISP2), catenin- β1 

(CTNNB1) and glycogen synthase kinase -3β (GSK3B). Our findings here, suggest 

that when the PKA system is hyperactivated, miR-449 expression is down-regulated 

and WISP2 expression is increased.  

 

We conclude that MMAD/AIMAH as well as PPNAD have a specific micro-RNA 

signature as other proliferative disorders. We suggest that microRNAs exhibit an 

important role in adrenal tumorigenesis and we describe a mechanism that might be 

involved in the early stages of adrenal tumorigenesis according to which the PKA 

system regulates the expression of miR-449 and induces the over-expression of 

WISP2 and the Wnt pathway in adrenal cortex. 

 

 Almost all types of benign lesions of the adrenal gland that were tested in this study 

exhibited functional abnormalities of the cAMP signaling pathway. These data 

indicate that more genetic defects of regulatory molecules of this pathway exist and 
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remain to be identified; they also suggest that pharmacological modulation of the 

cAMP signaling pathway should potentially be explored in the treatment of CS caused 

by benign ADTs. 

 

Studies, like the present, will identify more pathways involved in adrenal 

pathogenesis and, as the clinical correlation above indicated, may even identify new 

biological markers of disease activity and or therapeutic targets in patients with 

ACTH-independent CS caused by BAHs. 
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Supplemental figures 

 

 

 

Figure 0.1: MicroRNA-target gene pairs sequences in MMAD according to 

TargetScan algorithm predictions. 
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Figure 0.2: MicroRNA-target gene pairs sequences in PPNAD according to 

bioinformatic prediction algorithms. 

 


