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Abstract (English)

Pituitary adenomas are common benign intracranial neoplasms, with the vast
majority of such tumours being sporadic. The pathogenesis of sporadic pituitary
adenomas remains unclear; however, abnormal microRNAs (miRNAS) expression
profiles have been recently associated with these adenomas, suggesting that
mMiRNAs can contribute to tumour formation. In about 5% of cases, pituitary
adenomas occur in a familial setting, often as part of multiple endocrine tumours
syndromes, such as multiple endocrine neoplasia type 1 (MEN1) or Carney
complex (CNC). Recently, germline mutations in the aryl hydrocarbon receptor-
interacting protein (AIP) and in the CDKN1B (encoding the p27"* protein) genes
have been identified as causing pituitary adenoma predisposition (PAP) or
associated to the development of multiple endocrine tumours, respectively.
Several studies revealed AIP mutations in about 15% of kindreds with familial
isolated pituitary adenomas (FIPA), a clinical entity in which pituitary tumours are
the sole phenotypic manifestation among family members, while sporadic cases
are only rarely mutated. Regarding CDKN1B, so far point mutations have been
reported only in few subjects with clinical features of MENL1, including pituitary
adenomas, but without MEN1 mutations, suggesting that they rarely cause a
MEN-like phenotype in both sporadic and familial MEN1 patients.

The aim of the present investigation was to study some of the tumorigenic
mechanisms involved in pituitary adenoma formation both in sporadic and familial
settings.

Genomic DNA of a homogeneous cohort of Italian patients with either sporadic
acromegaly or FIPA was analysed for point mutations and gross rearrangements
in the AIP and CDKN1B genes. | detected three novel, presumably pathogenic,
AIP variants in four apparently sporadic cases, and one known mutation
(p.R304X) in a FIPA family. Interestingly, | found that another Italian FIPA family
shares the same mutation and haplotype associated with the mutated gene,
strongly supporting the presence of a founder effect. No known mutations were
found in the CDKN1B gene.

The analysis of miR-107, a miRNA involved in the pathogenesis of different types
of tumours and predicted to downregulate AIP expression, revealed that it is

overexpressed in pituitary adenomas and may act as a tumour suppressor gene. |
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also provided experimental evidences that AIP-3'UTR is a functional and direct
target of miR-107.
The study of aryl hydrocarbon receptor repressor (AHRR), a molecule which
participates in one of the AlP-related pathways potentially involved in pituitary
tumorigenesis, demonstrated an increased expression in GH-secreting adenomas
compared to normal pituitaries.
In conclusion, the main contribution of this PhD thesis was to provide new
knowledge about the pathogenesis of pituitary adenomas. In particular, 1 found
that:
= mutations in the AIP and CDKN1B genes seem relatively uncommon in the
Italian sporadic acromegalic patients, confirming what already reported in
the literature for other populations;
= a founder effect for the AIP p.R304X mutation exists in a region of central
Italy;
= the mIRNA miR-107 interacts with AIP and may play roles in pituitary
adenoma pathogenesis;

= AHRR is overexpressed in somatotropinomas.
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Abstract (Italian)

Gli adenomi ipofisari rappresentano delle comuni neoplasie intracraniche benigne,
che nella maggior parte dei casi insorgono in maniera sporadica. La patogenesi
degli adenomi ipofisari sporadici rimane tuttora poco chiara; recentemente,
tuttavia, degli anormali livelli di espressione dei microRNA (miRNA) sono stati
associati con questi adenomi, suggerendo che i miRNA possano contribuire al loro
sviluppo. In circa il 5% dei casi, gli adenomi ipofisari insorgono invece in forma
familiare, spesso come componenti di neoplasie endocrine multiple, quali la
neoplasia endocrina multipla di tipo 1 (MEN1) o il complesso di Carney (CNC).
Recentemente, mutazioni germinali nei geni aryl hydrocarbon receptor-interacting
protein (AIP) e CDKN1B (codificante la proteina p27X") sono state identificate,
rispettivamente, come predisponenti I'insorgenza di adenomi ipofisari o associate
allo sviluppo di tumori endocrini multipli. Diversi studi hanno dimostrato come
mutazioni in AIP siano presenti in circa il 15% delle famiglie con adenoma
ipofisario isolato (FIPA), un’entita clinica nella quale i tumori ipofisari sono l'unica
manifestazione fenotipica tra i soggetti affetti, mentre siano solo raramente
ritrovate nei casi sporadici. Relativamente a CDKN1B, ad oggi mutazioni
puntiformi sono state descritte solo in alcuni pazienti con caratteristiche cliniche
associabili al fenotipo MEN1, tra cui la presenza di adenomi ipofisari, ma privi di
mutazioni nel gene MENL1. Cio fa quindi ritenere che tali mutazioni causino solo
raramente un fenotipo associabile a MEN sia nei casi sporadici che familiari.

Lo scopo di questo lavoro e stato quello di studiare alcuni dei meccanismi
tumorigenici coinvolti nello sviluppo degli adenomi ipofisari, sia nelle loro forme
sporadiche che in quelle familiari.

I DNA genomico di una coorte omogenea di pazienti acromegalici Italiani sia
sporadici che familiari & stato analizzato per ricercare la presenza di mutazioni
puntiformi e grossi riarrangiamenti nei geni AIP e CDKN1B. Ho individuato tre
nuove varianti, presumibilmente patogeniche, nel gene AIP in quattro pazienti
apparentemente sporadici, € una mutazione nota (p.R304X) sempre in AIP in una
famiglia FIPA. E’ interessante notare come un’altra famiglia FIPA Italiana
condivida la stessa mutazione e lo stesso aplotipo associato con il gene mutato,
dimostrando quindi la presenza di un effetto fondatore. Nessuna mutazione nota

nel gene CDKN1B e stata invece riscontrata nella coorte analizzata.
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L’analisi di miR-107, un miRNA coinvolto nella patogenesi di diversi tipi di tumore
e predetto regolare negativamente I'espressione di AIP, ha rivelato come tale
MIiRNA sia sovraespresso negli adenomi ipofisari e svolga verosimilmente un
ruolo da gene oncosopressore. Ho inoltre dimostrato sperimentalemente che |l
3'UTR di AIP e un reale e diretto bersaglio di miR-107.
Lo studio del repressore del recettore degli idrocarburi (AHRR), una molecola
coinvolta in una delle vie correlate ad AIP e potenzialmemente coinvolta nella
tumorigenesi ipofisaria, ha dimostrato una sua incrementata espressione nei
tumori GH-secernenti rispetto alle ipofisi normali.
In conclusione, il contributo principale di questa tesi di dottorato é stato il fornire
nuova conoscenza sui meccanismi patogenetici negli adenomi ipofisari. Piu
specificatamente, ho dimostrato che:
= mutazioni nei geni AIP e CDKN1B sono relativamente rare nei pazienti
acromegalici sporadici Italiani, in accordo con quanto riportato in letteratura
per altre popolazioni;
= esiste un effetto fondatore in una regione del centro Italia per la mutazione
p.R304X del gene AlP;
= il miRNA miR-107 interagisce con AIP e potrebbe avere un ruolo nella
patogenesi degli adenomi ipofisari;

» AHRR é sovraespresso nei somatotropinomi.
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1 Introduction

1.1 The pituitary gland

1.1.1 Anatomy

The pituitary gland, also known as hypophysis, is a central endocrine organ that
regulates basic physiological functions incuding growth, reproduction and
metabolic homeostasis. It situates at the base of the brain, under the optic chiasm,
inside a depression on the upper surface of the sphenoid bone, the sella turcica.
The pituitary gland consists of two major parts, the adenohypophysis and the
neurohypophysis. The neurohypophysis is of neuronal origin and can be divided
into the posterior lobe, or pars nervosa, consisting mainly of terminal processes of
hypothalamic neuronal cell bodies, and the infundibulum, which consists of an
elongated infundibular stem and the median eminence. The adenohypophysis can
be divided into the intermediate lobe, or pars intermedia, which exists in most
animals and in the human fetus although less prominent in the mature human
pituitary gland, the pars tuberalis (a collar of tissue that usually surrounds the
pituitary stalk), and the anterior lobe, or pars distalis (Figure 1.1) (1).

The glandular adenohypophysis, particularly the anterior lobe, is composed of six
distinct types of differentially distributed, hormone-secreting cells. These cells are
named according to the hormones that each cell type produces and secretes:
somatotrope cells produce growth hormone (GH), lactotrope cells produce
prolactin (PRL), corticotrope cells produce adrenocorticotropic hormone (ACTH),
thyrotrope cells produce thyroid-stimulating hormone (TSH), gonadotrope cells
produce gonadotropins (follicle-stimulating hormone, FSH, and luteinising
hormone, LH). A small population of mammosomatotrope cells producing both GH
and PRL also exists. These secretory cells are arranged in clumps or in branching
cords of cells separated by capillary and sinusoids. The hormonal peptides are
released by exocytosis of the secretory storage granules and diffuse through the
perivascular extracellular space to the blood vessels. There is also a non-
hormonal structural cell type, called folliculostellate cells, located between the

secretory cells, that exerts a supportive function.
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The posterior lobe releases two hormones, oxytocin and antidiuretic hormone
(ADH) or vasopressin, which are synthetised in different cells in the supraoptic and

paraventricular nuclei of the hypothalamus (2;3).
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Figure 1.1 Schematic representation of the pituitar  y gland. OC, optic chiasm; MB, mammilary
body. Adapted from (4).

1.1.2 Regulation of hormone secretion

Each of the hormone-secreting cell type of the anterior lobe expresses G protein-
coupled receptors (GPCRs) specific for hypothalamic releasing and inhibiting
hormones. These hormones reach the corresponding adenohypophyseal cells
through the pituitary stalk via the hypophyseal portal system. The hypothalamic
releasing hormones stimulate hormone’s production by inducing gene
transcription, usually through activation of the cyclic adenosine-monophosphate
(cAMP) signalling pathway. The GH-releasing hormone (GHRH) induces GH
secretion, the corticotropin-releasing hormone (CRH) stimulates ACTH secretion,
the thyrotropin-releasing hormone (TRH) stimulates TSH secretion, and the

gonadotropin-releasing hormone (GnRH) induces FSH and LH production. The
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negative regulation of the pituitary hormones production is conferred by
hypothalamic inhibiting hormones, such as somatostatin for GH and dopamine for
PRL, and by a negative feedback mechanism exerted by the secreted products of
the target glands (Figure 1.2) (2;3).

Hypaotnalamis

Posierior

Intarmediaba —

Antgnar

Trophie CRH{+) TRH(+). SRIF | GrRH [«} GHAH (+),5RIF-) TAH (VP [
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v Y v L v
Cell Types  Corlicotropes  Thyrotropes.  Gonadolropes  Somalolropes Langbobropses
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B R !
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Figure 1.2 Trophic hormones, cell types of the ante  rior pituitary, hormones secreted and
target organs. Hypothalamic trophic hormones act on specific cell types in the pituitary to induce
the release of pituitary hormones, which in turn act on target organs to regulate various
physiological processes. (+), stimulation; (=), inhibition; CRH, corticotropin-releasing hormone;
TRH, thyrotropin-releasing hormone; SRIF, somatostatin; GnRH, gonadotropin-releasing hormone;
VIP, vasoactive intestinal peptide; GHRH, GH-releasing hormone. Adapted from (3).

1.2 Pituitary tumours

Each cell type of the anterior lobe can give rise to pituitary tumours. They are the
result of excessive proliferation and they can over-produce the specific hormones
leading to endocrine syndromes, or they may be functionally silent. Pituitary
tumours are usually well-differentiated, common (accounting for up to 25% of all
intracranial tumours) benign neoplasms which often grow invasively but very rarely
progress to true carcinomas. Although classified as benign, they may cause
significant morbidity in affected patients due to aberrant hormone secretion, as
well as compressive effects on nearby tissues, such as the optic chiasm, or the
healthy pituitary (hypopituitarism) (5). The majority of pituitary adenomas are

monoclonal in origin, arising from monoclonal expansion of a single neoplastic cell,
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which has acquired genetic or epigenetic defects that confers growth advantage

(6).

1.2.1 Classification of pituitary tumours

Pituitary tumours are classified according to the hormones secreted, the
immunohistological hormone staining and the tumour size:
1) The clinical hormone-secreting types are:

» GH-secreting adenomas (or somatotropinomas)

» PRL-secreting adenomas (or prolactinomas)

» GH- and PRL-secreting adenomas (or mammosomatotroph adenomas)

» ACTH-secreting adenomas (or corticotropinomas)

» TSH-secreting adenomas (or thyrotropinomas)

» FSH- and LH-secreting adenomas (or gonadotropinomas)

= non-functioning adenomas (NFPAS).
The majority of NFPAs are derived from FSH- or LH-cells and are clinically silent.
Mixed tumours co-secreting GH with PRL, TSH or ACTH can also occur (7). The
most common pituitary adenoma types are prolactinomas (approximately 50%),
NFPAs (30%), somatotropinomas (15-20%), corticotropinomas for (5-15%),
thyrotropinomas and LH-FSH adenomas (less than 1%) (8;9).

2) The immunohistochemical staining often reflects the clinical phenotype, but
provides additional informations that together with the cytological and histological
appearances of tissue and cells have an impact on the perceptions of potential

future aggressive behaviour.

3) The classification of pituitary tumours according to their size include:
* microadenomas, when the diameter is <10 mm
= macroadenomas, when the diameter is >10 mm. When the diameter is >40
mm they are defined as large or giant pituitary adenomas (10).

Most pituitary adenomas are microadenomas (7).
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1.2.2 Clinical manifestations of pituitary tumours

1.2.2.1 Acromegaly/Gigantism

GH hypesecretion leads to acromegaly or gigantism, depending on the age of
onset. The term acromegaly was first used by Pierre Marie in 1886 (11), but
patients with acromegaly have been described much earlier. It was only at the
beginning of the 20th century with post-mortem examinations of acromegalic
patients that it became clear that the cause of the disease was associated with
pituitary adenomas and that gigantism had a similar cause with onset during
childhood or adolescence, before the growth plates have fused. Giant patients
have increased structure and are slightly better proportioned than acromegalics
(12). In 99% of the cases acromegaly is due to a somatotropinoma, whereas the
rest are the result of increased secretion of GHRH by hypothalamic tumours or
ectopic secretion of GH or GHRH by neuroendocrine tumours. The incidence of
acromegaly is estimated to be 3 to 4 new cases per million per year, and the
prevalence is about 60 cases per million people (13).

The majority of the symptoms seen in acromegalic patients occur as consequence
of the deleterious impact of elevated serum concentrations of GH, which in turn
increases the production of insulin-like growth factor 1 (IGF-1). The classic clinical
features are coarse facial features, macrognathia, enlarged feet and hands,
increased sweating, snoring, maxillary widening and skin thickening. Local mass
effects of the tumour include headaches, visual disturbances, cranial nerve palsies
and hypopituitarism/hyperprolactinemia. Pathologic effects include impaired
glucose tolerance, hyperglycemia, visceromegaly, increased risk for
cardiorespiratory complications and colonic polyps or tumours (14;15).

The onset of acromegaly is insidious and disease progression usually slow.
Several treatment options are available for acromegaly. Transsphenoidal surgical
resection of the adenoma, pharmacologic therapy with somatostatin analogues
(SAs), dopamine agonists and a GH-receptor antagonist, and various modes of

radiation therapy are used to treat GH-secreting adenomas (13).
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1.2.2.2 Hyperprolactinemia

Hypersecretion of PRL compromises fertility in both sexes. In pre-menopausal
women hyperprolactinemia causes oligomenorrhea or amenorrhea, in addition to
galactorrhea due to decreased estrogen levels, whereas the main presenting
symptoms in men are galactorrhea and sexual impotence, due to decreased
testoterone levels. Other symptoms include headaches and visual field defects, as

well as variable degrees of hypopituitarism (1).

1.2.2.3 Cushing’s disease

ACTH hypersecretion from a corticotroph adenoma (known as pituitary-dependent
Cushing’s syndrome or Cushing's disease) induces bilateral adrenocortical
hyperplasia and an excess production of cortisol, adrenal androgens and 11-
deoxycorticosterone. The typical signs and symptoms of hypercotisolism are:
central obesity, easy bruisability, hyperpigmentation, myopathy, striae,
hypertension, hirsutism, menstrual irregularities, mood changes, osteoporosis,

poor wound healing, hyperglycemia (16).

1.2.2.4 Hyperthyrodism

Thyrotropinomas cause mild hyperthyrodism by chronically stimulating an
intrinsically normal thyroid gland. Goiter and clinical thyrotoxicosis are the most
common presenting symptoms. Partial hypopituitarism is also common. Visual
field defects are present in about two thirds of patients, loss of gonadal function in

one third, and headache in one fifth (1).

1.2.2.5 Gonadotropinomas

Symptoms caused by excessive FSH/LH secretion include ovarian
hyperstimulation in women and gonadal hyperplasia and elevated serum

testosterone levels in men. Visual impairment and headache are also common (1).
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1.2.2.6 NFPAs

NFPAs produce hormones that can be detected by immunostaining, but do not
cause elevation of the blood hormone levels; thus no manifestations typical of a
hormone oversecretion syndrome are seen. Their clinical presentation is only
related to the mechanical effects of an expanding macroadenoma

(hypopituitarism, headache, visual defects) (1).

1.3 Pituitary tumorigenesis

Tumorigenesis has been extensively studied in the pituitary and it has been
suggested to occur as a result of activation of proto-oncogenes, inactivation of
tumour suppressor genes (TSGs), and by epigenetic mechanisms in combination
with these processes. A proto-oncogene is a gene involved in cell division and
activation of one allele is sufficient to cause gain of function or upregulation and
subsequent tumourigenesis. In contrast, a TSG inhibits cell cycle progression and
only if both alleles are lost [Knudson's “two-hit” hypothesis (17)] it leads to
uncontrolled cell division. In hereditary tumours, the first mutational event is
inherited via the germ cells and the second occurs in somatic cells. The “second-
hit” is usually the result of the loss of the remaining gene copy by a mechanism
known as loss of heterozigosity (LOH). In the non-hereditary forms both mutations
occur in somatic cells (18).

Alterations in common TSGs such as p53 and Rb or oncogenes such as Ras and
c-Myc are only rarely implicated in the development of pituitary tumours, whereas
they seem to occur in more aggressive tumours (19). Several other alterations
have been implicated in pituitary tumorigenesis including cell cycle dysregulation,
abnormal miRNAs expression profiles, epigenetic mechanisms such as promoter
hypermethylation, hormonal and/or growth factors overstimulation, increased
expression of pituitary tumour transforming gene (PTTG), and other mechanisms

such as pituitary senescence (Figure 1.3).
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Figure 1.3 Model of pituitary tumorigenesis. Abnormalities linked to quantitative (i.e., excessive
stimulation by hypothalamic factors) or qualitative (i.e., constitutively activating GNAS mutations)
dysfunction of the cAMP signalling pathway lead to the first steps of neoplastic transformation (mild
polyclonal hyperplasia, small adenoma). Growth of a monoclonal pituitary tumour is initiated and/or
assisted by cell cycle dysregulation, aneuploidy and methylation of certain target genes.
Aneuploidy and/or disruption of genomic integrity in a greater scale lead to a well-growing pituitary
adenoma. PTTG overexpression, mutations in common oncogenes and increased angiogenesis
lead to the formation of larger tumours and invasive adenomas. This model of tumorigenesis is not
necessarily linear (not all steps have to occur for a given tumour to form). Adapted from (20).

1.3.1 Cell cycle dysregulation

Disruption of the cell cycle machinery frequently leads to pituitary adenomas. Cell
division is divided into four phases: S phase (synthesis of DNA), M phase
(mitosis), and two phases of growing and transition, called G (gap) phase (Figure
1.4). The progression of cells through the different phases of the cell cycle is
controlled by several protein kinases. Among these kinases there are the cyclin
dependent kinases (CDKs). CDK activity is modulated by fluctuations in the
cellular concentration of their activators (cyclins) or inhibitors (CKIs), which are
regulated by mitogenic and anti-mitogenic pathways and by proteolysis of the
ubiquitin-proteasome system. A variety of cyclin-CDK complexes participate in the
regulation of the cell cycle. D-type cyclins act as sensors of multiple mitogenic

signals to activate CDK4 and CDK6 and to facilitate the progression during G1.

24



CDK2—cyclin E complexes participate in the transition from G1 to S phase. E-type
cyclins are substituted by A-type cyclins to activate CDK2 and CDK1 at the end of
S phase and during G2. Finally, the CDK1-cyclin B complex is involved in the
progression through G2 and entry into M phase. The primary substrates of the
CDKs in G1 progression are the members of the retinoblastoma protein family
(PRB). pRB negatively regulates entry into the cell cycle and G1/S progression by
binding to the transcription factor family E2F to target cell cycle-specific genes for
repression (21).

CKils as well are essential for cell cycle control, being mediators of antimitogenic
signals or checkpoint responses in order to counteract CDK function. There are
two families of CKls, the INK4 and the Cip/Kip family. The INK4 family (p16™¢*,
p15INK4b' p18INK4c g/NK4d
CDK4 and CDK6, whereas members of the Cip/Kip family (p21°**, p27** and

and pl ) inhibits progression through G1/S by binding to

p57Kip2) have different roles depending on which CDK-cyclin complex they bind to.
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Figure 1.4 Control of the cell cycle by the princip  al regulators involved in pituitary biology.
Adapted from (22).

In the last years several mouse models of cell cycle regulators, such as CKiIs,
have suggested that the pituitary gland is a critical target of cell cycle deregulation
in cancer (22). For instance, a significant incidence of pituitary tumours was
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described in p18-deficient mice (23), while p27*"*-null mice develop intermediate
lobe pituitary adenomas as the sole tumour phenotype (24-26). In pituitary

adenomas the site of most sensitivity appears to be the G1/S transition (22).

1.3.2 Abnormal miRNAs expression profiles

MicroRNAs (miRNAs) are a class of 20-25 basepair (bp)-long noncoding RNAs
that are found in the genomes of animals, plants and protozoa (27). miRNA
sequences are dispersed throughout the genome and are classified as intergenic
(between genes) or intronic (embedded within a gene) (28). miRNAs are initially
transcribed as long transcripts (pri-miRNA) which are sequentially processed by
different endonucleases. Mature miRNAs are then incorporated into the miRNA-
induced silencing complex (miRISC), which associate with target messenger
RNAs (MRNAS) (29). Generally, miRNA:mRNA duplexes consist of a 5’ end “seed”
region, a central loop region, and a 3’ end tail region. The major determinant of the
interaction between an miRNA and its mRNA targets corresponds to the “seed”
region of the miRNA (from 6 to 8 nucleotides at position 1-8 at its 5’ end), which
pair with  mRNA complementary sequences commonly located in the 3'
untranslated region (3’'UTR). However, the central loop has also been shown to be
another important factor in miRNA functioning (30), and supplementary base
pairing involving the 3’ portion of the miRNA can enhance binding specificity and
affinity (31). Depending on the overall degree of sequence complementarity,
mMiRNAs negatively regulate post-transcriptional expression of target genes
predominantly by inhibiting protein translation or degrading the target mRNA
(Figure 1.5) (27).
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Figure 1.5 miRNA processing. In the nucleus, a miRNA gene is transcribed as a long pri-miRNA
transcript (~0.5—7 kb), which is then cleaved by a microprocessor complex termed Drosha. The
shorter transcript (~60-70 bp), now termed pre-miRNA, is transported in the cytoplasm, where is
further processed by the enzyme Dicer. The hairpin loop is cropped off the double-stranded RNA,
leaving a short miRNA duplex that is unwound by a helicase, cleaved into a mature miRNA and
incorporated into the miRISC complex. The mIRNA-mIiRISC complex negatively regulates post-
transcriptional gene expression by hybridizing to complementary sequences located in the 3'UTR
of a target mMRNA. Adapted from (32).

Recent studies have shown the abnormal expression of certain miRNAs in various
human cancers, demonstrating that some miRNAs may function as oncogenes or
TSGs (33-35). Pituitary tumours have also recently been shown to be associated
with abnormal miRNAs expression profiles, suggesting that miRNAs might

contribute to pituitary adenoma development (36-42).

1.3.3 Epigenetic mechanisms

Many regions of the genome contain large clusters of CpG dinucleotides called
CpG islands. They are present in approximately 70% of human promoters, usually
in an unmethylated status (43). Promoter methylation is an epigenetic mechanism
that has been shown to occur in pituitary tumorigenesis. For instance, in pituitary
adenomas the genes CDKN2A, MEG3A, ZAC1, and GADD45y are downregulated
due to promoter hypermethylation (44).

1.3.4 Growth factors

Hypothalamic hormones and their receptors could have an effect in pituitary
tumorigenesis. Excessive hormone stimulation can lead to an increased number of
cells in the pituitary in various physiological or pathological states such as
pregnancy (lactotrophs), untreated primary hypothyroidism (thyrotrophs and
lactotrophs), primary hypoadrenalism (corticotrophs) and ectopic GHRH-secreting
tumours (somatotrophs). Animal models also provide data that in the presence of
excessive hypothalamic hormone stimulation, adenoma formation can occur.
However, the monoclonal origin of the pituitary adenomas makes it unlikely that
hypothalamic factors could initiate pituitary transformation, but they could still

create an environment where there is a higher chance that a possible causative
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tumourigenic mutation may occur in one or several of the overstimulated pituitary
cells (45).

1.3.5 Pituitary senescence

Cellular senescence is an anti-proliferative response which leads to irreversible
cell cycle arrest. It can be initiated by DNA damage, chromosomal instability and
aneuploidy, loss of tumour suppressive signalling or oncogene activation, and its
ultimate aim is to protect the cell from proliferative signals and to act as a buffer
against malignant transformation (46). Cellular senescence is associated with the
activation of inhibitors of cell cycle progression, such as p19, p21 and p16, and the
subsequent modulation of the expression of additional gene pathways, such as
those involved in tissue remodeling (i.e. angiogenesis) (47). Premature
senescence may account for the predominance of benign versus malignant GH-
secreting pituitary tumours. Pituitary adenoma cells may indeed undergo
premature senescence in order to escape from the deleterious consequences that
proliferative pressure of oncogenes, hormones and transformation factors could
exert on their crucial physiological function on homeostasis control. More than
70% of GH-secreting tumours overexpress the PTTG gene, which leads to
aneuploidy and induction of senescence markers, including p21 and senescence-
associated [(-galactosidase. In contrast, p21 is weakly expressed in normal

pituitary tissue and undetectable in pituitary carcinomas (48;49).

1.4 Sporadic and familial pituitary tumours syndrom es

1.4.1 Sporadic pituitary adenomas

The majority of pituitary adenomas occur sporadically (95%). However, their
molecular pathology remains poorly understood. The only mutational changes
unequivocally associated with sporadic pituitary adenomas are somatic mutations
in the GNAS gene, which occur in around 40% of GH-secreting adenomas and in
the McCune-Albright syndrome (MAS, MIM# 174800). These mutations are
caused by a change in residue 201 or 207 (Figure 1.6) (50-52).
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Figure 1.6 Schematic representation of the constitu  tive activation of the Gs protein in the

presence of activating mutations of the =~ GNAS gene. Ligand binding stabilises the association of
GHRH receptor with Gs and induces the exchange of GDP with GTP on the a subunit, which in
turn dissociates from the B and y subunits. GNAS mutations, by inhibiting the GTP hydrolysis,
prevents the formation of the inactive heterotrimer aly. The downstream members of the pathway
are thus in a state of constant activation. GHRH-R, GHRH receptor; Gs, stimulatory G protein; AC,
adenylyl cyclase; PKA, protein kinase A; CREB, cAMP response element binding protein. Modified

from (19).

GNAS is a ubiquitously expressed gene encoding for the stimulatory G protein Gas
(MIM# 139320). Gas activates adenylyl cyclase, which in turn increases the cyclic
nucleotide adenosine 3’,5’-monophosphate (CAMP) cellular levels. cAMP functions
as an intracellular second messenger in several signalling pathways, often acting
as a promoter of both differentiation and apoptosis. However, in certain tissues
such as in thyroid, adrenal cortex and pituitary somatotroph cells, CAMP stimulates
cell proliferation (53). The cAMP overproduction constitutively activates the protein
kinase A (PKA), which phosphorylates the cAMP response element binding
protein (CREB) and leads to sustained GH hypersecretion and cell proliferation
(54). An altered cAMP pathway could result in hypertrophy and hyperplasia of the
pituitary, which could lead to the development of pituitary adenomas. MAS is a
sporadic pituitary tumour syndrome caused by GNAS mutations occuring as an
early a post-zygotic event. This disease is characterized by endocrinological
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abnormalities, including precocious puberty, hyperthyroidism, Cushing’s syndrome

and gigantism/acromegaly (55).

1.4.2 Familial pituitary adenomas syndromes

Reports of familial pituitary adenomas date back to more than a century ago,
though information is sparse. Several genetic syndromes are now known to be
associated with the development of pituitary adenomas: multiple endocrine
neoplasia type 1 (MEN1), multiple endocrine neoplasia type 4 (MEN4), Carney

complex (CNC), and familial isolated pituitary adenomas (FIPA).

1.4.2.1 Multiple endocrine neoplasia type 1 (MEN1)

Multiple endocrine neoplasias (MEN) are autosomal dominant syndromes
characterized by tumours involving two or more neuroendocrine tissues. Two such
syndromes have been clinically and genetically well characterized: the MEN type 1
(MEN1, MIM# 131100) and type 2 (MEN2a, MIM# 171400 and MEN2b, MIM#
162300) .

MEN1 is an autosomal dominant condition with high age-related penetrance,
characterized by the occurence of tumours of the parathyroids, pancreas and
anterior pituitary. Familial MENL1 is defined as MEN1 plus one first-degree relative
with a tumour in one of these three tissues. Hyperparathyroidism is the most
common manifestation of MEN1, with a penetrance of nearly 100% by the age of
50 years. Enteropancreatic tumours occur in 30-75% of MEN1 patients and
pituitary tumours in up to 65%. The most frequent type of pituitary adenoma is the
prolactinoma and tumours are twice likely to be macroadenomas than in sporadic
cases. Other endocrine tumours can also be detected (56). The disease is caused
by mutations in the MEN1 gene, a TSG located on chromosome 11913, which
consists of 10 exons encoding a 610 amino-acids protein, referred to as menin.
Menin is a ubiquitous protein, located predominantly in the nucleus, which is
involved in the regulation of gene transcription, cell division, cell proliferation,
apoptosis and genomic stability (56). 25 menin partners have been identified so
far; however, none has been shown conclusively to be important in the

pathophysiology of MEN1 (57). Approximately 90-95% of MEN1 families carry
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pathogenic MEN1 mutations. More than 560 different germline or somatic
mutations have been described to date, scattered throughout the whole gene

sequence, with only a few potential hot-spots (58).

1.4.2.2 Multiple endocrine neoplasia type 4 (MEN4)

About 10-20% of the cases which exhibit MEN1 features test negative for
mutations in the MEN1 coding sequence (CDS) (59). These patients are described
to have an “MEN1 phenocopy” (60;61). It is likely that some of these cases are
explained by mutations outside the CDS (i.e. promoter, UTRS, intronic regions);
however, theoretically MEN1 may exhibit genetic heterogeneity, with other
predisposing genes harboring pathogenic mutations. In 2006, Pellegata et al. (62)
identified Cdknlb (Cyclin dependent protein kinase 1B, encoding for the CDK
inhibitor p27¢"') as the gene predisposing to a MEN-like phenotype, termed
MENX, in a rat model. The animals exhibited a phenotype resembling both the
human MEN1 and MEN2 syndromes: bilateral pheocromocytomas, parathyroid
adenomas, thyroid hyperplasia, paragangliomas, and endocrine pancreas
hyperplasia. Based on this model, a heterozygous germline nonsense mutation in
the human homologue gene CDKN1B (MIM# 600778) was then identified in a
patient suspected for MEN1 (presenting with a somatotropinoma and a parathyroid
tumour), but tested negative for MEN1 mutations. The mutation segregated in the
patient's family, with several members exhibiting endocrine neoplasia (62).
Subsequently, germline point mutations have been reported in other five MEN-1
like subjects (only one was a sporadic case), tested negative for mutations in
MEN1 and RET (63-65). These affected patients developed parathyroid and
pituitary tumours, as well as other malignancies, but considering the few cases
identified, the full spectrum of affected organs associated to this CKNN1B-related
syndrome remains to be established (66). Other studies, however, failed to detect
CDKN1B mutations in MEN1-like patients, suggesting that such mutational events
are only rarely associated with a MEN1-like phenotype (estimated prevalence
around 1.5-2.8%) (67-71). In addition, different groups examined familial and
sporadic cohorts of patients with pituitary adenomas, parathyroid tumours,
pancreatic endocrine tumours or pheochromocytomas, but no CDKN1B mutations

have been identified in any of these settings (Appendix, Table 1) (64;70-75).
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A new nomenclature has recently been proposed for the human MEN1-like
condition caused by CDKN1B mutations, namely multiple endocrine neoplasia
type 4 (MEN4, MIM# 610755).

1.4.2.3 Carney complex (CNC)

Carney complex (CNC, MIM# 160980) is a rare (has been described in about 500
people so far) autosomal dominant disease, characterized by spotty-skin
pigmentation, primary pigmented nodular adrenocortical disease (PPNAD), thyroid
tumours and nodules, testicular tumours, cardiac and other myxomas, endocrine
tumours (including pituitary adenomas) and schwannomas (76;77). Pituitary
tumours are present in 10% of CNC patients and are mainly GH- or GH and PRL-
secreting adenomas. CNC is familial in 70% of cases (78).

Two gene loci have been identified to be responsible for this syndrome: the gene
encoding for protein kinase A regulatory subunit-1-alpha (PRKAR1A) located on
chromosome 17g22-24 and an as yet uncharacterized locus on chromosome 2p16
(79). About 40 distinct germline inactivating mutations in PRKAR1A have been
reported so far in up to 60% of CNC patients (78;80). The functional inactivation of
PRKARI1A results in the constitutive activation of the catalytic subunit of PKA,

which leads to increased cAMP levels in the affected tissues (81).

1.4.2.4 Familial isolated pituitary adenomas (FIPA)

Familial pituitary tumours have also been described in several families with no
other associated endocrine diseases or tumours. These adenomas are inherited in
an autosomal dominant manner with incomplete penetrance. This condition is
commonly referred to as familial isolated pituitary adenomas (FIPA, MIM#
102200), which includes all types of familial pituitary tumours where no clinical or
genetic evidence suggest MEN1 or CNC (82). FIPA comprises the subgroup of
isolated familial somatotropinomas (IFS) (83;84) and the aryl hydrocarbon
receptor-interacting protein (AIP) mutation-positive group termed pituitary
adenoma predisposition (PAP) (85). Currently over 200 FIPA families have been
described; however, this number will increase as this condition is being more

recognized. The majority of FIPA cohorts consists of families with 2-5 members
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having pituitary adenomas. FIPA is characterized by a predominance of
prolactinomas (41%) and somatotropinomas (30%), with other tumour types being
NFPAs (13%), mammosomatotroph adenomas (7%), corticotropinomas (4%),
gonadotropinomas (4%), and thyrotropinomas (1%). There is a female prevalence
(62%) probably due to the high incidence of prolactinomas in women within the
cohort. FIPA kindreds are divided in those that present either the same pituitary
tumour type (referred to as homogeneous families), or different tumour types
(heterogeneous families) (86). Within the heterogeneous FIPA families
somatotroph, lactotroph and mammosomatotroph adenomas are the most
common (87), but other combinations involving NFPAs, corticotroph and
gonadotroph adenomas have also been reported (86). Patients with FIPA have
significantly larger pituitary adenomas than sporadic pituitary adenoma patients
(86-88). Moreover, in the FIPA setting somatotroph adenomas often behave
aggressively and respond poorly to somatostatin analog therapy (86). Patients
from later generations tend to be significantly younger at diagnosis compared to
earlier generations (89), probably because of increased awareness of symptoms
due to the family history rather than genetic anticipation (86).

Linkage studies have found that the locus for one of the genes causing FIPA is
located on chromosome 11g13.3, but it is independent of the MEN1 gene (84;90-
93). In 2006 Vierimaa et al. (85) reported heterozygous mutations in the AIP gene
(MIM# 605555), located in the 11913 area 2.7Mb downstream of MEN1 (Figure
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Figure 1.7 MEN1 and AIP location on chromosome 11g13. The two genes are located respectively at 64.3
and 67.0 Mb.

Since then mutations have been found in more than 35 FIPA families
(85;87;88;94-100). FIPA patients are on average four years younger at diagnosis
than those with sporadic pituitary adenomas (87;94), but AIP mutation-positive
families show an even younger age of onset, with most having members with
childhood onset disease (96). The observed LOH at the AIP locus in affected
individuals suggests the role of AIP as a TSG, with loss of the wild-type (wt) allele
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causing PAP in concordance with the Knudson’s two hit hypothesis (101).
Penetrance is suggested to be incomplete at around 30%; however, this figure

varies widely between families (86;87;97;102).

1.5 AIP

1.5.1 AIP structure and conservation

The AIP gene consists of 6 exons, encoding a 330 amino acid cytoplasmic protein
of 37 kDa, also known as X-associated protein-2 (XAP2) (103), Ah receptor-
activated 9 (ARA9) (104) or FK506-binding protein 37 (FKBP37) (105). Structurally
it shares a significant degree of homology with immunophilins, such as FKBP52
(52 kDa FK506-binding protein) as it has a peptidyl-prolyl cis-trans isomerases
(PPlase)-like domain. Immunophilins are a huge family of ubiquitous and
conserved proteins which possess PPlase domains that bind immunosuppressant
drugs of the FK506 or of the cyclosporin A groups (106). However, AIP does not
function as an immunophilin. AIP lacks affinity for the immunosuppressant drugs
FK506 and rapamycin (107;108) and the PPlase-like domain displays no
enzymatic activity (107), so AIP could not be considered a true immunophilin.
These data are consistent with a weak homology between the PPlase domains of
AIP and FKBP12 [only five of the 14 amino acids of the FK506-binding domain of
FKBP12 are conserved in AIP (108)] and explains the different biochemical
properties of AIP.

AIP belongs to the family of tetratricopeptide repeat (TPR) domain containing
proteins, such as the aryl hydrocarbon receptor-interacting protein like 1 (AIPL1),
protein phosphatase (PP5), FKBP51, FKBP52, and Hop (109), and has three TPR
motifs and a final a-7 helix at the C-terminus (Figure 1.8).
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Figure 1.8 A) Schematic structure of the AIP protein. Structurally, AIP is similar to
immunophilins. AIP contains a PPlase-like domain at the N-terminus, which show a weak identity
to the low molecular weight FKBP12 (12 kDa FK506-binding protein) (104), but does not show
immunophilin activity (107;108). The C-terminal part of the molecule contains three TPR domains
which are conserved 34 amino structures consisting of two antiparalell alpha helices. There is a
terminal a-7 helix which is crucial for protein-protein interaction. Numbers underneath the protein
structure represent amino acids. Boxes with different shapes represent different domains. B)
Hypothetical structure of AIP based on the crystal structure of the related protein FKBP51
[adapted from (96)]. The PPlase-like domain, the three TPR motifs with three pair of antiparallel a-
helices and the final extended a-helix, a-7, are highlighted. PPlase-like, peptidyl-prolyl cis-trans
isomerase-like domain; TPR, tetratricopeptide repeat domain.

TPR domains are highly degenerate consensus sequences of 34 amino acids,
often arranged in tandem repeats, formed by two a-helices forming an antiparalell
amphipathic (having both hydrophilic and lipophilic properties) structure that
mediate intra- and inter-molecular interactions in many proteins (110).

The AIP protein sequence is evolutionary conserved among species. For example,
the protein sequence of human AIP is 100, 94 and 93% identical to chimpanzee,
mouse and rat AIP, respectively. Furthermore, AIP is located on a conserved

synthenic block in human, mouse and rat (Figure 1.9).
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Figure 1.9 Human-mouse-rat synteny map around the A IP locus (highlighted in red)

(http://www.ncbi.nlm.nih.gov/projects/homology/maps/human/chrll/).

The fact that AIP is a highly conserved protein could be expected for two reasons:
first because AIP is associated with a human disease (85), and several studies
have found that genes causing human disease are more conserved than non-
disease genes (111), and second because AIP has been demonstrated to be
essential in cardiac development in mice (112) and previous studies in mammals
and other eukaryotes showed that essential genes are usually located in highly

conserved genomic regions (111).

1.5.2 AIP interacting partners

As expected from the presence of TPR motifs in the AIP protein, several proteins
have been identified to interact with AIP. 19 interactions have been described so
far. 14 proteins directly interact with AIP: two viral proteins (HBV X and EBNA-3),
two chaperone proteins (hsp90 and hsc70), two PDEs (PDE4A5 and PDE2A3),
three nuclear (AhR, PPARa and TRB1) and a transmembrane (RET) receptors,
two G proteins (Gayz and Gag), an inhibitor of apoptosis (survivin), and a
mitochondrial import receptor (TOMMZ20). Three non confimed interactions with a
cytoskeletal protein (actin), a growth factor receptor (EGFR) and a cardiac-specific
kinase (TNNI3K), have also been described. The association of AIP with the GR
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and the co-chaperone protein p23 was proved to be mediated by hsp90 (Figure
1.10 and Appendix 1, Table 2).
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Figure 1.10 AIP interactome. The protein-protein interaction network was rendered with
NAViIGaTOR 2.1.13 (http://ophid.utoronto.ca/navigator) (113). Nodes correspond to proteins and
edges to physical protein-protein interactions. Solid edges signify confirmed interactions, whereas
dashed edges represent uncertain associations. Node colors discriminate between different
classes of proteins.

1.5.2.1 Viral proteins
= HBV X protein

AIP was originally described as a protein associated with the X protein of the
hepatitis B virus (HBV) (103), a small human DNA virus that causes acute and
chronic hepatitis. Among the few genes contained in the genome of HBV, there is
an open reading frame (ORF) that encodes a 154 amino acid regulatory protein,
termed X protein. This protein, which does not have a human homologue,
activates the transcription of a wide variety of different genes through interaction
with cellular factors (114). In order to identify new proteins that may interact with X,
the authors used the yeast two-hybrid (Y2H) method. Among the several potential
complementary DNAs (cDNAs) coding the protein X binding protein, six were
found to be overlapping clones of a full-length cDNA encoding the same gene. The
gene was named XAP2 since it was the second protein found to interact with the
HBV X protein by this technique. The full-length AIP cDNA was subsequently
isolated and in vitro translated in a rabbit reticulocyte lysate. The translated

product was perfectly corresponding to the native AIP from HelLa cells, and had an
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apparent molecular mass of 36 kDa. AIP RNA expression was evaluated and
detected in several different tissues and cell lines, but very low levels were found
in the liver (103). The ubiquitous expression of AIP was subsequently confirmed in
human and murine tissues at the mRNA and protein level (115-118).

The X protein-AIP interaction was also demonstrated to occur in vitro by testing
the ability of a glutathione S-transferase (GST)-X fusion protein to bind to a *S-
labeled AIP. By using different X mutants the interaction with AIP was then shown
to be mediated by X protein residues 13-26, a region highly conserved among all
mammalian hepadnaviruses. A third evidence regarding this interaction shows
similar cytoplasmic distributions of X protein and AIP with immunocytochemistry in
X protein-transfected mammalian cells.

Overexpressing AIP resulted in inhibited X protein transcriptional activity
suggesting that AIP is an important negative regulator of the X protein, and that

their interaction may play a role in HBV pathology (103).

= EBNA-3

EBV-immortalized lymphoblastoid cell lines express, among others, six nuclear
antigens (EBNA 1-6) and three latent membrane proteins (LMP 1, 2a, 2b), whose
concerted action is essential for the immortalization and transformation of B-cells
(119). Since the identification of cellular proteins that can interact with the
transformation associated EBNAs was not yet complete, Kashuba et al. (120)
searched for proteins that can bind to the transcriptional regulator EBNA-3, which
again does not have a human homologue, in a Y2H system. Among the several
clones identified, one corresponded to the AIP protein. Subsequently, this
interaction was also confirmed in vitro using a GST pull-down assay.

Concordant to what was shown for the aryl hydrocarbon receptor (AhR, (MIM#
600253)) (see section 1.5.2.2), AIP was also found to translocate to the nucleus
upon expression of EBNA-3. The authors hypothesized that since AIP can bind to
the transforming proteins of two evolutionarily distant viruses and also to the AhR,
that is a phylogenetically ancient protein conserved in vertebrates and
invertebrates (121), the AhR signal transduction pathway could be involved in
virus induced cell transformation. This hypothesis was further supported by a
following demonstration from the same group that besides AIP, EBNA-3 can also

directly interact with the AhR, with AIP enhancing the stability of the complex. As a
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result of this association, an enhanced transcription of AhR responsive genes has
been observed (122).

1.5.2.2 AIP-AhR-Hsp90 Complex

More or less paralell to the discovery of the binding with HBV X protein (103), AIP
was independently identified by three laboratories to interact also with other two
proteins: the AhR (104;115;117) and the heat shock protein 90 (hsp90)
(107;108;118;123-126).

= AIP-AhR

The AhR, a basic helix-loop-helix protein of the PAS (Per-ARNT-Sim) family of
transcriptional regulators, is a cytoplasmic transcription factor that can be activated
by a wide variety of structurally diverse exogenous ligands, the prototype of which
is the dioxin (TCDD), as well as by some endogenous compounds, such as cAMP
(127-129). Ligand-free AhR in the cytoplasm binds to two molecules of hsp90
(130) and to the co-chaperone proteins p23 (131) and AIP (104;115;117). The
interaction with hsp90 shapes the AhR’s ligand binding domain into a state
competent for ligand binding, and it also negatively regulates AhR until ligand
binding occurs (132). p23 is part of the AhR complex through interaction with
hsp90 (131) and its presence is thought to stabilise the complex (133) and to
favour its nuclear import (134). The presence of p23 in the AhR complex seems,
however, not to be essential for the AhR physiology (135;136).

Using the Y2H method with AhR as the bait, a human cDNA (termed at the time
ARA9) (104) and a murine cDNA (termed AIP) were described (115), both shown
to be identical to XAP2. At the same time, since an uncharacterized protein of
about 43 kDa was found to be part of the AhR-hsp90 complex (137), a third group
decided to identify this protein. After purification from simian COS-1 cells the
molecular mass was reassigned from 43 kDa to 38 kDa and the protein sequence
was found to be 98% identical to human AIP (117).

There is considerable controversy regarding the effect of AIP on AhR function.
Some studies reported that AIP can enhance the activity and expression of the
AhR (104;115-117;138;139), while others described an inhibitory function (140-
142). This variability is due to several factors, including species- and tissue-
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specific differences. Apart from these conflicting results, AIP was repeatedly
shown to protect the AhR from ubiquitin-dependent degradation through the
proteasome (143;144). Consistent with that low levels or loss of AIP correlate with
low expression of AhR (145).

After ligand binding AhR undergo a conformational change that exposes a nuclear
localisation sequence, resulting in traslocation of the complex into the nucleus. In
mouse ligand binding leads to the dissociation of AIP from the complex as it enters
the nucleus (115), whereas in human the association is maintained in the nucleus
(104;146). Once into the nucleus, the AhR forms a heterodimer with the aryl
hydrocarbon receptor nuclear translocator 1 (ARNT, MIM# 126110), which lead to
the activation of AhR sensitive genes. One of these genes, namely the aryl
hydrocarbon receptor repressor (AHRR), plays a role in AHR regulation by forming
a negative regulatory loop (147): expression of AhRR is regulated by the AhR, and
AHRR, in turn, acts as a transcriptional repressor of AhR function (147-149).
AHRR represses the transcription activity of AhR by competing for heterodimer
formation with ARNT (150) and subsequently binding to the AhR response
element (AHRE) sequence (149). However, additional repressing mechanisms
that do not involve competition for ARNT and are independent of AHRE binding by
AHRR have been described (151).
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The effect of AHRR varies widely across different tissues because AHRR is not

equally expressed nor equally inducible in various cells and tissues (152;153). In
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the pituitary, high basal mMRNA and protein levels of AHRR have been described,
suggesting a tight control of the AhR pathway. Moreover, AHRR expression was
shown to be rapidly and considerably induced by xenobiotic compounds in this
tissue, supporting the notion that AHRR exerts a tissue-specific regulatory role
(152;154). This upregulation of AHRR expression induced by dioxin was
demonstrated to require AIP expression (139).

= AIP-Hsp90
Hsp90 is a highly abundant molecular chaperone which associates as a dimer with
a set of highly different client proteins. Hsp90 is required to maintain signalling
proteins in an active conformation that can be rapidly triggered by ligands. Hsp90
functions as the core component of a dynamic set of multiprotein complexes,
involving a set of co-chaperones. Structurally, hsp90 can be divided into five
domains: a highly conserved N-terminal domain involved in nucleotide and drug
binding, a charged domain, a middle domain with ATPase activity involved in client
protein binding, a second charged domain, and a C-terminal domain involved in
dimerisation and binding of TPR-containing proteins (mediated by a conserved
EEVD motif) (155).
The direct but moderate association of AIP with hsp90 has been demonstrated in
different studies (107;108;118;123-126). Hyperacetylation of hsp90 was found to
lead to the loss of complex formation with AhR, p23 and AIP (156). Discordant
findings arose about the role exerted by hsp90 in assisting the AIP-AhR
interaction. One study demonstrated that AhR, in order to bind AIP, needs to fold
into the mature ligand-binding conformation with the help of hsp90 (123). This
requirement of hsp90 was instead proved to be not essential in another report
(125).

=  AIP-Hsc70
In the absence of AhR, AIP was shown to interact - with higher affinity - with
another heat shock protein, the heat shock cognate 70 (hsc70, MIM# 600816),
rather than to hsp90 (118). Hsc70 is a constitutively expressed co-chaperone
protein which is involved, as hsp90, in protein folding and in mitochondrial protein
import (discussed later in section 1.5.2.8) (157), but it also functions as an ATPase

in the disassembly of clathrin-coated vesicles during transport of membrane
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components through the cell (158). Hsc70 is a member of the hsp70 family.
Although human hsc70 shares 85% sequence identity with human hsp70, they
play different cellular functions (159;160). Consistent with this, AIP was found to
be not able to bind hsp70 (126).

= AIP interactions with other proteins of the AhR signalling pathway
Apart from AhR and hsp90 it was also investigated whether AIP binds to two other
proteins involved in the AhR pathway, ARNT and p23.
ARNT was thought to be a good candidate since it belongs to the same family of
transcription factors of AhR and they both share a similar modular structure.
However, the results from three different studies demonstrated that AIP is
excluded from the AhR-ARNT heterocomplex in vitro and in vivo (104;115;125).
These findings agree with the AhR mapping data since AIP and ARNT have been
shown to contact, at least in part, the same or an adjacent binding site on the AhR
(117). Even if AIP does not interact with ARNT, two recent studies showed that the
expression of ARNT protein is significantly reduced in AlIP-mutated pituitary
tumours, suggesting that loss of AIP leads to an imbalance in the AhR-ARNT
complex formation (161;162).
p23 was then demonstrated to contact AIP in co-immunoprecipitation (co-I1P)
experiments (140), but only indirectly via hsp90, as previously demonstrated for
AhR (131). AIP was also shown to be able to displace p23 from the AhR complex,
an effect specific only for the AhR complex and not for hsp90 alone (140).

» AIP self-association
An interesting finding was the evidence that AIP can exist in multimeric complexes
of at least two molecules even without requiring AhR or hsp90 (140). The self-
association of AIP is very likely mediated by the TPR domain, as demonstrated for
other TPR-containing proteins (163-165). This suggest that AIP can homodimerise
without the association of other auxiliary proteins or at least others than AhR or
hsp90, and also that more than one molecule of AIP could be present in the AhR
complex. However, two previous studies, using different stoichiometric approaches
to examine the AhR complex subunits composition, showed a AhR:hsp90:AlIP ratio
of 1:2:1 (137;166). If these ratios are correct, the authors suggested that the

multimeric complexes of AIP act as a reservoir able to regulate the amount of
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available monomeric AIP that can be included into the AhR complex (140), or
maybe in the other complexes with which AIP has been shown to interact.
Furthermore, the TPR-mediated self-association of AIP might be a mechanism to
specifically regulate its biological functions, as reported for the TPR-containing
proteins PP5 (protein phosphatase 5) and Sgtl (164;167). For example, the
phosphatase activity of PP5 is suppressed by an autoinhibited conformation

maintained by the TPR domain-catalytic domain interaction (167).

= Domains mediating AIP-AhR-Hsp90 interaction

Different studies contributed to define the domains involved in AIP-AhR-Hsp90
interaction (Figure 1.11) and also, more specifically, the AIP residues essential for
AhR and hsp90 binding.

Mapping experiments using AIP deletion mutants showed that the C-terminal half
of AIP (residues 154-330), which contains the three TPR motifs, was necessary
for binding both the AhR and hsp90 (108;125;143). An indispensable role in
mediating AhR binding was shown for the a-helical C-terminus (a-7) of murine
AIP: deletion of the last five amino acids abolishes almost completely AhR binding,
without affecting AIP-hsp90 interaction (123). However, another study presented
evidences suggesting that the human final a-7 helix binds more likely hsp90 rather
than AhR (124). These contrasting results might be explained by species-specific
differences. There are controversial results regarding the role played by the N-
terminus of AIP. Some reports demonstrated that this region did not interact with
either AhR or hsp90 (108;125;143), whereas Kazlauskas et al. (124) showed that
the N-terminus contains an additional site of interaction with the AhR complex.
Moreover, the N-terminal part of AIP was shown to confer stability to the complex
and to be essential in the regulation of the subcellular localisation of AhR (124).
Taken together, these results suggest that despite the C-terminal region of AIP is
capable of interacting alone with the AhR complex, this interaction is not
functional. This hypothesis is further supported by the finding that an AIP mutant
lacking the first 17 amino acids, even if it did not loose the ability to bind hsp90,
was expressed at lower levels compared to the wt protein, maybe as a result of a
higher turnover in cells (125).

In the reciprocal mapping analyses, the boundaries of the AhR protein segment

interacting with AIP were defined to be approximately between amino acids 380
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and 419, which encompass the C-terminal portion of the PAS domain (PAS-B)
(108;125;143). This interaction seems to be mediated by nonpolar or hydrophobic
amino acids (140). It was also established that AIP, like other immunophilins found
in hsp90 complexes, binds to the C-terminal segment of hsp90 (residues 629-
732), whereas the AhR binds to the middle region (residues 272-617) (123;125).
Hsp90 was found to interact with two spatially distinct motifs of the AhR, the PAS-
B and the bHLH domains (168). The domains involved in the AIP-hsc70 interaction

were not experimentally determined (118).
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Figure 1.11 Location of key interacting domains of the AIP-AhR- Hsp90 complex. The size of
domains is drawn to linear scale proportional to amino acid number. bHLH, basic helix-loop-helix;
PAS, Per-ARNT-Sim homology domain; Q, glutamin-rich domain.

1.5.2.3 Cytoskeletal proteins

After ligand-dependent activation in the cytoplasm, signalling proteins that affect
gene transcription, like the AhR or the glucocorticoid receptor (GR), move to their
sites of action within the nucleus. Lots of evidences point out the essential role of
the hsp90-binding immunophilins in mediating various phases of nuclear receptor
movements. For instance, FKBP52, which is associated with several steroid
receptor heterocomplexes, has been shown to interact with tubulin cytoskeletal
networks. This interaction takes place through the PPlase domain of FKBP52 and
the cytoplasmic dynein, the motor protein which processes along the microtubules

in a retrograde direction toward the nucleus (169). It is thus conceivable to



suppose that AIP could also associate with actin or tubulin filaments in order to
regulate the cytoplasmic localisation of the AhR.

Three studies addressed this matter. In one, by a co-immunoadsorption assay, it
was shown that the PPlase-like domain of AIP does not bind, or binds only very
weakly, the cytoplasmic dynein (170). In another study it was demonstrated that
the well-documented AlP-mediated cytoplasmic retention of the AhR
(122;124;138;143;166) involves the anchoring of the complex to actin filaments
(171). By co-IP experiments this interaction was proven to involve a direct binding
of AIP to actin and also to take place only in the non-activated AhR complex, since
TCDD treatment induces the release of the complex from actin (171). However, it
should be noted that the AlP-actin interaction was subsequently rejected by
another group (172). The only difference between the two studies was the cell line
used for the experiments. In absence of a conclusive demonstration, this

interaction cannot be considered certain at the moment.

1.5.2.4 PDEs

caMP is generated in the cytoplasm by activation of adenylyl cyclase, while is
inactivated by phosphodiesterases (PDEs). PDEs are a huge family of enzymes
which catalyze the hydrolysis of cAMP and cGMP, generating the corresponding
nucleotides 5’AMP and 5’GMP. The PDE superfamily can be subdivided into 11
subfamilies which differ by structure, enzymatic properties, sensitivity to different
inhibitors, and specific expression profiles. Each subfamily comprises from one to
four distinct genes and each gene, in turn, generates several transcripts (173).
This multiplicity of PDE isoforms (currently more than 50 different PDE proteins
with  tissue-specific  subtypes have been identified) ensures the
compartmentalisation, fine-tuning and cross-talk of the cAMP and cGMP pathways
(174). All the PDEs consist of a modular architecture, with variable regulatory
domains located at the N-terminus and a highly conserved catalytic region at the
C-terminus (175).

= PDE4A5

The cAMP-specific PDE4 group forms the largest PDE subfamily, which is the
main enzyme responsible for cAMP degradation (176). PDE4s can be
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distinguished from other PDE subfamilies by sequence identity in the catalytic
region and by the presence of specific regions, located at the N-terminal portion of
the proteins, called upstream conserved regions 1 and 2 (UCR1 and UCR2)
(177;178). Four genes (PDE4A-D) encode at least 35 splice variants (176). Of
these, the highly conserved PDE4A4/5 isoform (PDE4AS is the rat homologue of
the human PDE4A4) is characterized by an extended N-terminal region involved in
subcellular targeting (177). PDE4A4/5 is expressed in a wide variety of tissues,
including the pituitary (179;180), and both membrane and cytosolic localisation
has been detected (181). PDE4A5 was demonstrated to interact with the SH3
domains of SRC family tyrosyl kinases (182;183), with AKAP3 (184) and with AIP
(177). AIP was initially identified as a direct binding partner of PDE4A5 by a Y2H
screening of a rat brain cDNA library. The interaction was subsequently confirmed
by a GST pull-down assay and demonstrated also in mammalian cells. In addition,
the ability of AIP to bind PDE4A5 was found to be unaffected by the concomitant
binding of LYN, a member of the tyrosyl kinase family.

The interaction was proved to be highly specific, since other immunophilins or
TPR-containing proteins such as the AIP homologue AIPL1, FKBP51 and FKBP52
were unable to bind PDE4A5, and do not involve other PDE4 isoforms. The
domains mediating the interaction were mapped in the TPR region of AIP and in
both the unique N-terminal region (amino acids 11-42) and the UCR2 domain
(only the PDE4 conserved EELD motif) of PDE4AS5. The binding of AIP to PDE4A5
was demonstrated to lead to three distinct functional consequences. One is a
reversible, dose-dependent, inhibition of PDE4A5 catalytic activity by
approximately 60%, which is directly mediated by the TPR domain of AIP. A
second outcome, also leading to a decreased enzymatic activity, is the attenuation
of PDE4A5 phosphorylation by PKA. The third consequence is an increased
sensitivity of PDE4AS5 to rolipram, the PDE4 specific inhibitor.

= PDE2A3
Three isoforms of PDE2A (PDE2A1, PDE2A2 and PDE2A3), generated from a
single gene by alternative splicing, have been cloned from several different
species. These three isoforms are identical except for the N-terminal regions,
which are responsible for their different subcellular localisation. The human variant

(PDE2A3), encodes a membrane-associated protein of 941 amino acids. PDE2A
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functions as a homodimer and each monomer is formed by an N-terminal domain,
two tandem GAF domains (GAF-A and GAF-B) and a catalytic C-terminal domain.
PDEZ2A is able to hydrolize both cAMP and cGMP, but in the presence of cGMP,
which binds to the allosteric GAF-B domain, the enzyme is activated and
increases its affinity for CAMP, resulting in a greater hydrolyzing capacity for CAMP
than for cGMP (173). This enzyme contributes thus to the cross-talk between
these two second messengers pathways (174). PDE2A is strongly expressed in
the brain with a moderate presence in peripheral tissues such as the adrenal
gland, heart and skeletal muscle (185-188). In addition, PDE2A expression has
been observed in rat (185;189) and human pituitary (180).

In 2007, de Oliveira et al. (190) identified an interaction between the human
PDE2A and AIP by a Y2H screening of a human brain cDNA library. The
interaction was subsequently confirmed by GST pull-down and co-IP experiments
both in cell lines and brain tissue lysates. The two proteins were found to
colocalise in the cytosol, with the occasionally involvement of the plasma
membrane. The regions which mediate the interaction were mapped in the GAF-B
domain of PDE2A and the C-terminal half (amino acids 170-330) of AIP. In
addition, preliminary results suggested that AIP was able to interact with PDE2A
and hsp90 at the same time.

Differently from what was previously showed for PDE4A5, the enzymatic activity of
PDE2A was unaffected by AIP binding. Probably because of the intact ability of
PDEZ2A to lower the local cCAMP concentration in the compartment where the AhR
complex is located, the TCDD and especially the forskolin-induced nuclear
translocation of AhR was 40% (with TCDD) or 55% (with forskolin) lower in PDE2A
transfected cells compared to PDE2A transfected cells. Furthermore, this inhibition
was demonstrated to correlate with a reduction of the AhR function, as reported by
a reporter gene assay.

At present it is unknown if both PDE4A5 and PDE2A can simultaneously associate
via AIP to the AhR complex (178).

1.5.2.5 Nuclear receptors

Several studies demonstrated the involvement of AIP in various nuclear receptor

signalling pathways.
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* GR
The GR is a member of the nuclear receptor superfamily. Like the AhR, it has
been demonstrated to exist in a multiprotein heterocomplex containing two
molecules of hsp90 and other co-chaperone proteins, such as p23, PP5 and
FKBP52 (191). Moreover, the GR signalling pathway shares some mechanistic
similarities with the AhR pathway. Both the receptors reside in the cytoplasm in the
absence of the respective ligands and, upon their binding, they undergo
conformational changes which lead to nuclear translocation. Inside the nucleus,
the GR homodimerises and the dimer binds to the recognized enhancer elements,
activating the transcription of the target genes (192). The similar mechanism of
action with the AhR and especially the presence of TPR-containing proteins as GR
regulators, prompted different groups to test whether AIP is part of the GR
complex.
The first studies by Carver et al., conducted by a Y2H screening (104) and by co-
IP experiments in yeast (108), demonstrated that AIP does not interact with the
GR complex. However, subsequently co-IP assays in a mammalian cell line
showed that this interaction occurs via hsp90 (107). The effect of AIP on the GR
signalling is inhibitory due to a delayed nuclear accumulation of GR after ligand
binding, with subsequent decrease of GR’s transcriptional activity (107;126). A
similar situation has occurred with FKBP51, which was found not to be associated
with GR in yeast but was associated in mammalian cells. A possible explanation
could be the lack of other TPR domain protein partners of the receptor resulting in
suboptimal activity in yeast (107).
Apart from the GR, some evidences suggest the potential of AIP to interact with
other steroid hormone receptors. In particular, AIP has recently been shown to
strongly inhibit the transcriptional activity of the receptors for progesterone (PR)
and androgen (AR) (126).

= PPARa
The peroxisome proliferator-activated receptor a (PPARa, MIM# 170998) is a
soluble transcription factor belonging, as the GR, to the nuclear receptor
superfamily. PPARa can be activated by different lipophilic compounds, and in turn

it associates with the retinoid X receptor a (RXRa). This heterodimer activates the
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transcription of several genes encoding enzymes involved in the lipid and
lipoprotein metabolism (193).

By co-IP experiments using an antibody highly specific for the PPARa isoform,
therefore not binding to the other PPARs subtypes PPAR( and PPARYy, the mouse
PPARa was found to form a complex with AIP and hsp90 in the liver cytosol.
However, since PPARa is predominantly nuclear, the authors hypothesized that
this complex could exist as well in the nucleus (194). Similarly to the inhibition
exerted on the transcriptional activity of the HBV X protein and GR (103;107), AIP
was found to repress PPARa activity when overexpressed (194). However, the
normally low expression levels of AIP in the liver in contrast to the high PPARa
expression, suggest that the inhibitory effect of AIP is very weak or not explicated

at all in physiological conditions.

= TRB1
Thyroid hormone receptors (TRs) mediate the genomic actions of the thyroid
hormone triiodothyronine (T3). TRs are nuclear receptors derived from two genes,
THRA and THRB. The THRB (MIM# 190160) gene encodes three isoforms, 31,
B2, and B3 (195). TRB1 is involved in the negative feedback of T3 on TRH
production in the paraventricular nucleus (PVN) and mediates the Ts-independent
activation of TRH transcription. Since the mechanism by which TRB1 exerts this
activating role was unknown, Froidevaux et al. (196) decided to look for TRB1
interacting proteins. By using a Y2H assay to screen a mouse PVN cDNA, AIP
was identified as a new TRB1 partner. More specifically, AIP and TRB1 co-
localised in the same neurons in the PVN, giving thus to this interaction a
functional significance in the regulation of TRH activation. The AIP-TRB1
interaction was demonstrated to be very specific both in yeast and in a mammalian
cell line, since no other TR isoforms interacted with AIP. However, while in yeast
the strength of the complex was T3 dependent, in mammals the interaction was
still happening in the absence of T3, although the interaction was weaker. As it
could be expected, AIP binds to TRB1 via the TPR domain, since its deletion
causes the loss of the interaction. AIP, however, does not change the subcellular
localisation of TRB1, regardless of the presence of the ligand T3. Finally, an in
vitro small inhibitory RNA (siRNA) experiment demonstrated that the stability of the

TRB1 receptor was compromised by AIP knockdown. This finding was also
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integrated by in vivo siRNA studies showing that AIP is indispensable for the Ts-
independent TRB1 activation of TRH transcription but not for the Tz-dependent

repression.

1.5.2.6 Transmembrane receptors

= RET
The rearranged during transfection (RET, MIM# 164761) proto-oncogene encodes
a transmembrane tyrosine kinase receptor involved in the development,
maturation and survival-controlling functions of epithelial, neuronal and several
neuroendocrine cells (197). RET has been shown to be expressed in two major
splicing isoforms that differ at the C-terminal end: a long isoform of 1114 amino
acids, termed RET51, and a short isoform, 1072 amino acid long, named RET9
(198). Structurally, RET can be divided into three domains: a large extracellular
domain that includes a cadherin-like and a cysteine-rich region, a transmembrane
domain, and an intracellular tyrosine kinase domain (197). In the presence of the
ligand RET activates and in turn triggers various signal transduction pathways
which ultimately promote survival, growth and extension/migration of cells,
whereas in its absence it releases an intracellular fragment which induce
apoptosis (199). RET activating mutations have been associated with the
disorders MEN2A and MEN2B, familial medullary thyroid carcinoma (MTC, MIM#
155240), and RET inactivation mutations with Hirschsprung disease (MIM#
142623). None of these diseases are associated with pituitary adenomas and no
RET mutations have been identified in FIPA families (197;200;201).
In order to identify novel signalling pathways induced by RET51, Vargiolu et al.
(201) used the new split-ubiquitin Y2H assay (202) to screen a human fetal cDNA
library. Among the 10 clones identified one corresponded to AIP. The AIP-RET
interaction was subsequently validated by a co-IP assay and was also shown to
occur with both RET isoforms. Moreover, the AIP-RET complex was demonstrated
to be present in cells expressing endogenously both proteins and also in vivo in
the rat pituitary gland tissue. The region of RET involved in the interaction was
mapped between residues 707-999, a region common to both isoforms located
within the intracellular proapoptotic fragment.
RET was also demonstrated to interfere with AIP-survivin interaction (201).
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» EGFR
The epidermal growth factor receptor (EGFR, MIM# 131550) is a transmembrane
glycoprotein which is is required for normal cellular proliferation, survival,
adhesion, migration, and differentiation (203). EGFR interacts with a wide range of
proteins, among which AIP was reported (204). AIP was identified in a large-scale
MYTH screen, a split-ubiquitin based membrane Y2H assay which allows the
systematic analysis of full-lenght membrane protein interactions in a cellular
environment (205). However, this interaction was not subjected to further
confirmations employing different techniques and thus, given the high rate of false

positives in Y2H analysis (206), it cannot be considered certain.

1.5.2.7 G proteins

G proteins are heterotrimeric GTP-binding proteins formed by a, B and y subunits
(Ga, GB and Gy), which mediates receptor-stimulated signalling pathways. Ga
subunits are typically divided into four families: Gas, Gai/Ga, Gay/Gai; and
Gai/Gaiz. Gass, similarly to AIP, is ubiquitously expressed and is an essential
gene, since its deletion is embryonic lethal in mice (207).

Nakata et al. (208), looking for new Gay3 interacting proteins, found by a Y2H
screening of a mouse fetal brain cDNA that AIP is a binding partner of Gays. This
interaction was confirmed in vitro by a GST pull-down assay and was shown to
involve the whole AIP protein sequence. It was also determined that the interaction
is independent of the GTP/GDP binding status of the a subunit and that it does not
involve the B and y subunits. The other three types of a subunits were also tested
for their ability to interact with AIP, and it was found that the Gay subunit also binds
AIP, although weaker than Ga3, while Gas and Ga; do not bind AIP. It is
interesting to note that another TPR protein, PP5, also binds Gai,/Gass (209).
Gas3 activation was then demonstrated to disturb the AIP-AhR interaction through
the destabilisation of the AhR protein via the ubiquitin-proteasome pathway, and
was also shown to inhibit the ligand-mediated transcriptional activation of the AhR
independently from RhoA binding (RhoA is a small GTP-binding protein that is
activated after the interaction with Gayz). Gag, despite its less tightly interaction
with AIP, was also found to exert a strong inhibitory effect on the AhR (208). The
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downstream signalling pathways regulated by Gass, apart from the activation of
RhoA, are not well characterized (207). Since the Gajz-mediated inhibition of AhR
explicates in a RhoA-independent manner, what happens to Ga,3 signalling is at
present unknown. However, it is interesting to note that there are some evidences
reporting the involvement of the Ga;3 pathway in the regulation of cAMP
responses (210;211). Specifically, the synergistic regulation of cAMP synthesis by
the Gas and Ga;z pathways was shown to be mediated by a specific isoform of
adenylyl cyclase, termed AC7 (211).

The AhR dissociation from AIP induced by Ga;3 was shown to cause the
translocation of the AhR into the nucleus in a ligand-independent manner.
However, the AhR that moves into the nucleus in this way does not form an active
complex with ARNT, as also seen for the cAMP-mediated nuclear translocation of
the AhR (129). This divergence suggests that the AhR adopts a unique structure in
the cytoplasm, and that AhR does not undergo the same conformational change
when moving to the nucleus with every nuclear transport-inducer (such as TCDD
or Gayz or CAMP).

1.5.2.8 TOMM20 and mitochondrial preproteins

TOMM20 is an import receptor which, along with TOMM70 and other proteins, is
part of the translocase of the outer membrane of mitochondria (TOMM) protein
complex. This complex is involved in the recognition and translocation of the
cytosolically synthesized mitochondrial preproteins into the organelle. To be able
to cross the mithocondrial membranes the preproteins are maintained in the
cytosol in an unfolded translocation-competent conformation by different molecular
chaperones (212). Among them, hsp90 and hsc70 have been shown to mediate
the import of TOMMY70-dependent preproteins (157), whereas AIP was
demonstrated to interact with TOMM20 (118). In humans, TOMM20 can be
structurally subdivided into five regions: a transmembrane segment at the N-
terminus, a linker segment, a TPR motif, a Q-rich region, and a conserved COOH-
terminal acidic segment (213). This latter region is not required for preprotein
binding but is specifically involved in an electrostatic interaction with the TPR
motifs of AIP (118). In particular, an essential role has been found to be played by
the very last five amino acids of TOMM20 (EDDVE), a segment similar to those
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present in PDE4A5 (EELD, involved in AIP binding) (177) and hsp90 and hsc70
(EEVD, involved in the interaction with various TPRs) (214).

In the same study (118), AIP was also shown to interact with several mithocondrial
preproteins. Differently from the AIP-TOMMZ20 interaction, both the PPlase-like
and the TPR regions of AIP are required to bind the presequences or the internal
import signals of the preproteins.

AIP was then demonstrated to maintain the loosely folded state of preproteins and
to promote their transfer into mitocondria. This finding was confirmed by the
demonstration that AIP forms a ternary complex with TOMM20 and the preprotein
and by the fact that AIP interacts with preproteins less strongly than with
TOMM20. Altogether, these results suggest the following scenario: mitochondrial
preproteins may form a large complex in the cytosol with hsc70 and AIP, with both
proteins contributing to maintain their unfolded conformation; once the complex
has reached the outer membrane of the mitocondrion, AIP binds to TOMM20 and

promotes the transfer of the preprotein to the import receptor.

1.5.2.9 Survivin

Survivin is a member of the inhibitor of apoptosis (IAP) gene family, which include
evolutionary conserved members that suppress apoptosis by preventing the
maturation and/or the proteolytic activity of its effector enzymes, the caspases
(215). Survivin, apart from inhibiting apoptosis, is also implicated in other essential
cellular functions like the control of cell division and the stress response (216-218).
For instance, during harmful environmental stimuli a significant release of survivin
takes place from the mitochondria to the cytosol (216) and survivin form
complexes with hsp90 (217). Structurally, survivin is a 142 amino acid-long protein
which exist as a functional homodimer. The dimerisation is mediated by the N-
terminal baculovirus IAP repeat (BIR) domain, which is also involved in the
interaction with other proteins, i.e. the caspases and hsp90 (217;219;220). The
survivin-AlP interaction, discovered in a proteomics screening by Kang & Altieri
(221), is instead mediated by the C-terminal a-helical coiled-coil region, with a key
role played by the last residue of the protein. The reciprocal AIP region involved in
the binding was mapped between residues 170-330, thus comprising the three
TPR motifs. The interaction was demonstrated to be direct and to happen in pull-
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down and co-IP experiments. The association of AIP with survivin was shown to
stabilise survivin protein levels independently from hsp90 binding (217). Loss of
both proteins leads to proteasomal degradation of survivin, resulting in enhanced
apoptosis and, only for hsp90, also to cell cycle arrest. The reported association of
AIP with TOMMZ20 (118), leaves room to speculate that AIP could stabilise survivin
in the cytoplasm and facilitate its displacement into the mitochondria pool,
increasing the reserves of survivin in this compartment readily for subsequent
events that involves apoptosis (221). However, since several evidences suggest
that AIP acts a TSG (87), it is not clear why it stabilises survivin, thereby elevating
the cellular anti-apoptotic threshold. To further increasing the level of complexity of
the system, the RET protein abolishes the binding of AIP to survivin (201) thus
probably promoting apoptosis, a role already documented for RET (199;222). It is
thus conceivable that when AIP and RET are co-expressed in the same tissue,
RET acts to counteract the AlIP-mediated stabilisation of survivin, in order to lower

the anti-apoptotic threshold.

1.5.2.10 TNNI3K

In 2003, Zhao et al. (223) cloned a new cardiac-specific kinase gene named
TNNI3K [cardiac troponin | (cTnl)-interacting kinase], belonging to the MAPKK
family. In that study, by a Y2H screening, TNNI3K was found to interact with
several proteins including AIP. The interaction with AIP was not further

investigated with other techniques.

1.5.3 AIP mutations in FIPA and sporadic pituitary ~ tumours

The first mutations on AIP published were from the study of Vierimaa et al. (85) in
2006. In that study, a germline inactivating mutation (p.Q14X) was identified in two
large FIPA kindreds originating from Northern Finland and in 13% of sporadic
acromegalic patients from a population-based cohort from the same geographical
area, as a possible consequence of a founder effect. At the same time the
p.R304X mutation was reported in an Italian sibling pair with acromegaly (85).
Subsequently, nine different novel germline mutations (p.R16H, p.G47_R54del,
p.Q142X, p.E174fsX47, p.Q217X, p.Q239X, p.K241E, p.R271W, p.Q285fsX16)
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were detected in 11 families in a study consisting of 73 FIPA families from nine
countries (88). Of the 167 FIPA families analysed so far for AIP mutations, 38
(22%) harbour AIP mutations, including 30 IFS families (224). Several studies
searched also for AIP mutations in sporadic pituitary adenoma patients
(68;85;87;94,99;225-230). To date, over 1100 patients have been studied, with 31
individuals having germline AIP mutations, giving an estimated prevalence of 2%
for all the pituitary patients and 2.7% for patients with acromegaly. Most of the
patients with AIP mutations in the sporadic cohort have acromegaly: 28 out of the
31 patients have GH-secreting tumours, whereas the other three mutations arised
in two Cushing’s disease patients and a prolactinoma patient (224). Interestingly,
no somatic AIP mutations have been found in pituitary adenomas to date
(99;225;229;231).

So far, 51 different AIP germline variants have been reported in the literature,
including nonsense, missense, frameshift, splice site, large deletions, in-frame
deletions, an in-frame insertion, and promoter mutations (Figure 1.12 and
Appendix 1, Table 3).

C-Terminus conserved protein: Missense Mutation [ ] Large Deletion
| I[ In-Frame Insertion ] Promoter Mutation

€.-270_269CG>AA l l
and c.-220G>A I I I I p.F269_H275dup l l
== = —
J p.Q217X
p.E293G

[ F
==
=D
.

0.VVA9
p.R81X
pP.R16
iy < E :] p.R271W
p.1257V
Ex1_Ex2del p.Y268X
C-Terminus truncated protein: [

Figure 1.12 Localisation of germline  AIP variants identified to date.

ﬂl

p.R304X

: -

p.R304Q

p.A299V

—




36 out of 51 variants result in deletion of the C-terminal end of the AIP protein and
are scattered throughout the gene, whereas the 11 known missense variants and
the in-frame insertion mostly affect the TPR domains or the C-terminal a-helix
(87;88). The most common AIP mutation seems to occur at residue 304
(85;87;88;94,97;100;228). Other potential hot-spots involve codons 81 (87;232),
241 (71), and 271 (88;233).

1.5.4 AIP mutations in other tumours

In a subset of AIP mutation-positive FIPA families concomitant non-pituitary
endocrine tumours, including thyroid, adrenal and MEN1-related tumours, have
been reported (94;228;232). As mentioned earlier, a common feature of pituitary,
thyroid and also adrenal tumours is the disruption of the cAMP signalling pathway.
Since AIP is potentially implicated in this pathway through interactions with
PDE2A3, PDE4A5 and the AhR, it is conceivable to hypothesize that mutations in
this gene might also predispose to other endocrine tumours. Furthermore, the
ubiquitous expression of AIP argue in favour of this hypothesis. Interestingly,
previous genetic studies in adrenocortical tumorigenesis have also strongly
suggested the existence of an as yet unidentified TSG at 11913 (234-236).

So far, two studies performed a screening for somatic AIP mutations in endocrine
tumours other than pituitary adenomas. The first study analysed 79 sporadic
tumours of the endocrine system, including thyroid, adrenal and parathyroid
lesions, carcinoids and adenocarcinoids, paragangliomas, and pancreatic
endocrine tumours, but no somatic AIP mutations were found (229). In the second
study, the index case of a homogeneous AIP mutation-positive FIPA family
presenting also with an adrenocortical carcinoma and a grade Il B-cell non-
Hodgkin’'s lymphoma, was analysed for somatic AIP mutations in the extra-
pituitary tumours. The analysis of the tumoral DNA revealed that the AIP wt allele
was lost in the adrenocortical carcinoma, whereas no evidence of LOH was
observed in the B-cell lymphoma. The finding of AIP inactivation in the
adrenocortical tumour suggests a potential role of this gene in those tumours in
which the cAMP and the 11913 locus are implicated (232). Very recently, this was
indeed demonstrated in hibernomas, benign neoplasms which consistently display

cytogenetic rearrangements involving chromosome band 11gl13. These
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aberrations were demonstrated to be associated with concomitant deletions of AIP
and MENL1 (237).

Many genes involved in hereditary cancer syndromes are also somatically mutated
in tumours that are not significantly related to the respective syndromes (238-241).
Hence, to characterize the possible contribution of somatic AIP mutations to the
development of common tumours, Georgitsi et al. (231) performed a mutation
analysis in a series of colorectal, breast and prostate cancer samples. The authors
found only a heterozygous variant (p.R16H) in 2 colorectal tumours. However, the
same change was later found by the same group in a healthy control, suggesting it
is a rare polymorphism (94). These results suggest that AIP does not seem to be
involved in the initiation or progression of colorectal, breast and prostate cancer
(231).

1.5.5 AIP expression in sporadic pituitary tumours

As reported in section 1.5.3, AIP mutations do not seem to play a role in the
pathogenesis of sporadic tumours. However, in sporadic somatotroph adenomas,
which arise from a cell type normally expressing AIP, lower AIP expression was
seen in aggressive tumours (145;242). On the contrary, expression of AIP was
shown to be consistently higher in NFPAs, a tumour type arising from gonadotroph
cells which normally do not express AIP (87;145;242). In addition, while in both
normal and adenomatous somatotroph cells AIP is located in the secretory
vesicles, the aberrantly expressed AIP in NFPAs (of gonadotroph cell origin) and
corticotroph adenomas has a different localisation in the cytoplasm (87). This
suggests that the regulation of AIP is different in somatotroph and other cell types.
The consequences of the aberrant localisation of AIP in non-GH-secreting
adenomas as well as of its abnormal expression, independent of germline

mutations, is at present unknown.
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1.6 CDKN1B

1.6.1 CDKN1B functions and regulation

The CDKN1B gene is located on chromosome 12913 and consists of 3 exons
encoding a 198 amino acid protein known as p27<*%. In quiescent cells, p27"*
accumulates in the nucleus where it controls the progression from the G1 to S
phase of the cell cycle by binding to and inhibiting the activity of cyclinE/ and
cyclinA/Cdk2 complexes (Figure 1.4) (243). In addition, p27X** is involved in cell
migration, cell proliferation, neuronal differentiation and apoptosis (244-246).
Moreover, it has been demonstrated that p27<"* has a pro-oncogenic effect when
it cannot bind to cyclin/Cdk complexes (247). The activity of p27P* is tightly
regulated at transcriptional (248;249), translational (250;251) and post-
translational levels. The latter mechanism is the best characterized and involves
proteolysis via the ubiquitin-proteasome pathway (252) and interaction with two
miRNAs (253). Interestingly, it has been shown that p27¥* is a transcriptional
direct target of menin (254) and the AhR (255), and a possible downstream target
of RET in endocrine cells (256).

1.6.2 Roles of CDKN1B in pituitary tumorigenesis

A drastic reduction of p27X** expression has been observed in almost 50% of all
human cancers (257;258). Consistent with that finding, lack of functional p27<P*
promotes tumour formation in several animal models (24;259;260), supporting a
TSG role for p27"P* (257:261). However, p27"* was only rarely found mutated or
lost in human tumours (262-265), suggesting that its downregulation is mainly due
to post-translational mechanisms rather than genetic alterations.

As detected in other tumour types, a significant reduction of p27%P! protein
expression levels, but not mMRNA levels, is commonly observed in all subtypes of
pituitary tumours compared to normal pituitary tissue, while p27<* is completely
absent in corticotropinomas and pituitary carcinomas (266-270). However,
similarly to that reported for several non-endocrine tumours, no somatic mutations
in p27X"* were found (271-274). Thus, these findings suggest a contribution of
p27¥P! in the development of human sporadic pituitary adenoma by post-

translational mechanisms (66).
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Following the discovery that CDKN1B is a tumour susceptibility gene for multiple
endocrine tumours, six germline mutations have been identified in MEN1-like
patients (Appendix 1, Table 1). The in vitro functional studies performed on five of
these changes demonstrated that they affect either the localisation, the stability or

the binding abilities of p27<** (62;63;65).
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2 Aims of the study

The overall aim of the present investigation was to study some of the tumorigenic

mechanisms involved in pituitary adenoma formation.

The more specific objectives were:

1)

2)

3)

4)

To assess the prevalence of germline point mutations and gross
rearrangements in the AIP and CDKN1B genes in a large serie of sporadic

Italian acromegaly patients and in some Italian FIPA families (Study I).

After the identification of the AIP p.R304X mutation in a FIPA family, to
evaluate if it shares a common ancestor with other two independent Italian

FIPA families harbouring the same mutation (Study II).

To investigate the biological functions and the involvement in the
pathogenesis of sporadic pituitary adenomas of a specific miRNA, referred
to as miR-107. In addition, to investigate if miR-107 is able to interact with
AIP (Study III).

To investigate the expression of AHRR, a molecule which participates in

one of the AlP-related pathways potentially involved in pituitary

tumorigenesis, in a cohort of GH-secreting adenomas (Study V).
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3 Materials and Methods

3.1 Subjects

3.1.1 Pituitary adenoma patients

Diagnosis and management of pituitary disease were established for each patient
by physicians at each referring center following international criteria (13;275). The
diagnosis of acromegaly was established with GH levels failing to drop below 1
mg/l after a standard glucose tolerance test or mean of seven samples above 2.5
mg/l, high insulin-like growth factor 1 (IGF-1) levels for age- and sex-related
reference range, and radiological evidence of pituitary adenoma. Local ethical
committees from each referring center approved the study, and all subjects gave

written informed consent.

3.1.1.1 Sporadic patients (Studies I, I, 1V)
= Study |

The survey sample of this study consisted of blood-extracted DNA samples from
131 Italian acromegalic patients negative for pituitary tumours within their family
and therefore considered as apparently sporadic. Patients were recruited at the
Endocrinology Division of Padova Hospital/University, at the Verona Hospital, at
the Hospital/University of Udine, at S. Chiara Hospital in Trento, and at the
Division of Endocrinology and Metabolism Diseases of the Ancona Hospital. 43%
of patients were men, the mean age at diagnosis was 44+13 years (range 16—76
years), and in 89% of cases they presented a macroadenoma; 75% of patients

underwent transsphenoidal surgery and 22% received pituitary radiotherapy.

= Study I, IV
Overall, 62 human pituitary tissue samples were analysed. This cohort consisted
of: a) 34 (11+23) GH-secreting tumours; b) four GH+PRL-secreting adenomas; c)
24 NFPAs. Patients were recruited at St. Bartholomew's Hospital of London (Study
[l) and at the Endocrinology Division of Padova Hospital/University and the

Pituitary Unit, Department of Neurosurgery San Raffaele Hospital in Milan (Study
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IV). The tumour specimens were collected fresh during transsphenoidal surgery

and were immediately frozen in liquid nitrogen and then stored at -80 °C until use.

3.1.1.2 FIPA families (Studies I, II)

= Study |
The survey sample consisted of six Italian FIPA families recruited at at the
Endocrinology Division of Padova Hospital/University. Four FIPA families were
homogeneous for PRL-secreting pituitary tumours and two were heterogeneous
with PRL/NFPA tumours (pedigrees in Appendix 2, Figure 1). Mutations in the
MEN1 and PRKAR1A genes have been excluded in all patients.

= Study Il
An heterogeneous two generations FIPA family (hereafter referred to as Family 1)
presenting with a GH- and a PRL-secreting pituitary adenoma was recruited at the
Endocrinology Unit in Padova, and a familial screening was proposed (pedigree in
Results, Figure 4.5). After an AIP p.R304X mutation was recognized in both
patients, three additional mutations carriers were identified. The two previously
reported AIP p.R304X Italian FIPA families (85;88) were referred by the Neuromed
Institute of Pozzilli (Family 2, pedigree in Results, Figure 4.7) and the Hospital of
Treviso [Family 3, pedigree in (276)], respectively. Most individual characteristics

of these patients were previously reported in details (88;276;277).

3.1.2 Healthy controls (Studies I, 1lI, IV)

All subjects gave written informed consent.

= Study |
Blood-extracted DNA samples from 250 healthy, anonymous, unrelated individuals

were available.

= Studies lll, IV

A total of 20 normal pituitary (NP) tissues from autopsy were analysed.
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3.2 Nucleic acids extraction and quantification

3.2.1 DNA extraction (Studies I, I1)
= Study |

Whole blood from patients and control individuals was collected in tubes
containing K;EDTA. Genomic DNA was extracted using the QIAcube extractor
(Qiagen, Milan, Italy) following the manufacturer's instructions. Briefly, the
procedure consists of five steps: lysis of erythrocytes and isolation of lymphocytes,
lysis of proteins with proteinase K, adsorption to a silica membrane, removal of
residual contaminants and elution of pure DNA. DNA concentration was measured
as described in section 2.2.3 and stored at 4°C.

=  Study Il
Tumour DNA was extracted using the Trizol reagent (Invitrogen, Milan, Italy)
following a modified protocol (http://www.mrcgene.com/tri.htm). Trizol is a ready-

to-use reagent for the isolation of RNA, DNA and proteins from cells and tissues.
During sample lysis, the reagent, a mono-phasic solution of phenol and guanidine
isothiocyanate, maintains the integrity of the RNA, while disrupting cells and
dissolving cell components. Addition of chloroform followed by centrifugation
separates the solution into an aqueous phase containing RNA and an organic
phase containing DNA and proteins. After removal of the agqueous phase, the DNA
and proteins in the samples can be recovered by sequential precipitation.
Precipitation with ethanol yields DNA from the interphase.

3.2.2 RNA extraction (Studies I11,1V)

Total RNA was extracted from cells and tissues using the Rneasy Mini Kit
(Qiagen) following the manufacturer’s instructions. Briefly, biological samples were
first lysed and homogenized in the presence of a highly denaturing guanidine-
thiocyanate—containing buffer, which immediately inactivates RNases. An
additional on-comun Dnase treatment was also performed to ensure high
purification of intact RNA. Subsequently, ethanol was added to provide appropriate
binding conditions, and the samples were then applied to a spin column, where the
total RNA binds to the membrane and contaminants are efficiently washed away.
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RNA concentration was measured as described in section 2.2.3 and stored at -
20°C.

3.2.3 Determination of nucleic acids concentration and purity

The concentration and purity of the isolated DNA and RNA were determined
spectrophotometrically in a Nanodrop Spectrophotometer ND 1000 (Thermo
Scientific, USA). This technique enables higly accurate UV analyses microvolume
samples with remarkable reproducibility. The concentration of DNA in a given
sample is automatically calculated by the NanoDrop software using the formula:
Azso x 50 pg/ml x dilution factor, whereas the concentration of RNA is calculated
by using the formula: Azeo X 44 pg/ml x dilution factor. The purity of the nucleic
acids is determined by the Azso/Azgo ratio. A ratio of 1.8-2.0 indicated little or no

protein contamination.

3.2.4 Determination of RNA integrity

RNA integrity was measured by Agilent Bioanalyzer 2100 System (Agilent
Techonologies). This is an essential procedure in order to yield accurate
quantification of RNA expression by gqRT-PCR. The RNA was analysed with the
RNA 6000 Nano Assay chip associated with the instrument, which allows a quick
caracterization of total RNA using microvolume samples. The total RNA
concentration and the amount of ribosomal impurities (18S/28S ratio) were
automatically calculated by the Agilent Bioanalyzer software (Figure 3.1). Only

samples with a 18S/28S ratio>1 were considered for gRT-PCR analyses.
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Figure 3.1 Example of chromatograms of micro-capill ary electrophoresis from RNA samples

showing different degrees of degradation. A) A typical electropherogram of high-quality RNA
include a clearly visible 185/28S rRNA peak ratio and a small 5S RNA. B) A partially degraded
sample was indicated by a shift in the electropherogram to shorter fragment sizes and produce a
decrease in fluorescence signal as dye intercalation sites are destroyed.
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3.3 Polymerase chain reaction (PCR) and DNA sequenc ing
(Studies I, 11, 1)

PCR reactions were usually performed according to the following conditions:

Master Mix (for a Final
single sample) concentration
DNA 25-50 ng ai:\zlﬁl‘fn 94T | 10’

dNTPs 0,8 mM Denaturation |94 | 30"

10X Buffer 1X Annealing 60C | 30" | X 35 cycles
MgCl; 1,5 mM Extension 72T | 30”
Primers 0,4 uM Final extension | 72C | 5’

Taq Gold 0,4U Hold A4C | =
ddH,0 to final volume

Final Volume: 12,5 ul

This basic protocol was modified depending on the DNA sample (blood- or tissue-
extracted DNA), the primers annealing temperatures, and the amplification
outcome of the template. In some cases the use of different Taq polymerases
and/or the addition of dimethyl sulfoxide (DMSO, <8%v/v) to favour the stretching
of DNA filaments was necessary. For primer design, genomic sequences were
retrieved from the University of California Santa Cruz (UCSC) Genome Browser

(http://genome.ucsc.edu/cgi-bin/hgGateway, version February 2009) and primers

were designed by the use of the publicly available software Primer3

(http://frodo.wi.mit.edu/primer3/input.ntm) and Primer Express v3.0 (Applied

Biosystems, Monza, Italy). All primer sequences used in this study are provided in
Appendix 2. To assess the successful outcome of each reaction and the absence
of contaminations, PCR products were run on 1-2% agarose gels stained with

ethidium bromide.

3.3.1 Enzimatic purification of PCR products and DN A sequencing

PCR products were purified by ExoSAP-IT (USB Corporation, Cleveland, OH),

according to the manufacturer’'s instructions. This solution is a mixture of two
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hydrolytic enzymes: Exonuclease |, which removes residual primer
oligonucleotides, and Shrimp Alkaline Phosphatase, which removes
unincorporated dNTPs.

DNA sequencing was performed using the BigDye 3.1 Termination Chemistry
(Applied Biosystems) on an ABI 3730XL DNA sequencer (Applied Biosystems).
This methodology uses fluorescent dyes attached to terminating
dideoxynucleoside triphosphates (ddNTPs) and the DNA fragments are
electrophoretically resolved. Each PCR product was sequenced in separate
reactions with the forward and reverse primers. Sequencing chromatograms were
visualized using the Chromas software (Technelysium Pty Ltd) and aligned to the
wt reference sequence(s) using the Segman Pro software (DNAStar, Madison,
WI). All mutations and variants have been annotated according to the
nomenclature for human genomic sequence variations of the Human Genome

Variation Society (www.hgvs.org/mutnomen).

3.4 Detection of AIP and CDKN1B germline variants (Study I, 11)

3.4.1 Point mutations

The whole coding region, intron—exon boundaries, and 5’- and 3’-UTRs of the AIP
and CDKN1B genes were PCR-amplified and directly sequenced as described in
the previous section. Previously unreported nucleotide changes in both genes and
the already described AIP ¢.911G>A and CDKN1B c.426G>A variants were
screened in healthy, anonymous, unrelated individuals by Tetra-primer ARMS-
PCR (278) or, in the case of AIP IVS3+1G>A, by enzymatic digestion using Mboll.
The Tetra-primer ARMS-PCR system employs two primer pairs (termed outer and
inner) to amplify, respectively, the two different alleles of a variant in a single PCR

reaction (Figure 3.2).
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Figure 3.2 Schematic representation of the Tetra-primer ARMS-P  CR method. The single
nucleotide polymorphism used here as an example is a G—A substitution, but the method can be
used to type other types of single base substitutions. Two allele-specific amplicons are generated
using two pairs of primers, one pair (indicated by pink and red arrows, respectively) producing an
amplicon representing the G allele and the other pair (indicated by indigo and blue arrows,
respectively) producing an amplicon representing the A allele. By positioning the two outer primers
at different distances from the target nucleotide, the two allele-specific amplicons differ in length,
allowing them to be discriminated by gel electrophoresis. Adapted from (278).

3.4.2 Deletion analysis

3.4.2.1 AIP

Large rearrangements at AIP locus were evaluated using the SALSA multiplex
ligation-dependent probe amplification (MLPA) assay (MRC-Holland, Amsterdam,
The Netherlands), following the manufacturer’'s protocol. PCR products were run
on an ABI 3730XL DNA sequencer (Applied Biosystems). Initially,
electropherograms were visualized with GeneMarker v1.4 software (Softgenetics
LLC, State College, PA), then data were exported as an Excel-compatible format

using Peak Scanner v1.0 software (Applied Biosystems) (Figure 3.3).
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Figure 3.3 Electropherograms profiles generated by the Peak Sc  anner software. Each peak
represents a different probe. Electropherograms from a control (in red) and a patient (in blue) were
superimposed. For every peak, an area reduction to 0.5 compared with a control indicates a
heterozygous deletion of the corresponding exon(s), whereas exonic duplications result in a 1.5-
fold increase in this value.
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Final gene dosage analysis was assessed for each patient by calculating a dosage
quotient (DQ) with Coffalyser v6.0 software (MRC-Holland). Probes with a DQ less
than 0.65-0.7 (for deletions) or higher than 1.3-1.35 (for amplifications) were

examined for consistency by repeated testing.

3.4.2.2 CDKN1B

CDKN1B gene dosage alteration was assessed by the quantitative multiplex PCR
of short fluorescent fragments (QMPSFs) and by long-range PCR (LR-PCR). For
QMPSF, six short genomic fragments (115-276 bp) were simultaneously amplified
in a single multiplex PCR with one primer from each pair 5’-labeled with 6-FAM
fluorochrome using the Multiplex PCR Master Mix 2X and the Q-solution (Qiagen).
Primers shared common melting temperatures of between 58 and 60 T and no
primer covered polymorphic regions (Appendix 2, Table 3). Samples underwent 24
amplification cycles, which ensured that the reaction ended during the exponential
phase. An amplicon from a genomic region (19913.3), whose deletion was not
expected, was included as negative control. The amplified DNA fragments were
then separated on an ABI 3730XL DNA sequencer (Applied Biosystems) and
analysed using Peak Scanner software v1.0 (Applied Biosystems). Two different
methods of comparison were used to calculate allele dosage: visual sample-to-
control and numerical sample-to-control (279). For every peak, an area reduction
to 0.4-0.6 compared with a control indicates a heterozygous deletion of the
corresponding exon(s), whereas exonic duplications result in a 1.5-fold increase in
this value.

LR-PCR on genomic DNA was used as an additional technique to detect
rearrangements not detectable by QMPSF. Briefly, exons 1 and 3 were amplified
using, for each exon, the most external primers employed in sequencing analysis
(Figure 3.4).
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Figure 3.4 Location of primers used for CDKNI1B analysis. In red, primers employed in
QMPSF; in yellow, primers used in LR-PCR; in black, primers used in the sequencing analysis.
Boxes represent exons.
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3.5 LOH analysis (Study II)

A tumour sample obtained from the proband of family 1 was available. After DNA
extraction, LOH was studied by AIP sequencing at the corresponding mutation
position as described in section 2.4.1, and by analysis of informative microsatellite
markers flanking the AIP gene as described in section 3.6. LOH on tumour-derived
DNA was assessed by visual observation of the sequence chromatograms by
comparing the peak heights/areas between the wt and mutant allele. Allelic loss
was concluded when the wt allele was either completely invisible or significantly
reduced when compared to the mutant allele. LOH was confirmed when the
marker alleles segregating with the affected haplotype were retained, whereas the
corresponding wt alleles were significantly reduced or lost.

3.6 Haplotype analysis (Study II)

Available members of families 1 and 2, and family 3’'s proband, were genotyped
using 12 microsatellite markers surrounding both AIP and MEN1 genes, and one
single nucleotide polymorphism (SNP, rs4084113) located in intron 3 of AIP.
Primer sequences for genetic markers were obtained from the UCSC Genome

Browser website (http://genome.ucsc.edu/) and a previous publication (85) or were

designed with Primer3. An additional tandem repeat was identified by Tandem
Repeat Finder (http:/tandem.bu.edu/trf/trf.html) (Appendix 2, Table 4). Markers
were PCR-amplified from genomic DNA, separated on an ABI 3730XL DNA

sequencer, and analysed with Peak Scanner v1.0 software (Applied Biosystems).
For eight markers, the CEPH 1347-2 control was included to standardize allele

sizes. For SNP genotyping, direct sequencing of AIP intron 3 was performed.

3.7 Reverse Transcription and Real-Time PCR (qRT-PC R)

(Studies Ill, 1V)
Total RNA was reverse transcribed (RT) into cDNA using the SuperScript® IlI
Reverse Transcriptase Kit (Invitrogen) according to the manufacturer's protocol.

First-strand cDNA was synthesized using 1 pg of RNA for each sample and
employing random examers as primers. A RT-PCR reaction mix without the
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reverse transcriptase enzyme was included in each experiment as a control for
gDNA contamination. The exclusion of gDNA contamination from each sample
were usually verified by PCR for the glyceraldehydes-3-phosphate dehydrogenase
(GAPDH) gene. The cDNA samples were stored at -20C.

gRT-PCR is a combination of two steps: (1) the amplification of the cDNA using
the PCR and (2) the detection and quantification of amplification products in real
time by using fluorescent reporter dyes. The assay relies on measuring the
increase in fluorescent signal, which is proportional to the amount of DNA
produced during each PCR cycle. Furthermore, the use of probes labeled with
different reporter dyes allows the detection and quantification of multiple target
genes in a single (multiplex) reaction. Individual reactions are characterized by the
PCR cycle at which fluorescence first rises above a threshold background
fluorescence, a parameter known as the threshold cycle (Ct). The more target
there is in the starting material, the lower the Ct (Figure 3.5). This correlation
between fluorescence and amount of amplified product allows accurate
quantification of target molecules over a wide dynamic range, while retaining the

sensitivity and specificity of conventional end-point PCR assays.
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Figure 3.5 Amplification plot. The baseline region is automatically set up by the software and
allows the exclusion of the intrinsic fluorescence of the reporter. An amplification threshold is set
within the early exponential phase. The cycle number at which the amplification curves cross this
threshold is the Ct of the samples. Adapted from the Qiagen website.
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In this study gene expression assays were performed using the TagMan® qRT-
PCR system (Applied Biosystems). The assays consist in the quantification of a
gene of interest using a mix of unlabeled PCR primers and a TagMan probe
(Figure 3.6).
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Figure 3.6 TagMan probe chemistry mechanism.  The TagMan probes contain a FAM or VIC dye
label and minor groove binder moiety on the 5' end, and a non-fluorescent quencher dye on the 3'
end. The probe anneals to the template between the two primers. During the reaction, cleavage of
the probe by the AmpliTagGold DNA polymerase separates the reporter and the quencher dyes,
resulting in increased fluorescence of the reporter. The accumulation of PCR products is detected
by the increased fluorescence of the reporter dye. Adapted from
http://en.wikipedia.org/wiki/TagMan.

TagMan reactions were performed as duplex reactions including the gene of
interest and an endogenous control (reference gene). In each reaction, each
sample was assayed in duplicate or triplicate. A standard curve for the
quantification of the samples was also run in parallel with each assay. For the

standard curve serial dilutions of 1:5 were made (Figure 3.7).
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Figure 3.7 Standard curve. A standard curve can be generated using the Ct values from a dilution
series of a sample with a known DNA or RNA quantity. The slope of a standard curve is used to
estimate the PCR amplification efficiency of each reaction. A standard curve slope of —3.32
indicates a PCR reaction with 100% efficiency. Slopes more negative than —3.32 indicate reactions
that are less than 100% efficient, whereas slopes more positive than —3.32 indicate sample quality
or pipetting problems. Adapted from the Qiagen website.

Reactions were prepared according to the following conditions:

Volume for a single sample (ul)

cDNA 5 (2 ng/ul)
2X TagMan Universal PCR Master Mix 12.5

20X Assay Mix gene of interest (AIP or AHRR) (FAM) 1.25

20X Assay Mix reference gene (GAPDH or 18S) (VIC) 1.25
ddH,O 5

Total Volume 25
Enzyme activation 95€C 10 min

Denaturation 95T 15sec

Annealing/Extension 60C 1 min } X 40 cycles

The cDNA was amplified in 96- or 384-well plates on a 7900HT Real-Time PCR
System (Applied Biosystems). Data were analysed using the SDS v2.3 software
(Applied Biosystems). All data were normalised to the expression levels of 18S or
GAPDH. The normalisation to an endogenous control was done to correct for
sample to sample variations in gRT-PCR efficiency and errors in sample

guantification.

74



3.8 mIiRNA expression in pituitary tissues (Study |l )

3.8.1 TagMan ™ Low Density Array (TLDA)

miR expression profile was analysed using TLDA Human MicroRNA Panel v.2
(Applied Biosystems), following the supplier’s protocol. Briefly, 300 ng of total RNA
per sample were reverse transcribed using Megaplex RT primer Pool A and B
[part number (PN) 4399966, 4399968, Applied Biosystems] up to 380 stem-looped
primers per pool and TagMan MicroRNA Reverse Transcription Kit (PN 4366596).
Preamplification was carried out by Megaplex Preamp Primers and TagMan
PreAmp Master Mix. qRT-PCR amplifications were run in TagMan Human
MicroRNA Array A and B (PN 4398965, 4398966) using Megaplex Primer Pools,
Human Pools Set v3.0 (PN 4444750) on a 7900HT Real Time PCR System
(Applied Biosystems). RNU6B (PN 4373381) was chosen as endogenous control
based on supplier Application Note [Endogenous Controls for Real-Time
Quantification of miRNA using TagMan MicroRNA Assays (Applied Biosystems)].

Data were analysed using the AAC; method.

3.8.2 qRT-PCR

Expression levels of miR-107 (PN 4427975) were further validated by qRT-PCR

using the specific TagMan MicroRNA Assay (Applied Biosystems) according to the

manufacturer’'s instructions. Quantification using the TagMan MicroRNA Assays

was done using a two-step qRT-PCR (Figura 3.8):

1. In the RT step, cDNA was reverse transcribed from total RNA samples using
specific miRNA primers from the TagMan MicroRNA Assay.

2. In the gRT-PCR step, PCR products were amplified from cDNA samples using
the TagMan MicroRNA Assay together with the TagMan Universal PCR Master
Mix.
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Figura 3.8 Schematic representation of the two-step qRT-PCR. Adapted from the Applied
Biosystems website.

Reactions were performed in triplicate in 384-well plates on a 7900HT Real-Time
PCR System (Applied Biosystems) using RNU6B as endogenous control. Data

were analysed using the standard curve method.

3.9 Cloning (Studies I, III)

The cloning of DNA fragments into a cloning vector was utilised to study the
functional implications of an AIP sequence variant identified in a sporadic
acromegalic patient (Study I) and the interaction between miR-107 and the 3'UTR
of AIP (Study III).

3.9.1 Minigene construction and in vitro splicing analysis (Study 1)

To investigate the effect on AIP splicing of the novel synonymous variant
c.153C>T, a minigene-based strategy was adopted, as suitable mRNA from the

proband was not available. The procedure and the plasmid vectors have been
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detailed in (280). Genomic DNA of the proband was amplified using primers
containing a Pstl sequence (Appendix 2, Table 5). The PCR fragment, comprising
the 3’ half of intron 1, exon 2 and the 5’ half of intron 2, was cloned into the Pstl
restriction site of the pEGFP-N1-COQ2-ASL5-6-7 Vector. The ligation reaction
was carried out with T4 DNA ligase (Promega, UK) according to the
manufacturer’s instructions. 0.4 pg of each wt or mutant minigene constructs were
then transfected into 3x10°> Hela cells. After an incubations of 48h, RNA was
extracted and reverse transcribed as described in sections 2.2.2 and 2.7. cDNA

was amplified with specific primers adjacent to the mutation to be tested.

3.9.2 Construction of 3'UTR reporter plasmid (Study 11))

A 931 bp segment of human AIP-3'UTR containing the putative miR-107 target
sites was PCR-amplified from genomic DNA and cloned into the pGEM®-T Easy
Vector (Promega) (Figure 3.9A) using primers containing a Xbal binding site
(Appendix 2, Table 5). The Xbal fragment was then subcloned into the pGL3-
Control Vector (Promega) (Figure 3.9B), using the Xbal site immediately
downstream from the stop codon of the luciferase reporter gene. For the
subcloning procedure, the DNA fragment excised from the pGEM®-T Easy Vector
was run on an agarose gel and then purificated prior to be ligated in the pGL3-
Control Vector. The DNA purification was carried out with the Wizard® SV Gel and
PCR Clean-Up System (Promega) according to the manufacturer’s instructions.
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Figure 3.9 A) Schematic structure of the pGEM o1 Easy Vector. The pGEM®-T Easy Vector is a
convenient system for the cloning of PCR products. The vector has a 3’ terminal T in both ends (T
overhangs). These single 3' T overhangs at the insertion site improve the efficiency of ligation of a
PCR product into the plasmids by preventing recircularization of the vector and providing a
compatible overhang for PCR products with 5’ A overhangs. B) Schematic structure of the pGL3-
Control Vector. The pGL3-Control Vector is a luciferase reporter vector which allows the
quantitative analysis of factors that regulate mammalian expression. Its backbone contains a
modified coding region for firefly (Photinus pyralis) luciferase that is used for monitoring
transcriptional activity in transfected eukaryotic cells.

To examine whether the observed repression of a reporter gene by miR-107 was
specifically due to the presence of predicted binding sites in the AIP-3'UTR
fragment, | also disrupted these sites by site-directed mutagenesis, a technique
which allows the introduction of site-specific mutations in double stranded
plasmids. For interrupting a perfect “seed” pairing, four nucleotides were deleted
from each site of perfect complementarity using the QuikChange XL-site-directed
mutagenesis kit (Agilent Technologies). Because there are two predicted binding
sites for miR-107 in the AIP-3'UTR, three variants were generated, with one of
each mutated and both mutated. Wt and mutant inserts were confirmed by
sequencing. Mutagenic primers were designed using the Stratagene’s
QuickChange primer design program. Both oligonucleotides contained the desired
mutation and annealed to the same sequence on opposite strands of the plasmid
(Appendix 2, Table 6). The QuickChange XL site-directed mutagenesis kit was
performed in three steps according to the manufacturer’s instructions: synthesis of
the mutant strand, digestion of the parental methylated strand that did not contain
the mutation with Dpnl, transformation of competent cells with plasmid DNA (see

next session).
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3.9.3 Transformation of competent bacterial cells w  ith plasmid DNA

The high-efficiency JM109 competent cells were transformed with plasmid DNA.
Briefly, 50 ul of cells were mixed with 2 ul of each ligation reaction and then heat-
shocked for 50 sec at 42<C. 900 pl of SOC medium (I nvitrogen) were then added
to the ligation reaction transformations and shaked for 1h at 37°C. After
incubation, 100 pl of each transformation culture were plated onto
LB/agar/ampicillin plates. Plates were incubated overnight at 37°C. Transfromation
was successful if the next day colonies were formed because of vector conferring

resistance to ampicillin.

3.9.3.1 Small-scale plasmid DNA purification (minip  rep)

A single colony from a plate was inoculated in 5 ml of LB medium containing 5 pl
of 100 mg/ml ampicilin and shaked overnight at 37°C. The next day plasmid DNA
was purified using the QIAprep Spin MiniPrep Kit (Qiagen) following the
manufacturer’s instructions. The protocol consisted of four steps: preparation and
cleaning of the bacterial lysate by alkaline lysis, adsorption of DNA onto a silica
membrane in high-salt solution, washing with specific buffers to remove
endonucleases and salts, elution of plasmid DNA. The concentration of each
sample was determined as described in section 2.2.3. To confirm the integrity of
the isolated plasmids a digestion with appropriate restriction enzymes was
performed. The plasmids were confirmed to contain the desired mutations by

sequencing.

3.9.3.2 Large-scale plasmid DNA purification (midip  rep)

After confirming the constructs were correct, higher concentrations of plasmid
DNA were obtained using the HighSpeed plasmid Midi Kit (Qiagen) following the
manufacturer’s instructions. Previous to purification, 100 ul of each plasmid were
added to 150 ml of LB medium and 150 pl of ampicilin. Bacterial cultures were
shaked overnight at 37°C. The midiprep protocol is based on an alkaline lysis
procedure and binding of plasmid DNA to an anion-exchange resin. RNA, proteins

and impurities were removed by a salt-wash. The plasmid DNA was eluted in a
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high-salt buffer, it was then concentrated and the salt was removed by
precipitation in isopropanolol.

3.10 Luciferase gene reporter assay (Study III)

In order to determine whether the AIP-3'UTR could confer transcriptional or post-
transcriptional control of gene expression and to study the interaction between
miR-107 and the wt and mutant AIP-3'UTR constructs, the Dual-Luciferase
Reporter Assay System (Promega) was utilised. This assay combines two
luciferase reporter systems: the firefly (Photinus pyralis) and the Renilla (Renilla
reniformis). The protocol was followed according to the manufacturer's
instructions. Briefly, GH3 cells were seeded in 6-well plates at a density of 6x10°
cells/well. After 24h, cells were co-transfected with Lipofectamine 2000
(Invitrogen) as described in section 2.11.1, using 2 ug of the pGL3-Control Vector
and 0.2 pg of the Renilla Vector (pRL-CMV). In some experiments, the pre-miR-
107 precursor or the scrambled mIiRNA were co-transfected at a final
concentration of 50 nM. 24h post-transfection, transfected cells were lysed with
100 pul of 1X passive lysis buffer (PLB) for 10 min at 4C. 25 pl of cell lysates were
transferred to a 96-well luminometer plate and placed into the Omega luminometer
(BMG Labtech). Previous to sample measurement, the injector system was primed
with the Luciferase Assay Reagent Il (LAR Il, containing the substrate for firefly)
and the Stop & Glo reagent (containing the substrate for Renilla). Firefly and
Renilla luciferase activities were then measured consecutively. Ratios of firefly
versus Renilla luminescence signals serve as a measure for reporter activity

normalised for transfection efficiency.

3.11 Cell cultures (Studies I, 1lI)

The cell lines used in this study were:
= GHa3 cells (Study IIl)

The rat pituitary GH3 cell line was grown in Dulbecco’s Modified Eagle Medium
(DMEM) (Sigma-Aldrich, UK) supplemented with 10% Fetal Bovine Serum (FBS)
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(Biosera), penicillin (100 1U/ml) and streptomycin (100 mg/ml) (Sigma-Aldrich) in a
humidified atmosphere, at 37T with 5% CO2.

= SH-SY5Y cells (Study IlI)
The SH-SY5Y human neuroblastoma cell line was cultured in a 1:1 mixture of
DMEM and Ham’s F-12 medium (Sigma-Aldrich), supplemented and incubated as

above.

= Hela cells (Study I)
The HelLa human cervical carcinoma cell line was cultured as indicated for the
GH3 cells.

3.11.1 Transient transfection of cells

GH3, SH-SY5Y and HelLa cells were transiently transfected with plasmid DNA
using the Lipofectamine 2000 transfection reagent (Invitrogen), a cationic lipid
formulation that confers high transfection efficiency in a wide variety of cell lines.
Transfections were carried out following the manufacturer’s protocol. Briefly, cells
were plated in normal culture medium without antibiotics. Cells were 60-70%
confluent at the time of transfection. DNA and Lipofectamine 2000 were diluted in
a suitable volume of Opti-MEM | reduced serum medium (Invitrogen) and
incubated at room temperature for 5 min. Then, the diluted DNA was mixed with
the diluted Lipofectamine and incubated at room temperature for 25 min, to allow
complex formation. The complexes were then added to the wells without removing
the media. The plates were incubated for 24, 48 or 72h depending on the

experiment.

3.12 Cell proliferation assay (Study III)

Cell proliferation of the transiently transfected GH3 and SH-SY5Y cells was
measured using [H] thymidine incorporation as described in (281).

Briefly, cells were seeded in 24-well plates at 1x10° cells/well and after 24h
transfected with scrambled miRNA (AM17111, Applied Biosystems) and pre-miR-
107 precursor (PM10056, Applied Biosystems) at a final concentration of 50 nM.
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48 or 72h after transfection, 2 pCi (curie) of [°H]-thymidine (#NET027Z, Perkin-
Elmer) were added to the media in each well, and the plates were incubated for a
further 6h at 37<C. After removing the media, 1 ml of scintillant fluid (Amersham)
was added to each well and the plates were incubated for 5 min at room
temperature. The fluid was collected from each well and transferred into separate
scintillation vials. Incorporation of thymidine, in units of counts per minute (CPM),

was measured using a scintillation counter (Wallac, Turku, Finland).

3.13 Colony formation assay (Study lll)

The aim of this assay was to determine the clonogenic ability of transiently
transfected GH3 and SH-SY5Y cells. The clonogenic ability is defined as the % of
cells in a population that possess the ability to form individual clones when plated
alone in culture. A colony is defined as a group of four or more contiguous cells
that are judged by their appearance to have arisen from a single cell.

Briefly, cells were seeded in 6-well plates at 6x10° cells/well and after 24h
transfected with scrambled mMIiRNA, pre-miR-107 precursor or anti-miR-107
(AM10056, Applied Biosystems) at a final concentration of 50 nM. 24h after
transfection, cells were trypsinized and seeded in 6-well culture plates at a density
of 1500 cells/well to form colonies. Cells were cultured at 37<C for 7 days. Colony
formation was detected by staining the cells with 3 ml of a 0.1% crystal violet
solution. Densitometric quantification of the colony formation density was

performed with the Odyssey infrared-imaging system (Li-Cor).

3.14 Protein extraction and quantification (Study 1)

Protein extraction from cells and quantification was performed as described in
(281). Briefly, cell lysis buffer [Cytobuster protein extraction reagent (Novagen, CN
Biosciences)] was added to the cells. After an incubation of 20 min, each well was
scraped thoroughly and the cell lysates were transferred to 1.5 ml tubes. After a
centrifugation step, the supernatants were stored at -80<C.

The Bradford assay (Bio-Rad, UK) was carried out to ensure the protein
concentration of the lysates used for Western Blot was normalised. A set of bovine

serum albumin (BSA) dilutions was prepared for the calibration curve. 10 ul of
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protein samples and standards were transferred into a 96-well plate and then 200
pl of Bradford reagent were added to each well. After an incubation of 5 min, the

plate was inserted on the reader and the absorbance was read at 595 nm.

3.15 Western Blot (Study I11)

The variation of protein expression after transfection of cells with miR-107 was
determined by Western Blot. 10-30 ug of cell culture-lysates were separated by
electrophoresis on pre-cast 12% SDS-PAGE gels (Invitrogen) and transferred onto
nitrocellulose membranes (Millipore, Billerica, MA, USA) using semi-dry
transferring. After a 90 min incubation with blocking buffer, membranes were
incubated overnight at 4C with mouse monoclonal Al P antibody (ARA9 [35-2],
Novus Biologicals, Littleton, CO, USA) at 1:1000 dilution. GAPDH expression was
used as endogenous control. Infrared fluorescent-labelled anti-rabbit or anti-
mouse secondary antibodies (IRDye 680 and 800) were used at a 1:10000
dilution. Immunoblot detection and density measurements were performed on the

Odyssey infrared-imaging system (Li-Cor, UK).

3.16 Bioinformatic analysis (Studies I, II)

=  Study |
The possible impact of novel amino acid substitutions on AIP structure and
function has been evaluated by the web tool PolyPhen-2

(http://genetics.bwh.harvard.edu/pph2/). The potential effect on splicing of the

previously unreported AIP variants IVS3+1G>A and ¢.153C>T was tested in silico

using Alamut (http://www.interactive-biosoftware.com/alamut.html), a mutation

interpretation software integrating the results of four different algorithms
(SpliceSiteFinder, MaxEntScan, NNSPLICE, GeneSplicer).

For protein alignments, the human AIP protein sequence and its homologues in
other species were retrieved from the UCSC Genome Bioinformatics database

and from the Ensembl Genome Browser (http://www.ensembl.org/index.html,

version 60, November 2010). Multiple sequence alignment was performed using

the Clustalw tool (http://www.ebi.ac.uk/Tools/clustalw).
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= Study Il
The analysis of miR-107 predicted target genes was done using seven different

algorithms: TargetScan v5.1 (http://www.targetscan.org/) (282), microCosm

Targets v5.0  (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/)
(283), MicroTar (http://tiger.dbs.nus.edu.sg/microtar/) (284), FindTar v2.0
(http://bio.sz.tsinghua.edu.cn/findtar/) (30), PITA

(http://genie.weizmann.ac.il/pubs/mirQ7/mir07_prediction.html) (285), PicTar
(http://www.pictar.org/) (286), and miRanda-September 2008 release

(http://www.microrna.org/microrna/home.do) (287).

3.17 Statistical analysis

Statistical analysis was performed with StatsDirect software (Addison-Wesley-
Longman, UK). Data are presented as the mean + standard error of the mean
(SEM, Studies Ill, IV) or mean * standard deviation (SD, Studies I, Il) of 2 to 6
independent experiments each performed in triplicate. Comparisons were
calculated using unpaired two-tailed Student’s t-test, Mann-Whitney U-test, and
Kruskal-Wallis test followed by the Conover-lInman comparison, as appropriate.

P<0.05 was considered significant.
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4 Results

4.1 Study |

4.1.1 Mutation analysis of the AIP gene

The patient cohort consisted of 137 cases, including 131 sporadic acromegaly
patients (95.6%) and six individuals (4.4%) with a family history of pituitary
adenomas. The entire AIP gene sequence was analysed in all sporadic patients as
well as in probands of FIPA families. Eight SNPs already reported in the literature

have been identified in the sporadic and familial cohorts (Table 4.1).

Nucleotide Am|_no "
change acid Position dbSNP ID Reference
change
c.47G>A p.R16H exon 1 - (88;94;228;231)
IVS1-18C>T - intron 1 - (231)
IVS3+111C>T - intron 3 rs4084113 -
c.516C>T p.D172D exon 4 rs2276020 -
C.682C>A p.Q228K exon 5 rs641081 -
c.906G>A p.v302V exon 6 - (231)
€.920A>G p.Q307R exon 6 rs4930199 -
€.993+60G>C - exon 6 (3'UTR) - (94,99;228)

Table 4.1 SNPs identified in the AIP gene in the 137 patients analysed.

Two sporadic patients (both females), diagnosed with acromegaly at 67 and 38
years of age, were found to harbour the previously reported c.911G>A (p.R304Q)
substitution in exon 6 (87;94;201;228). The elder patient had a history of multiple
tumours (papillary thyroid carcinoma, colon polyposis, liver, and kidney cysts) and
presented a pituitary macroadenoma (18x23 mm). Her daughter died at the age of
40 years from colon carcinoma. The younger AIP p.R304Q carrier had a
microadenoma (3x2 mm) as the only clinical manifestation. Both patients achieved
a good control of disease with SAs, thus did not undergo pituitary surgery or
radiotherapy. The in silico evaluation by PolyPhen-2 predicted this variant as being
benign (Appendix 3, Figure 1).

The second nucleotide change identified in the sporadic cohort was a novel
missense substitution in exon 6, c.871G>A (p.V291M) (Figure 4.2), detected in a
woman with diagnosis of acromegaly at age 30. As shown in Figure 4.1, this
amino acid is highly conserved among species. The PolyPhen-2 web tool analysis

85



predicted this variant as being damaging (Appendix 3, Figure 2), however, LOH
study on tumour DNA conducted by sequencing exon 6, showed the presence of
the variant in the heterozygous form, thus excluding the loss of the wt allele. The
patient underwent transsphenoidal surgery with a post-operative persistence of
disease (IGF-1 556 mg/l and PRL 40.5 mg/l, respectively), and she started
pharmacological treatment with SAs with good clinical response. Interestingly, this
patient presented also a MEN1 missense mutation, ¢.243G>C (p.E45Q) (288),

without showing during the clinical history other MEN1-related symptoms.

291
Human RGKAHAAVWNAQEAQADIAKVLELDPALAPVVSRELRALEARIRQBDEB20
Chimpanzee = RGKAHAAVWNAQEAQADHAKVLELDPALAPVVSRELRALEARIRQKDERD
Dog RGKAHAAVWNAQEAQADHAKVLELDPALAPIVSRELRALEARIRQKDEEBPD
Cow RGKAHAAVWNAQQAQDDFAKVLQLDPAMAPVVSRELRALEARIRQKDBEO
Rat RGKAHAAVWNAQEAQADKFAKVLELDPALAPVVSRELRALEARIRQBDEB20
Mouse RGKAHAAVWNAQEAQADIAKVLELDPALAPVVSRELRALETRIRQBIDEB46
E. caballus RGKAHAAVWNAQEAQA KVLELDPALAPVVSRELRALEARIRQKDEBR2D
G. gallus RGKAHAAVWNVAEAQADFAKVLALDPSLRPVVSKELRSLEARLRQKDAED
D. rerio RGKAHAAVWNEAEARADFAKVLTLDPSLEASIAKELRAMEERIREKEKBEL

*kkkk ** * k% kkkeo o ocnekkkkek kekeke % .

Figure 4.1 Alignment of human AIP amino acid sequen ce and its homologues among
vertebrates. Amino acid sequence homology demonstrates evolutionary conservation of valine
291 and surrounding amino acids in AIP from various species. The multiple sequence alignment
was performed using the ClustalW tool. *, amino acidic residues identical in all the aligned
sequences; :, conserved amino acids; ., non-conserved amino acids.

A novel nucleotide substitution in the donor splice site of intron 3 (IVS3+1G>A)
(Figure 4.2) was identified in a female diagnosed at 62 years of age affected by a
microadenoma. A malignant melanoma in her left arm had been surgically
removed. The patient presented family history for neoplasias, such as lung
carcinoma (father and brother) and breast cancer (mother). All four different
algorithms included in Alamut predicted that the IVS3+1G>A substitution is
pathogenic because it abolishes the splicing consensus (Appendix 3, Figure 3).

A novel synonymous change in exon 2, ¢.144G>A (p.T48T) (Figure 4.2), was also
detected in a patient diagnosed with acromegaly at age 74 with clinical signs of
multiple tumours (benign pancreatic cysts, papillary thyroid carcinoma, tubular
adenoma of the colon, and adrenal adenoma) and positive family history of

epithelial neoplasia.
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c.144C>T (p.T48T) c.871G>A (p.V291M) IVS3+1G>A
48 49 290 291
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Figure 4.2 Chromatograms showing the three novel AIP nucleotide changes, ¢.144C>T,
€.871G>A, and IVS3+1G>A, identified in the cohort 0 f sporadic acromegaly.

Because the bioinformatic prediction was inconclusive (Appendix 3, Figure 4) and
the patient's RNA was unavailable, a hybrid minigene was employed to test the
pathogenicity of this variant. RT-PCR analysis of mRNA expressed by the AIP
exon 2 minigene transfected into HelLa cells revealed that the splicing of the hybrid
minigene did not differ from that of the wt construct (Figure 4.3). Direct sequencing
of the RT-PCR products confirmed correct splicing of both constructs. Taken
together, these data suggest that this variant likely represents a rare neutral
polymorphism.

Wi Mut
M Vec cDNA Vec cDNA -

Figure 4.3 RT-PCR analysis of RNA derived from mini gene chimeras of AIP and COQ2
expressed in HelLa cells. M, molecular marker; Wt, wild-type construct; Mut, mutant construct; -,
negative control. For each vector, plasmid DNA has been amplified as positive control (Vec).

None of the above-reported AIP variants was detected in 250 healthy controls. An
additional AIP sequence change in the 3'UTR (c.993+70C>T) was detected in a
sporadic acromegaly patient, and in two out of 90 healthy controls (frequence:
2%), suggesting that this is another neutral polymorphism (Figure 4.4). For all the

sporadic cases carrying AIP substitutions, relatives were not available for genetic
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studies; therefore, it was not possible to perform pedigree analysis. In addition, |
could not perform LOH studies in all AIP variant carriers either because they did
not undergo surgery or because no tumour DNA was available.

AIP germline mutations were not detected in any of the FIPA families investigated.

(A) €.144C>T (p.T4ST)
M 1 2 3 CP CN
o Eg— 269 bp OUTER
— — 793 bp MUT
100 bp —— T = —— —— 125bpWT
B) ¢.871G>A (p.V291M)
M 1 2 3 CP CN
300 bp — — — 266 bp OUTER
200 bp —— T SN G — 195bp WT
T . ——— — 126 bp MUT
(©) €.993+70C>T (3°'UTR)

M 1 2 3 4 S

400bp _ 368 bp OUTER
300 bp —— T 307 bp WT
200 bp ——

®™)* c.911G>A (p.R304Q)
CP 1 2 3 4 M
OUTER 255 bp —— S . - - _ggggp
MUT 145 bp — W ' —124b§

Figure 4.4 Analysis of the AIP variants ¢.144C>T (A), ¢.871G>A (B), ¢.993+70C>T ( C), and
€.911G>A (D) in healthy controls. The Tetra-primer ARMS-PCR system was adopted for the
screening. *, for amplification problems the reaction was performed only with the outer primers and
the non-wt inner primer. M, molecular weight marker; CP, positive control; CN, negative control; 1-
5, healthy subjects.

4.1.2 Mutation analysis of the CDKN1B gene

Among the sporadic acromegaly patients, a subgroup of 38 individuals
characterized by multiple neoplasia was selected for a mutation screening in the
CDKN1B gene. A single additional tumour was detected in 24 patients, two
tumours in 11 patients, three in two patients, and four in one patient. These other
neoplasms affected different tissues: colon (22 cases, 15 with colonic polyposis,
six with tubular or villous adenoma with moderate or severe dysplasia, and one
with adenocarcinoma), thyroid (nine patients with papillary thyroid carcinoma),
adrenal glands (seven patients with adrenal lesions, all without endocrine
secretion), liver (five cases of hepatic angioma), uterus (four, fibroadenoma or

leiomyoma), intracranial nonpituitary tumours (three meningiomas), stomach (two
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patients with gastric leiomyomas), other specific hystotypes were present in single
cases (melanoma, lung cancer, breast, and gallbladder). The six AIP mutation-
negative probands of FIPA families were studied as well for CDKN1B germline
mutations.

| detected five known SNPs (Table 4.2) and two novel nucleotide substitutions
located in the 5’UTR: a ¢.-202C>T nucleotide change and a ¢.-452delCCTT 4 bp
deletion. The c¢.-202C>T and c¢.426G>A (p.T142T) variants were detected by
Tetra-primer ARMS-PCR in healthy controls with a frequency of 4.6% and 0.8%
respectively, suggesting they are neutral polymorphisms, whereas the c.-

452delCCTT variant was not found in the control population.

Nucleotide Amino acid "
change change Position dbSNP ID Reference
c.-371C>T - exon 1 (5'UTR) | rs11550615 -
C.-79T>C - exon 1 (5'UTR) | rs34330 -
C.326T>G p.V109G exon 1 rs2066827 (64;67;;359);70;73'
Cc.426G>A p.T142T exon 1 - (63;64,70;74,;264)
€.596+956C>A - exon 3 (3'UTR) rs7330 -

Table 4.2 SNPs identified in the CDKN1B gene in the 38 patients with multiple neoplasiaan d
in the six probands of FIPA families analysed.

4.1.3 AIP and CDKN1B deletion analysis

| further analysed DNA from the cohort of sporadic and familial cases for AIP
germline deletions/duplications using the MLPA technique. No evidence of large
genomic rearrangements in AIP as well as in MEN1 have been identified neither in
the sporadic nor in the familial cases. Analogously, no rearrangements within the
CDKN1B gene, evaluated both with QMPSF and LR-PCR, have been detected in
patients with multiple tumours and in the probands of FIPA families.
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4.2 Study Il

4.2.1 Patients and tumours characteristics in famil yl

The heterogeneous FIPA family identified in Padova, originating from central Italy,
is currently composed of an acromegalic male patient and his mother, affected by

a prolactinoma.

= Casel

The index case (Figure 4.5, subject 111-3) was referred to the Endocrinology Unit of
Padova in 2007 at the age of 32 years. Age at onset of the first acromegalic
features, based on patient interview, was 19 years. Mean GH plasma
concentration was 9 ug/L (seven basal determinations, normal range 0-5 ug/L),
IGF-1 1008 ug/L (normal range for sex and age 97-306 ug/L) and PRL over 1000
Mg/L (normal range 5-15 pg/L), respectively. Hypogonadotropic hypogonadism and
impaired glucose tolerance with hyper-insulinemia were also present, and two
benign colonic polyps were found by systematic endoscopy. Magnetic resonance
imaging (MRI) revealed a pituitary macroadenoma (12x10 mm). Combined
medical treatment with SAs (octreotide LAR 30 mg/month) and dopamine agonists
(cabergoline up to 2 mg/week) was started, with tumour shrinkage of about 30%
and partial biochemical control of the disease. Eight months later, he underwent
transsphenoidal surgery, with a post-operative persisting disease (GH nadir after
OGTT 3.66 ug/L, IGF-1 896 ug/L and PRL 700 pg/L, respectively) and
pharmacological treatment was re-started. A mixed GH/PRL-secreting pituitary
adenoma was confirmed by immunohistochemistry and AIP immunostaining was
moderately positive. Because partial resistance to the previous treatment was
confirmed (IGF-1 814 pg/L, PRL 128 ug/L), pegvisomant (10 mg/day sc) was
added with a rapid decrease in IGF-1 levels to 385 pg/L in one month.

= Case?2
The 64 years old mother of the index case (Figure 4.5, subject II-5) had a past
history of hyperprolactinemia with galactorrhea and menstrual irregularity at age of
30 years, successfully treated with dopamine-agonists until menopause at 53

years. In 2008, she had persisting mild asymptomatic hyperprolactinemia (PRL 50
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Mg/L) and a 3 mm pituitary microadenoma was present at MRI. Because of type 2
diabetes (HbA;C 7.2%), a 3h GH profile was performed, with mean plasma GH
0.29 + 0.14 pg/L. Plasma IGF-1 was normal for age (120 pg/L). Follow-up of the

lesion was thus proposed without treatment.
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Figure 4.5 Pedigrees structure and haplotype for fa  mily 1. Females and males are represented
respectively with circles and squares, respectively. Black shadowed boxes represent the shared at-
risk haplotype between family 1 and 2. Probands are indicated by a black arrow.

4.2.2 AIP sequencing and LOH analysis in family 1

Family 1's proband was first investigated for germline AIP mutations and a
€.910C>T transition, leading to the truncating p.R304X mutation, was identified.
LOH study confirmed the loss of the wt allele (Figure 4.6) at least from markers
D11S4076 to D11S987, covering a 6.52 Mb region which includes the MEN1 gene
(Table 4.3). Familial screening further identified the p.R304X mutation in his

affected mother and in three relatives (two females and one male, aged 58, 27 and
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31 years old, respectively) who had neither clinical, biochemical nor radiological
evidence of pituitary disease (Figure 4.5).

303 304
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Figure 4.6 Sequence chromatograms showing: A) the h  eterozygous variant ¢.910C>T
identified in the patient leukocyte DNA, B) the pre  dominant allele in tumour DNA indicating
LOH at the AIP locus, C) the normal sequence in control DNA.

Marker Ph_ysical Leukocyte | Tumour
Location (Mb) DNA DNA
D11S4191 59.75 NI NI
D11S4076 61.12 151 159 151
D11S1883 63.13 254 266 266
AFMA190YD5 66.67 271 283 283
D11S1889 67.07 376 382 382
ACRO_CHR11 28 67.21 219 229 219
D11S987 67.64 106 114 106
D11SS4113 68.52 NI NI
D11S4162 70.65 NI NI
D11S1314 72.00 NI NI

Table 4.3 LOH study of proband of family 1.  Leukocyte-derived DNA shows the two alleles of
the heterozygous markers D11S4076, D11S1883, AFMA190YD5, D11S1889, ACRO_CHR11 28,
and D11S987. In the pituitary adenoma-derived DNA one of the two alleles for each heterozygous
marker was lost. The more centromeric (D11S4191) and telomeric (D11S4113, D11S4162,
D11S1314) markers were non-informative, thus no conclusions can be drawn about their status.

4.2.3 Genotyping

Because the p.R304X mutation was identified in three apparently unrelated Italian
FIPA families (88;97;276;277), | wished to find out whether the ¢.910T mutated
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allele had a common origin or was the result of a mutational hot-spot. To address
this issue, 12 microsatellite markers around the AIP and MEN1 genes were
analysed in all consenting patients and relatives. In family 1, an at-risk haplotype
of at least 12 Mb was found to segregate in all mutation carriers. Interestingly, the
AIP p.R304X mutation carriers in family 2, but not the family 3's proband, shared
the same at-risk alleles for seven markers (Table 4.4 , Figure 4.7), strongly
arguing for a founder effect common to families 1 and 2. Because the genetic
length of the shared region is inversely proportional to the age of the founding
event, a SNP (rs4084113) located within AIP intron 3 was also genotyped. As
showed in Table 4.4, the T allele was associated with the at-risk haplotype in
families 1 and 2, whereas family 3’s proband is an homozygous carrier of the C
allele, further supporting the hypothesis of an independent mutational event

occurred in this latter family.

Marker Ph_ysical Haplotypes

Location (Mb) | Familyl Family2 Family 3
D11S41917 59.75 111 111 NE
D11S4076" 61.12 151 159 151 159
m_ 11TETRA@61.73 61.73 348 348 NE
D11S1883" 63.13 266 266 254 260
AFMA190YD5 66.67 283 283 271271
D11S2072 66.98 179 179 173173
rs4084113 67.01 T T ccC
D11S1889" 67.07 382 382 378 378
ACRO CHR11 28 67.21 219 219 229 231
D11S987" 67.64 106 106 114 114
D11SS4113" 68.52 232 222 NE
D11S4162" 70.65 265 267 265 267
D11S1314" 72.00 223 217 223 223

Table 4.4 Molecular markers on chromosome 11 and haplotype da ta in the Italian AIP
p.R304X families. For families 1 and 2 the at risk-haplotype shared by all mutation carriers is
reported and the common disease-associated haplotype is indicated by shadowed boxes. ", (85); *
allele size standardized on a known CEPH subject (1347-2); NE, not evaluated.
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Figure 4.7 Pedigree structure and haplotype for fam  ily 2. For the legend refer to Figure 4.5.

4.2.4 Characterization of AIP p.R304X mutated subjects

Bio-clinical features of AIP p.R304X patients and carriers identified in families 1, 2
and 3 were evaluated comparatively. Family 1 was heterogeneous for
somatotropinoma and prolactinoma, whereas families 2 and 3 were homogeneous
for somatotropinomas. Overall, among the 17 AIP p.R304X genetically confirmed
mutation carriers identified so far, seven had developed evidence of pituitary
adenoma (4/9 women and 3/8 men, respectively). Penetrance was calculated
either with taking into account only affected and obligate carrier subjects or
including as well half of the subjects with 50% risk to inherit the mutation (289).
Disease penetrance could currently be estimated in this cohort to 41% and 33%,

respectively. | am aware that penetrance calculation is subject to bias due to
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symptomatic patient referral and due to incomplete genealogical data as well as
variable ages of the subjects studied, but this calculation can still provide some
useful information.

A consistent variability in clinical disease expressivity was observed in the
patients, though age at first symptoms was <30 years in all cases (mean 19.1 +
6.7, range 8-30) and tended to be younger in male patients (15.0 £ 6.1 vs 22.3
6.0 in females). Accordingly, gigantism was present in two males. Most pituitary
adenomas were macroadenomas (71%), including two giant adenomas (277).
From a functional point of view, GH- and GH and PRL-secreting tumours were
present in 57% (4/7) and in 29% (2/7) of cases, respectively, and confirmed by
immunohistochemistry after surgery, the latter case being a non-operated
microprolactinoma (14%). From a therapeutic point of view, only one out of six
patients who underwent surgical treatment had a successful outcome. Noteworthy,
this patient (Figure 4.7, subject IV-6) was the third symptomatic case in a FIPA
kindred with aggressive tumours (277). Incipient gigantism could be recognized at
the age of 8 years thanks to clinical screening by auxological follow-up, a few
months before the AIP p.R304X mutation was identified in this kindred.

All patients received pharmacological therapy, and only one out of six patients
treated with SAs experienced disease control after six years of exclusive post-
operative treatment (octreotide LAR 20 mg/monthly). The remaining patients
required combined therapy with dopamine-agonists, pegvisomant and/or
radiotherapy for the control of post-operative GH/IGF-1 hypersecretion. Three
patients received radiotherapy, resulting in long-term disease control with tumour
shrinkage and progressive hypopituitarism, including GH deficit in all cases
(follow-up 12 to 13 years). Family 2's proband recently died at the age of 32 years
old from acute polmonitis; she had been suffering in the last years from severe
obesity-related respiratory insufficiency and disease-related secondary epilepsy.
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4.3 Study Il

4.3.1 miR-107 is overexpressed in GH-secreting and NFPA tumours

compared to NP

The mIiRNA expression profiles of pituitary adenomas were determined using
TLDA. Out of 738 miR genes available on the TLDA cards, 174 miRs were found
expressed in each pool, while the expression of 488 miRs could not be detected in
pituitary tissue. Examination of the expression profiles revealed that nine miRNAs
(hsa-miR-509-3-5p, hsa-miR-508-5p, hsa-miR-452, hsa-miR-330-5p, hsa-miR-
200a*, hsa-miR-503, hsa-miR-424, hsa-miR-449a, hsa-miR-199-5p) were
expressed in normal tissues but not in the adenomas, seven miRNAs (hsa-miR-
378, hsa-miR-516-3p, hsa-miR-151-3p, hsa-miR-224, hsa-miR-618, hsa-miR-455-
3p, hsa-miR-29b) were expressed in the adenomas but not in normal tissue, while
66 miRNAs were differentially expressed in adenomas and normal tissue with a
more than 2.5-fold difference. One of these miRNAs, miR-107, is known to be
associated with human cancer (290). The TLDA experiment showed a 3.1-fold
increase in the expression of miR-107 (Figure 4.8A). In validation studies using
gRT-PCR in a separate set of samples, this upregulation was confirmed: in 17
sporadic pituitary adenomas and nine NP tissue miR-107 was found to be
overexpressed 3.5£0.97 fold in NFPAs and 2.5+0.39 fold in GH-secreting
adenomas (P<0.05 for both, Figure 4.8B). These data are compatible with
previous data by Bottoni et al. (38), although no gRT-PCR validation was

performed in that study.
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Figure 4.8 miR-107 is abnormally expressed in pitui  tary tumours. The relative expression
levels of miR-107 in NP, NFPA and GH-secreting adenomas were assessed by A) TLDA in two
pools of NP and NFPA samples and B) qRT-PCR in NP (n=9), NFPA (n=10) and GH (n=7)
samples. Data are expressed as mir-107/RNUG6B ratio to NP for both assays. ", P<0.05.
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4.3.2 miR-107 suppresses cell proliferation and col  ony formation

To determine the biological functions of miR-107, | investigated its effect on cell
proliferation and colony formation in SH-SY5Y and GH3 cells. Using [°H] thymidine
incorporation | observed a significant decrease in cell growth in both cell lines at
48 and 72h after transfection with the pre-miR-107 precursor (P<0.05) (Figure
4.97).
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Figure 4.9 The effect of miR-107 on cell proliferat
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ion. A) human SH-SY5Y and B) rat GH3 cells

were transfected with pre-miR-107 and the proliferation was measured by [3H] thymidine
incorporation 48 and 72h after transfection. Data are expressed as ratio to scrambled control
transfected cells , P<0.05.

miR-107 also regulated the clonogenic capacity of SH-SY5Y, since its inhibition
increased colony formation by 2.42+0.22 fold (P<0.05; Figure 4.10A). However, |

was unable to demonstrate any appreciable effect on the clonogenicty by either

overexpressing or suppressing miR-107 in GH3 cells (Figure 4.10B).
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Figure 4.10 The effect of miR-107 on colony formati  on. A) SH-SY5Y and B) GHS3 cells were first
transfected with pre-miR-107 or anti-miR-107 for 24h. Thereafter, the cells were trypsinized and
1500 cells were seeded in normal medium. The plates were then incubated for 7 days. Quantitative
changes in clonogenicity were determined by densitometric quantification of the colony formation
density and expressed as ratio to scrambled control transfected cells. *, P<0.05.

Confirmation of miR-107 overexpression/inhibition after transfection of both GH3
and SH-SY5Y cells with pre-miR-107 precursor and anti-miR-107, was performed
by gRT-PCR (Figure 4.11).
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Figure 4.11 Validation of miR-107 overexpression/in  hibition in A) SH-SY5Y and B) GH3 cells
using a miR-107-specific TagMan MicroRNA Assay. Data are expressed as AIP/RNU6B (for
SH-SY5Y cells) or AIP/IGAPDH (for GH3 cells) ratio to scrambled control transfected cells.
P<0.05; ", P<0.0001.

4.3.3 miR-107 is predicted to bind the AIP 3'UTR at two sites

In order to identify a miR-107 putative target gene that might be involved in
pituitary adenoma development, | conducted an in silico analysis. Five out of
seven target prediction algorithms used in this study predicted miR-107 as
possibly targeting the 3'UTR of human AIP. A 7mer-Al site [for the definition of the
different types of target sites, see (31)] located 38-44 bp downstream of the stop
codon of AIP (site 1) was predicted by the TargetScan, FindTar and PITA
programs, while a 6mer site at position 65-70 bp (site 2) was predicted by the
MicroCosm, MicroTar, FindTar and PITA programs (Figure 4.12 and Appendix,

Figure ). Site 2 is predicted to have better accessibility than site 1.
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miR-107 3'ACTATCGGGACATGACGACA5'3'ACTATCGGGACATGTACGACES'
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AIP3UTR 5..TGCCTTACCTGCCAAGCCCACTGCTBAGCTGCCAGCCCCCCTGCCCGTBENGATGCT...3'

Figure 4.12 Graphic representation of the two predi  cted miR-107 target sites in  AIP 3'UTR.
The localisation of the seed regions is reported. The underlined sequences represent the four
deleted nucleotides in MUT1 and MUT2 AIP 3'UTR plasmids.

4.3.4 miR-107 represses AIP through binding at site 2

In order to experimentally verify the in silico predicted interaction between miR-107
and AIP, | cloned the human wt AIP 3'UTR into a pGL3 reporter vector,
downstream to the coding sequence of Firefly luciferase. In this way, the total
luciferase output of the AIP 3'UTR-Firefly luciferase hybrid transcript depends on
the effect of the AIP 3'UTR. As shown in Figure 4.13A, the construct containing
the wt AIP 3'UTR reduced luciferase expression to 14+1% of the empty vector
(P<0.05). I next assessed if miR-107 in vitro binding to the 3'UTR of AIP reduces
luciferase activity. When the pre-miR-107 precursor was transfected into GH3 cells
along with the wt AIP-3'UTR, a 50% reduction of luciferase activity was observed
compared to the control scrambled miRNA (Figure 4.13C). The choice of GH3
cells as reporter cells was based on the finding that they express relatively low
levels of endogenous miR-107. To confirm that the decreased luciferase activity
was really caused by miR-107 interaction with the cloned fragment, and not by
non-specific binding with the backbone sequence of the pGL3 reporter vector, |
compared the effect exerted by the pre-miR-107 precursor and the scrambled
mMIiRNA on the empty pGL3 vector. As shown in Figure 4.13B, miR-107 did not
change the luciferase activity of the empty vector compared to the scrambled
mMiRNA control. Subsequently, | investigated whether one or both predicted target
sites (site 1 and site 2) were functional. For this purpose, two deletion mutants

targeting the two putative binding sites were generated. | hereafter refer to them
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as MUT1 for the mutated binding site 1, MUT2 for site 2, and MUT1+2 for the
sequence carrying both mutations. The luciferase assay demonstrated that miR-
107 still inhibits luciferase activity at comparable levels after mutation of site 1,

while it loses the inhibitory effect on luciferase activity with MUT2 (Figure 4.13C).
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Figure 4.13 miR-107 interacts in vitro with AIP. The full-length AIP 3'UTR segment harbouring
the target sites for miR-107 was cloned into the pGL3 Control Vector. A) the wt AIP 3'UTR
significantly reduces luciferase activity compared to the insertion-less reporter vector. B) miR-107
does not interact with the backbone vector sequence. C) miR-107 mediates AIP repression via
binding at predicted site 2. The results are shown as a relative change of the miR-107 + pGL3-AIP
WT and mutated AIP Firefly/Renilla activity ratios with respect to that of the scrambled control
transfected cells. *, P<0.05; , P<0.0001.

To verify the reliability of the assay | included in each experiment a reporter vector
containing the 3'UTR of the NFI-A gene (Figure 4.14), which had previously been
demonstrated to be targeted by miR-107 using the same technique (291).
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Figure 4.14 miRNA reporter assay of NFI-A-miR-107 interaction. The NFI-A 3'UTR segment
harboring the target site for miR-107 was cloned into the pGL3 Control Vector (291). , P<0.0001.
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4.3.5 Regulation of endogenous AIP expression by mi  R-107

It is accepted that miRNAs are able to downregulate mRNA and/or the protein
levels of target genes (27). Therefore, to further characterize the interaction
between miR-107 and AIP, | measured mRNA and protein levels of endogenous
AIP after miR-107 overexpression in human SH-SY5Y and rat GH3 cells. These
cell lines were chosen since previous studies had demonstrated relatively high
expression levels of AIP in them (87;201). The GH3 cell line was investigated
because it represents the most relevant available model for GH- and PRL-
secreting adenomas, the diseases caused by inactivating mutations in the AIP
gene. However, it should be noted that miR-107 was not predicted to bind the rat
AIP 3'UTR by any of the predictions tools used in this study.

As shown in Figure 4.15A, miR-107 overexpression, but not the scrambled
mMiRNA, caused endogenous human AIP expression to decrease both at the
MRNA and protein level in SH-SY5Y cells. The decrease of AIP protein expression
was already detectable at 24h post-transfection and became more pronounced at
48h, reaching statistical significance (P<0.0001). At the mRNA level, miR-107
decreased AIP expression to 53+2% of the scrambled miRNA control (P<0.05). On
the contrary, transient transfection of pre-miR-107 precursor triggered only a
negligible change in AIP expression at either the mRNA or protein level in GH3
cells (Figure 4.15B), supporting the bioinformatic prediction suggesting there were
no target sites in the rat AIP 3'UTR.
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Figure 4.15 Effect of miR-107 on endogenous AIP mRN A and protein expression in A) SH-
SY5Y and B) GH3 cells. Data are expressed as AIP/GAPDH ratio to scrambled control transfected
cells. , P<0.05; , P<0.0001.

| also demonstrated the reliability of GAPDH as an endogenous control since its

levels were proven to be unaffected by miR-107 in both human and rat cell lines

(Figure 4.16). This result confirms the in silico predicted absence of miR-107

target sites on the GAPDH gene, in agreement with a previous study (292).
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To verify whether AIP can counteract miR-107 repression via a negative feedback
mechanism, | compared miR-107 expression levels in untransfected and AIP-
overexpressing GH3 cells. | did not see any significant difference between the two

conditions (Figure 4.17).
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Figure 4.17 miR-107 expression levels in untransfec ted and AIP-WT-overexpressing GH3
cells (87) measured by a miR-107-specific TagMan Mi  croRNA Assay. Data are expressed as
mir-107/GAPDH ratio to untransfected cells.
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4.4 Study IV

The mRNA expression of 23 GH-secreting tumours and 11 normal pituitaries was
evaluated by qRT-PCR. AHRR mRNA levels were found significantly higher in
somatotropinomas, ranging from 0.09 to 66.21 (mean 7.71 + 3.04), than in normal
pituitaries, ranging from 0.27 to 4.38 (mean 1.00 = 0.37) (P=0.003) (Table 4.5,
Figure 4.18A).

Sample AHRR Age Sex Adenoma Sample AHRR
expression | (year) size expression

1 0.09 39 F Macro NPit1 0.27
2 0.31 27 M Macro NPit2 0.28
3 0.49 55 F Macro NPit3 0.42
4 0.68 59 F Macro NPit4 0.42
5 0.94 76 F NA NPit5 0.53
6 1.16 32 M NA NPit6 0.54
7 1.19 33 F NA NPit7 0.55
8 1.29 34 M Macro NPit8 0.55
9 1.67 43 F Macro NPit9 1.03
10 1.76 65 F Macro NPit10 2.03
11 1.97 45 F NA NPit11 4.38
12 2.41 52 F NA

13 3.32 43 F Macro

14 4.30 42 F Macro

15 4.72 56 F Macro

16 5.09 53 F Micro

17 5.51 36 F Macro

18 8.02 39 M Macro

19 9.18 44 F Macro

20 10.92 43 F Macro

21 13.29 57 F Micro

22 32.92 50 M Macro

23 66.21 26 M Macro

Table 4.5 AHRR mRNA expression levels in the somato tropinoma and normal pituitary
samples analysed. Age, sex and adenoma size of each sample are reported. Npit, normal
pituitary; macro/micro, macroadenoma/microadenoma; NA, not available.

Among the GH-secreting tumours, five samples showed very high AHRR
expression levels (selected as displaying AHRR expression levels at least 2X
higher than the normal pituitary sample with the highest AHRR expression),
ranging from 9.18 to 66.21 (mean 26.51 + 10.81), compared to the remaining 18
(P<0.0001) (Figure 4.18B). No significant differences in age, sex or tumour size

were found between the two somatotropinomas subgroups.
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Interestingly, if | excluded the five AHRR overexpressing adenomas from the
analysis, the difference between the GH-secreting tumours and the normal

pituitaries was still significant (P=0.02).
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Figure 4.18 A) Boxplot representation showing the m inimum, maximum, median, average
and the 1st and 3rd quartile values for both groups . B) Data distribution within each group.
AHRR+: five somatotropinomas overexpressing AHRR.
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5 Discussion

5.1 Study |

In this study | determined the prevalence of AIP and CDKN1B
mutations/rearrangements in a homogeneous cohort of Italian patients with either
sporadic acromegaly or FIPA.

| detected three presumably pathogenic AIP mutations in four apparently sporadic
cases (3.1%), confirming the prevalence data reported in other cohorts
(71;87;94;99;225-228;230). The age at diagnosis in AIP-mutated subjects ranged
from 30 to 67 years and is relatively high compared with those reported in other
nonselected cohorts of sporadic acromegaly patients. According to previous data
(293), this might be a consequence of the nature of the mutations: missense, with
possibly a reduced pathogenicity in three out of four cases in this work, versus
nonsense, frameshift or affecting splice sites, hence with a strong effect on AIP
function, in other series (71;94;225;226;228). The majority of apparently sporadic
AlIP-mutated acromegaly patients reported so far (71;87;94;99;225-228;230) were
diagnosed at an age younger than 40 years (14 out of 16, excluding the sporadic
acromegaly patients from Finland known to harbour a founder mutation).
Therefore, although an age at diagnosis <40 may be considered a good selection
criteria for AIP screening in apparently sporadic acromegaly patients, it must be
considered that about 10% of patients, carrying milder AIP mutations, would be
missed with such inclusion criteria.

| detected the c.911G>A (p.R304Q) missense mutation in two sporadic patients
diagnosed with acromegaly at 67 and 38 years of age. The R304Q locus is part of
a CpG island mutational hot-spot. This amino acid change is relatively
conservative changing a longer side chain positively charged amino acid to a
slightly shorter, uncharged, hydrophilic residue in the a-7 helix. The amino acid is
conserved in mammals, but not in lower species, where it is usually replaced by
another basic amino acid, lysine. Notably, this variant has never been detected in
control populations in different studies [(87;94,;228), this study]. Even if in silico
(Appendix 3, Figure 1) and in vitro data (96) suggests this variant as being non-
deleterious, the pathogenic role of R304Q is supported by the fact that it has been
identified in several independent FIPA families as well as in sporadic patients
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(87;94,96;201;228). Clearly further data are needed to understand the real role of
this variant.

The identification of the novel missense p.V291M variant is of great interest. This
change affects a very well conserved residue located in the third TPR maotif (Figure
4.1), which mediates the interaction of AIP with several proteins. It is thus likely
that this variant might interfere with AIP function. In addition, it was not detected in
the control population. However, it should be stated that LOH study on tumour
DNA excluded the loss of the wt allele. Only functional studies could thus establish
the real role of this variant. Interestingly, the patient harbouring this substitution,
presented also the already described MEN1 p.E45Q mutation (288), suggesting
that this might be a compound heterozygote. The patient was not diagnosed with a
severe phenotype and she did not present any symptom of MEN1, beside the
pituitary tumour. The reason of a mild phenotype may be due to different reasons.
MEN1 and AIP mutations exhibit both a reduced penetrance (about 30-40% for
pituitary tumours in both cases (224;294)), so | cannot exclude that only one of
them is fully penetrant. Although it is apparently a rare event, other cases in which
MEN1 germline mutations are associated with mutations in a second TSG in the
same patient have been described (295;296). In those cases, the coexistence of
BRCA1/BRCA2 mutations in MEN1-mutated patients did not lead to a more
severe clinical phenotype as is observed in some oligogenic disorders such as
Kallmann syndrome (involving FGFR1 and NELF genes) or normosmic idiopathic
hypogonadotropic hypogonadism (involving FGFR1 and GNRHR genes) (297). On
the other hand, a high phenotypic variability could be observed in patients with
multiple mutations affecting the same TSGs: simultaneous deletion of BMPR1a
and PTEN may be associated with severe polyposis in some patients (298), but
not in others (299). Neither information on relatives’ health condition nor on the
segregation of AIP/MEN1 variants in the patient’s family were available; therefore,
functional studies are mandatory to understand the possible combined effects of
MEN1 and AIP mutations in determining the pituitary phenotype.

Regarding the novel silent substitution ¢.144C>T (p.T48T), albeit in principle |
cannot exclude an effect on other cellular processes besides splicing of exon 2,
the functional study (Figure 4.3) strongly suggests that this variant should be

considered a rare polymorphism.
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A novel nucleotide substitution in the donor splice site of intron 3 (IVS3+1G>A)
was identified in a 62 years old patient affected by a GH-secreting microadenoma.
The in silico analysis predicted this variant as being pathogenic because it
abolishes the splicing consensus. This nucleotide change can lead to either
retention of intron 3 or to skipping of exon 3. In the first case, the presence of
intron 3 after the splice site generates a frameshift and the consequent
introduction of a premature stop-codon, which results in a truncated protein or in
an unstable RNA transcript. In the other scenario, the lack of exon 3 will not alter
the reading frame since that exon is a multiple of three nucleotides in lenght, but it
will cause the loss of a critical group of amino acids involved in the interaction of
AIP with other proteins. Since this variant has been detected in a sporadic patient,
the latter outcome is the most likely because the protein, even if not complete, is
still present. In order to establish the real impact of the variant on the splicing
mechanism, a minigene study similar to that employed to study the p.T48T variant
will be performed in the laboratory of Adrenal and Pituitary Physiopathology of the
University of Padova.

Although the conventional approach of direct sequencing of germline DNA
identified the vast majority of AIP mutations, five out of 56 investigated FIPA
families who had tested negative for AIP point mutations harboured large genomic
deletions probably due to Alu-mediated recombination (95;96). Thus, in order to
study in a more complete manner the AIP gene, | employed the MLPA technique
to identify possible rearrangements. | did not detect gross AIP rearrangements in
the cohort, confirming that these are relatively rare events in familial cases and are
even more uncommon in sporadic acromegaly patients (only one in 245 patients
analysed so far) [(95;96), this study]. Therefore, this type of mutational event
should be only marginally considered for molecular analysis in sporadic cases.

Six FIPA families either homogeneous for prolactinomas or heterogeneous with
PRL-secreting/NFPA tumours were also evaluated for AIP germline
mutations/rearrangements without finding any causative nucleotide change. Thus,
in accordance with prevalence data reported previously (88), among the seven
FIPA families collected at the Endocrinology Division of Padova
Hospital/University (one heterogeneous with PRL- and GH-secreting tumours is
described in Study Il) AIP mutations have been detected in a single kindred. This

data further support the observation that AIP mutations play a primary role almost
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exclusively in families with at least one member affected with somatotropinoma
(293).

So far, only few CDKN1B-mutated MEN4 patients have been detected, thus a
genotype—phenotype correlation is not univocally established. Although the
frequency of pituitary tumours did not differ significantly from that described in
MEN1-mutated patients (37.5% vs 42%) (71), among the few CDKN1B-mutated
subjects with a pituitary adenoma, a higher prevalence of acromegalic patients
was observed (67% vs 10%) (294). Although in vitro and in vivo studies clearly
support a role for the GH/IGF-1 axis in tumour development, as a consequence of
the mitogenic and anti-apoptotic actions it exerted in many tissues (300), the
existence of genetic and epigenetic factors predisposing to the development of
both GH-secreting tumours and different cancers was recently proposed (301).
Using the Swedish Family-Cancer database to analyse familial risk for pituitary
adenomas and associated tumours, Hemminki et al. (301) demonstrated a
significant association between GH-secreting pituitary adenomas and the
presence of different tumour types in first and second degree relatives and in the
acromegaly patients themselves. Based on the role of p27K*! loss in several
human malignancies (258) and the increased risk of developing extrapituitary
tumours in patients with acromegaly (300), | hypothesized that CDKN1B mutations
could represent the common unifying nonendocrine etiology for acromegaly and
cancer.

No known mutations were found in CDKN1B. | detected the silent c.426G>A
(p.T142T) substitution in a 55-year-old patient affected by thyroid carcinoma,
adrenal, and colon adenomas. This variant was already described in a MEN1-like
patient with tumours of both the parathyroids and pituitary gland, renal
angiomyolipoma, and thyroid tumour (70), in a subject with secondary
hyperparathyroidism (74), in one sporadic acromegaly patient (64) and also in one
case of breast carcinoma (264). Based on such observations, it was proposed that
p.T142T might be a rare hyperparathyroidism-predisposing allele (74). In the
present study, | detected the p.T142T allele, albeit with a low frequency (0.8%), in
the control population. Based on this and the in silico data that excludes its
possible effect on splicing (64), it is very likely that it represents a neutral

polymorphism. A case—control association study on c.426G>A, as well as
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functional studies, are mandatory to better understand the role of this variant in
predisposing subjects to multiple cancers.

The identification of the novel c¢.-452delCCTT variant is of great interest. Indeed, it
is located in a region that has been demonstrated to possess sequences which
regulate the translation of p27""* (302). To determine if this variant negatively
affects p27P* expression levels, functional studies are now in progress in the
laboratory of Adrenal and Pituitary Physiopathology of the University of Padova.
The presence of gross deletions/duplications in the CDKN1B gene was also
excluded in both the sporadic and familial cases by the homemade QMPSF assay
and by LR-PCR. It should be noted that this kind of analysis for the CDKN1B gene
is here reported for the first time.

The absence of either germline or somatic mutations in CDKN1B observed in
sporadic GH-secreting pituitary tumours [(64;271;274), this study] suggests that
their contribution to tumour pathogenesis is probably limited. However, there is
considerable evidence that during the progression from normal to neoplastic
pituitary, p27""* levels are decreased as a probable consequence of an impaired
translational and/or post-translational mechanisms (66).

In conclusion, AIP germline mutations play a minor role in sporadic acromegaly
patients, as well as in FIPA families without any evidence of acromegaly. In
addition, mutations in CDKN1B are unlikely the genetic cause predisposing to the

higher extrapituitary cancer risk observed in patients with acromegaly.
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5.2 Study I

In the present study, genetic and bio-clinical features of a novel Italian FIPA family
carrying an AIP p.R304X mutation have been described and compared with the
two AIP p.R304X unrelated Italian kindreds previously reported (85;88;276;277).
The p.R304X mutation leads to the premature termination of translation resulting
in a loss of 26 amino acids at the end of the a-7 helix and consequent impairment
of protein-protein interactions. In particular, integrity of the a-7 helix is essential for
AIP to stabilise the AhR in a multimeric cytoplasmic complex (123;303) and,
though AIP is generally expressed in R304X pituitary adenomas (87;145), AhR is
destabilised in the corresponding tumours (145). Indeed, in agreement with LOH in
11913 in most AlP-mutated pituitary adenomas (85;87;94;225;226), and as further
demonstrated in this study, only the truncated R304X protein is expressed at a
somatic level (145).

Together with the Finnish founder mutation AIP p.Q14X which, similarly to other
disorders, is likely to reflect a founder effect in this population (85;304), the R304X
currently represents the most frequently reported AIP mutation in FIPA. Yet, it has
been reported in nine European FIPA kindreds (85;87;88;96;100), including two
unrelated Italian families (85;88), as well as in two young patients with apparently
sporadic acromegaly from France (228) and India (100). Thus, the family reported
in this study is the third apparently unrelated Italian AIP p.R304X kindred, and a
collaborative study was thought in order to look for a potential common ancestor.
Data obtained on haplotyping around the AIP gene revealed that the two kindreds,
who probably originated from the same region of central Italy (the oldest male
subject in family 2 was adopted in this region), shared about 6 Mb on chromosome
11qg (Table 4.4), supporting the presence of a founder effect in this region —
namely Lazio -. Conversely, the nucleotide substitution observed in family 3 could
be ascribed to an independent mutational event.

Because AIP p.R304Q mutations have also been described in three sporadic
patients with acromegaly (94;201;228), one with Cushing’s disease (94), and in
two FIPA families (87;96), originating from at least four different countries, the
presence of a mutational hot-spot at codon 304 is likely. From a genetic point of
view, this could be related to the presence of two CpG dinucleotides located within

a CG-rich region. Indeed, DNA methylation of intragenic CpGs followed by
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deamination of 5-methylcytosine to thymine, is the most frequent cause of point
mutations in humans, accounting for about 20% of all base substitutions causing
genetic diseases (305). Of note, a second mutational hot spot, AIP p.R271W, has
been recently identified in five FIPA kindreds (88;233). Because of the small size
of FIPA families and the number of AIP mutations reported so far, potential
genotype-phenotype correlations have been rarely addressed (102;233;293). In
this study the clinical presentation of seven AIP p.R304X patients have been
compared and the penetrance of the disease has been evaluated among R304X
carriers according to familial screening. Depending on the type of calculation used,
the penetrance of pituitary adenomas in R304X carriers observed in the three
families was either slightly higher or the same as that reported by Naves et al.
(102) in a large Brazilian family carrying the AIP p.E174fsX47 mutation (41 or 33%
vs 33%, respectively). Actually, these values might be underrated since one
healthy carrier is younger than 30 years of age (the age at first symptoms in the
oldest affected patient) and therefore could theoretically develop a pituitary
tumour. Taking into account data reported on R304X obligated mutation carriers
[(87;96;100), this study], up to 35 out of 86 carriers identified so far have
developed clinical evidence of pituitary adenomas (41%). However, there is an
ascertainment bias for the presentation of affected subjects; thus, the true
penetrance is probably lower than that predicted from the available data. In any
case, further studies both in high-risk families and in a general population are
mandatory for a more reliable penetrance estimation.

Differences in AlP-related disease penetrance or expressivity may in part depend
on the functional consequences of the mutation itself (i.e. localisation and type of
missense mutation, length of the truncated protein). Interestingly, significant
phenotypic variability could be observed even among AIP p.R304X kindreds, as
illustrated herein by the severe phenotype observed in family 2 as compared to
family 1, despite a common genetic background was assessed by haplotyping.
Intrafamilial variability can also be present, with an heterogeneous FIPA pattern
observed in family 1 and in two previously reported kindreds (87), and an
homogeneous pattern for somatotropinomas in families 2 and 3, respectively.
Disease variability points out the role of additional factors, such as environmental
factors or genetic modifiers, in determining the clinical phenotype (306). However,
all AIP p.R304X patients reported so far [(85;87;88;96;100;228;276;277), this
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study] had GH and/or PRL-secreting adenomas, with a large predominance of
somatotropinomas and a young age at disease onset (46.7% and 93.3% under 20
and 30 years old, respectively, vs 6.7% over 40 years old). Although the frequent
male predominance reported in patients with AIP mutations has not been
observed in AIP p.R304X patients taken as a whole [16 males/17 females vs 41
males/16 females as reported in (293)], the mean age at diagnosis tends to be
lower in males (17.4 = 6.1 vs 24.9 + 7.4 years old in female patients, P=0.10).
Accordingly, gigantism is rare in females (87). It is remarkable that, in the present
series, only the young boy diagnosed with pre-pubertal incipient gigantism could
be successfully operated by transsphenoidal surgery. This strongly supports early
genetic testing in these kindreds (224), as already proposed for MEN1, where
pituitary evaluation is advised since early childhood (307).

Another important point is the potential resistance to pharmacological therapy. In
fact, somatotropinoma resistance to SAs, has already been reported in
acromegalic patients carrying different AIP mutations (225), suggesting that an
altered AIP function and/or expression might in some way influence somatostatin
receptor signalling.

In conclusion, while further supporting the presence of a mutational hot-spot at AIP
codon 304, my data also provide the first genetic evidence for a founder effect of
the AIP p.R304X mutation in a region of central Italy [a second founder effect for
this mutation has been very recently described also in four families originating
from Northern Ireland (100)]. In order to further define its magnitude and favour
precocious diagnosis in potentially affected carriers, | suggest that special
attention should be paid to young acromegalics in this region. The potential
severity and common pharmacological resistance of R304X-related

somatotropinomas further supports AIP mutational screening in such patients.
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5.3 Study Il
The main focus of this study is the evaluation of the involvement of miR-107 in the

pathogenesis of pituitary tumours and its interaction with AIP. miR-107 is a
member of the miR-15/107 gene superfamily and has known association with
human cancer (290). Members of this family have previously been found to be
altered in pituitary adenomas (36-38), suggesting they may play a role in the
pathogenesis of pituitary tumours. The expression of miR-107 has been observed
in many mammalian tissues, with the highest concentration found in the brain
(308;309), and miR-107 has also been found to be overexpressed in several
tumour types (33;310;311). In this study | showed, using miR array and gRT-PCR
on normal human pituitaries and pituitary adenomas, that miR-107 is significantly
upregulated in both sporadic GH-secreting pituitary adenomas and NFPAs,
compared to normal pituitary tissues. In addition, | showed that miR-107 regulates
the expression of the pituitary TSG AIP.

The biological functions exerted by miR-107 have only recently started to be
unraveled. miR-107 is a conserved miRNA located within an intron of the gene
encoding the pantothenate kinase enzyme 1 (PANK1), an enzyme involved in the
regulation of cellular Co-enzyme A (CoA) levels. Although miR-107 was predicted
to act synergistically with the PANK1 gene in pathways involving acetyl-CoA and
lipid levels (312), miR-107 and PANK1 expression have been experimentally
proven to be uncorrelated (308;313). The reason for this discrepancy may be due
to the fact that miR-107 is transcribed independently from the host mRNA, since it
has been demonstrated to possess its own promoter within the intron of the
PANK1 gene (28;314). Experimental evidence supports a role for miR-107 in cell
cycle arrest and growth suppression in lung and pancreatic cancers (309;311). Its
involvement in the attenuation of tumour progression was also demonstrated to
occur in colon cancer through a mechanism related to angiogenesis (292). In
contrast, in breast and gastric cancer cells, high levels of miR-107 have been
shown to promote invasivness and metastatic dissemination (310;315). Thus, it is
apparent that miR-107 can act as a TSG or as an oncogene depending on the cell
type, similarly to other miRNAs (316-319). In the present study | showed that miR-
107 decreases both cell proliferation and colony formation efficiency in human SH-
SY5Y cells. The inhibitory effect exerted by miR-107 is limited to cell growth in the
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rat GH3 cell line. These results clearly demonstrate that miR-107 behaves as a
TSG in neuroblastoma and pituitary adenoma cell lines.

Several direct miR-107 target genes have been identified and experimentally
confirmed in various studies, including NFI-A, BACE1, ARNT, PLAG1, CDKB6,
RBL2, GRN, INSIG1, PPIB and Dicer (291;292;310;320-325). | decided to identify
potential miR-107 target genes that could be involved in pituitary adenoma
pathogenesis using various in silico software programs. Several bioinformatic
algorithms have been developed so far to predict transcripts targeted by miRNAs
(30;31;282-287). They are generally based on the assumption that the “seed”
region of the miRNA forms perfect Watson—Crick pairing with the target sites, and
is usually conserved between species. However, there is considerable evidence
suggesting that the miIRNA-mRNA interaction is much more complicated than
simple base pairing. The secondary structure, as well as the whole 3'UTR
sequence, may indeed contribute to miRNA function (285;326;327). For instance,
the presence of RNA-binding proteins in the 3'UTR could physically prevent the
interaction of mMiRNAs with nearby target sites (328). At present, each algorithm
has a high false positive rate, and there are differences in these algorithms that
often lead to variable predictions. These considerations imply the need to combine
and weigh the information gathered from different in silico prediction programs in
order to obtain confident predictions and underscore the limits of pure in silico
approaches alone, which therefore require experimental validation.

Bearing this in mind, | ran several prediction programs. Combining all the outputs,
two predicted target sites were repeatedly detected in the 3'UTR of AIP.
Interestingly, both miR-107 and AIP have previously been demonstrated to
regulate ARNT levels, a molecule which participates in one of the AlP-related
pathways potentially involved in pituitary tumorigenesis (161;292). To determine
whether miR-107 binds in vitro to AIP, | fused the entire human AIP 3'UTR
containing the predicted miR-107 target sites to a luciferase reporter plasmid. As
shown in Figure 4.13A, the luciferase activity of the hybrid transcript was markedly
lower as compared with the luciferase vector without the insert. The 3'UTR of AIP
could be thus considered a potent regulator of gene expression. The luciferase
assay was then performed with different AIP 3'UTR mutants for the two putative
miR-107 binding sites. These data suggest that only site 2 is responsible for miR-

107-mediated AIP repression. This result indicates that binding site 1 has a lower
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miR-binding ability under experimental conditions, probably because of a poor site
accessibility that impedes the miRNA-mRNA duplex formation. Furthermore, if |
applied the most stringent criteria for miR-binding predictions (30), only one
program out of seven would predict site 1.

Site 2 is a non-conserved site, meaning that its sequence is not preserved across
species. It is generally believed that 3'UTRs are under evolutionary pressure to
maintain miRNA interactions, thus conservation is usually interpreted as an
indication of functional or highly effective sites, whereas targets that do not
possess evolutionary conserved complementarity to their counterparts may
constitute either biologically important but species-specific targets or non-
functional targets (329). Although proven to be functional, the non-conservation of
site 2 may indicate that miR-107 is not the major determinant of the regulation of
AIP expression. According to the classification made by Ye et al. (30), the miR-
107-AlP duplex forming at site 2 possesses a type | decenter loop, which was
shown to decrease the repressive efficiency of miRNAs. It is thus likely that miR-
107 can act cooperatively with other negative and positive regulators to fine-tuning
global AIP expression. Whatever the precise mechanism, | demonstrated that
miR-107 overexpression alone is sufficient to significantly inhibit endogenous AIP
MRNA and protein levels in human, but not in rat, cell lines (Figure 4.15). Taken
together, these results suggest that the endogenous miR-107 can bind to the
3'UTR of the human AIP mRNA and inhibit protein synthesis by RNA degradation.
Since miR-107 was found to be upregulated in sporadic pituitary adenomas and
shown to negatively regulate AIP expression, one would expect to find low AIP
levels in such tumours. Low AIP expression was indeed observed in a subgroup of
GH-secreting adenomas characterized by aggressive features (145;242), whereas
high AIP expression was described in NFPAs (87;145;242), which are adenomas
arising from a cell type normally not expressing AIP (87). | speculated that miR-
107 overexpression might be due to an AlP-induced negative feedback
mechanism on miR-107 expression, but this was shown not to be the case (Figure
4.17). In addition, the finding that both miR-107 and AIP are overexpressed in
NFPAs corresponds with a previous observation made in pancreatic tumours that
the predicted target genes of miR-107 are overexpressed more frequently than
expected (311). An explanation for the elevated concomitant miR-107 and AIP

levels could lie in other positive regulators of AIP which may provide a
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compensatory mechanism able to restore AIP levels. In addition, the presence of
potential competing binding sites for miR-107 on other mRNAs could contribute to
our findings (330). Another plausible explanation is that the upregulation of miR-
107 seen in sporadic pituitary adenomas (2/3-fold higher levels than that present
in normal pituitary tissues) is not sufficient to suppress AIP expression as
demonstrated by artificially overexpressing miR-107 in SH-SY5Y cells (8000-fold
rise compared to untransfected cells) (Figure 4.11). Taking all these data together,
| believe that AIP is differentially regulated in various pituitary cell types, as
supported by 1) the different expression in normal pituitary cells (87); 2) the clinical
data from AIP mutant patients having primarily somatotroph adenomas (224;331);
3) the aberrant emergence of AIP expression in sporadic non-GH/PRL adenomas
(87); and 4) the aberrant subcellular localisation of AIP in sporadic non-GH-
secreting adenomas (87;145). My data on miR-107 inhibiting AIP expression could
play a role in aggressive somatotroph adenomas, a cell type where AIP is
physiologically expressed, and therefore sensitive to normal regulators, while miR-
107’s effect may not be able to act on the abberantly expressed AIP in NFPASs.

In conclusion, miR-107 is overexpressed in pituitary adenomas and may act as a
TSG. | have identified and experimentally validated AIP as an miR-107 target
gene, and suggest that both AIP and miR-107 interact and may play roles in

pituitary adenoma pathogenesis.
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5.4 Study IV

In the present study | identified an increased expression of AHRR mRNA in
somatotropinomas compared to normal pituitaries, with these levels particularly
high in about 25% of cases (Figure 4.18). The biological functions of AHRR are
not well understood, but recent findings suggest that AHRR is involved in the
regulation of cell growth: AHRR overexpression inhibits in vitro the growth of
human tumour cells (332-334), whereas knockdown of AHRR enhances cell
growth and confers resistance to apoptosis (335). Consistent with this, the AHRR
gene, which in humans maps to the short arm of chromosome 5 (5p15), has been
found to be silenced by hypermethylation in a variety of human cancers (335).
Absence of AHRR eliminates competition for binding to ARNT and AHRES, which
results in an imbalance between positive and negative transactivation signals,
thereby causing the induction of a series of genes related to tumorigenesis and
cancer progression (335). Based on these and other findings, AHRR has been
proposed to function as a TSG in cancers from different tissue origins (335;336).

An explanation for the observed overexpression of AHRR in GH-secreting
adenomas is not immediately clear but the involvement of AHRR in the cellular
senescence pathway may be proposed. This process presents a barrier for the
development of true malignancies through the inhibition of cell cycle progression
(48). Interestingly, AHRR overexpression has been shown to slow tumour growth
by disturbing the transcriptional and/or post-translational regulation of cell cycle-
related genes (332). In addition, some evidences point out the involvement of the
AHRR target, AhR, in the inhibition of senescence (47). Cellular senescence is
also known to occur in pituitary adenoma cells as a mechanism to escape from the
deleterious consequences that the proliferative pressure of oncogenes, hormones
and transformation factors could exert on their crucial control of homeostasis (48).
Studies on the expression of a senescence marker (i.e. B-galactosidase), as well
as of AHRR protein levels in the tumours examined, integrated by functional
studies, such as AHRR overexpression/knockdown in GH3 cells, are mandatory to

support this hypothesis and shed light on the AHRR pathway.
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Appendix 1

germline CDKN1B (p27""') mutations
. NA, not available.

Table 1 Summary of studies regarding screening for
since its identification as a MEN predisposing gene

Father with
acromegaly (NA);
one mutation-
positive sister with
renal
’ angiomyolipoma
1 family with GH-secreting (55); the sister’s
1 MEN1 - €.G692A No "’?demma (30), son with testicular (62)
(p-W76X) primary HPT (46)
syndrome (familial) cancer (28), but
unknown mutation
status; two
asymptomatic
mutation-positive
relatives (sister and
niece)
- Small-cell
84:19 famllla_l 72:50 neuroendocrine
acromegaly/pit sporadic cervical
uitary ¢.59_77dup ;
adenoma acromegaly 19 Ye_s carcinoma (4_5),
106 cases, 22 (cervical ACTH-secreting - (64)
cases, 15 - (p.P26fsX1 h
familial sporadic 03) carcinoma) adenoma (45)_,
suspected suspected hyperparathyroidism
MEN1 cases MENL1 cases 47) (appa_rently
sporadic)
18: 11 familial
cases with
MEN?1 variant
(defined as
pituitary
tumour and
parathyroid
tumour
without
pancreas
involvement), 16 spora_dlc None
34 5 cases with detected - - - (70)
cases MEN?1 variant
diagnosed
with FIPA, 2
cases
diagnosed
with familial
hyperparathyr
oidism and
renal
angiomyolipo
ma
27 cases with
sporadic None
27 - pancreatic - - - (73)
endocrine detected
tumours
35 cases with
chronic
kidney
disease and
35 - refractory dé\:gcr:]tee d - - - (74)
secondary or
tertiary
hyperparathyr
oidism
69 16 familial 53 sporadic None 3 3 ) (69)
MEN1 cases MEN1 cases detected
21 3 familial 18 sporadic None 3 3 ) 67)
MEN1 cases MEN1 cases detected
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Primary

35% sporadic - Two asymptomatic
MENL1 cases, hy?f ;Bﬁ:ﬁhwr((gf;sm mutation-positive
0 i - '
11% _sporadlc c.-7G>C No bilateral adrenal da_ughters
primary _functioni (one with stomach
hyperparathyr non-functioning mass problems)
o (63), uterine fibroids
oidism cases, Primary
0 .
7% familial 8% rﬂlrﬂggland hyperparathyroidism
MENL1 cases, h F()er ara);h . (2 tumours) (50),
17% familial o?/dpisn? caseg c.283C>T NA Zollinger-Ellison NA
primary 7% ' (p.P95S) syndrome (50),
196 hyperparathyr duodenal and (63)
oidism cases; hype_rpargthyr pancreatic
o oidism-jaw
4% FIPA t masses (50)
umour S
cases syndrome or Monozygotic twin
parathyroid mutatio_n—positive
cancer cases, Primary ith ?ﬁt:rr HPT
1% sporadic €.595T>C NA hyperparathyroidism (\(ISVI6) gulnt (5y2) and
pituitary (p.X199Q) (3 tumours) (50) ' )
tumour cases, (familial) C_OUSln.
o (NA) with primary
10% other HPT. b K
cases » but unknown
mutation status
Bilateral multiple lung
metastases of
bronchial carcinoid,
type 2 diabetes
mellitus, non
functioning pituitary
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History of endocrine
Y_es_ and non-endocrine
27 ) 257 gfaEé\llcl €.678C>T (carclz\llr;md), malignancies: NA (65)
P (p.P69L) . papillary thyroid
cases (parathyroid . .
adenoma) carcinoma with neck
lymphnode
metastases (64),
multiple typical
bronchial carcinoids,
subcutaneous
epigastric lipoma,
parathyroid adenoma
(67)
6: 3 cases
with family
h[;Sritr?g r)?f 23 cases with
29 hyperparathyr spp;?r;e;ﬂ;: None ) ) ) (72)
oidism, 3 detected
cases with hype.fgf"“athyf
suspected oidism
MENL1 lesions
in the family
38 sporadic
6 cases acromegalic
. cases None
44 ?’:’ﬁ%n&;‘f characterized detected ) ) ) (68)
by multiple
neoplasia
12 2 pediatric 79: 74 cases
familial/syndro . ;
; A with sporadic,
mic Cushing’'s isolated
disease, 10 .
o = Cushing’s
pediatric (n=3) disease, 5 None
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familial/syndro and PRL-
mic GH- and secretin
PRL-secreting 9
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Table 2 Interacting partners of AlP.

been proved are reported.

The techniques used to identify the various interactions, the
functions of the different AIP partners and the organisms/cell types where the interactions have

human
HBV X v v Yes transcriptional activator lymphoma, HeLa (103)
cells
EBV-immortalized
immortalization and lymphoblastoid
EBNA-3 | v Y Yes transformation of B-cells cells, human (120)
lymphocytes and
fetal brain
. . Hela,
v v v v adaptive and toxic ) .
AhR Yes responses, development Hepil(él-izllgos (104;115;117)
protein folding, mitochondrial Hela, HEK, COS-
Hsp90 v v v Yes rotein‘im ort 1, COS-7, (107;108;118;123-126)
P P bacterial cells
protein folding, mitochondrial
Hsc70 v Yes protein import, disassembly Hela cells (118)
of clathrin-coated vesicles
Actin v No cytoskeletal component COS-7 cells (a71)
PDE4AS | v v v Yes CAMP degradation rat braggilgos-7 w77
human brain,
v v v CAMP and cGMP ]
PDE2A3 Yes degradation COS-1, Hela (190)
cells
v v regulation of energy .
PPARa Yes homeostasis mouse liver (194)
mouse
v v activation of TRH paraventricular
TRB1 Yes transcription nucleus of the (196)
hypothalamus
human fetal brain,
RET v v Yes development,_ maturation, rat pituitary, (201)
survival neuroblastoma
and HEK293 cells
cellular proliferation, survival,
EGFR v No adhesion, migration, human fetal brain (204)
differentiation
. . HEK293T,
Gal3 v v Yes medla_tes rgceptor-stlmulated Hepalclc?, COS- (208)
signalling pathways
7 cells
v mediates receptor-stimulated HEK293T,
Gag Yes signalling pathways Hepalclc? cells (208)
human fetal liver,
TOMM20 | vV v Yes mitochondrial import receptor COS-7, HelLa (118)
cells
- . . HelLa, MCF-7
v v v ) ’
Survivin Yes suppression of apoptosis Raij cells (221)
promotes cardiomyogenesis,
enhances cardiac
TNNI3K | v No performance, protects the human hearth (223)
myocardium from ischemic
injury
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Table 3 SNPs and mutations reported in the  AIP gene to date.

Sggﬁgr 67248532 | rs1638579 N.D. GIT - - - promoter no

5;32:?:’ 67248638 | rs11828274 05 AIC ; - - promoter no

5§2ﬁ:’ 67248677 | rs1638580 05 AT ; - - promoter no

5§2§:r 67248677 | rs77347124 0.278 AT - - - promoter no

5;}22:" 67248898 rs1790743 N.D. AIG - - - promoter no

5;32:?:’ 67249057 | rs71058704 N.D. IC ; - - promoter no

5§2ﬁ:’ 67249057 | rs76325437 N.D. e ; - - promoter no

5§2§:r 67249058 | rs67365326 N.D. e - - - promoter no

5' near

gene 67249397 rs1638581 0.176 CIT - - - promoter no

5;32:?:’ 67249694 | rs71457777 05 cIT ; C.-936T>C - - promoter no

5§2§:r 67249760 | rs1638582 N.D. AIC - C.-870A>C - - promoter no

5§2§:r 67249778 | rs1638583 N.D. AIC - C.-852A>C - - promoter no

Snear | 7549827 e ; c.-802 - - promoter no

gene

592:?:’ ; C.-270_269CG>AA - - promoter yes @87)
5' near

gene - C.-262G>A - - promoter no (87)
5' near

gene - C.-220G>A - - promoter no (87)
592:?:’ 67250464 | rs12271280 N.D. AIG - C.-166G>A - - promoter no

5UTR | 67250544 | rs1049506 N.D. AG - C.-86GoA - - no

5UTR - c.-5G>C - - 2 230)
exon 1 67250665 rs79662690 0.027 AIG 3 c.36G>A p.= 12 synonymous no (87,228;230;231)
exon 1 G/A 2 c.47G>A p.R16H 16 missense no

exon 1 2 C.68G>A p.G23E 23 missense no (228;231)
exon 1 1 c.70G>T p.E24X 24 nonsense yes (83;87)
exon 1 - c.74_81delins7 p.L25PfsX130 25 in-frame yes (67)
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deletion

intron 1 67250738 rs78579534 0.054 CIT - IVS1+10T>C - - intronic no
intron 1 67251035 rs12272798 0.449 CIT - IVS1+307C>T - - intronic no
intron 1 67251108 rs35392564 N.D. -TT - 1VS1+380_99+381del2 - - intronic no
intron 1 67251108 rs76839115 0.219 AIT - 1IVS1+380T>A - - intronic no
intron 1 67251109 rs74364031 0.219 - IVS1+381T>C - - intronic no
intron 1 67251254 rs1638584 0.234 CIT - IVS1+526T>C - - intronic no
intron 1 67251302 rs1638585 0.244 CIG - IVS1+574G>C - - intronic no
intron 1 67251855 rs79806126 0.153 AIG - IVS1+1127A>G - - intronic no
intron 1 67251932 rs79124300 0.105 GIT - 1VS1+1204T>G - - intronic no
intron 1 67252177 rs1618605 0.235 G/T - 1IVS1+1449G>T - - intronic no
intron 1 67252400 rs1620333 N.D. CIT - IVS1+1672C>T - - intronic no
intron 1 67252631 rs35670062 N.D. -/IG - 1VS1-1846 100-1845insG - - intronic no
intron 1 67252989 rs595130 N.D. AIT - 1VS1-1488T>A - - intronic no
intron 1 67253136 rs57126355 N.D. -IA - 1VS1-1341 100-1340insA - - intronic no
intron 1 67253215 rs57783261 N.D. -TT - - - intronic no
intron 1 67253215 rs68156813 -IT - 1VS1-1262delT - - intronic no
intron 1 67253382 rs59524104 N.D. AIG - IVS1-1095G>A - - intronic no
intron 1 67253564 rs7110021 0.278 CIT - 1VS1-913T>C - - intronic no
intron 1 67253673 rs630172 0.5 A/IC - IVS1-804C>A - - intronic no
intron 1 67253919 rs76605055 N.D. CIG - IVS1-558C>G - - intronic no
intron 1 67253921 rs75081450 N.D. CIG - 1VS1-556C>G - - intronic no
intron 1 - 1VS1-18C>T - - intronic no (94)
€.1104-1109_279+578 large genomic
) (ex1_ex2del) i i gelgtions yes (95)
¢.100-1025_279+357 large genomic
) (ex2del) p-A34_K93 ) gelgtions yes (95)
exon 2 novel frameshift mutation frameshift ? (337)
exon 2 67254509 rs11822907 0.095 CIT 3 €.132C>T p.= 44 synonymous no (228)
exon 2 3 €.135C>T p.= 45 synonymous ? (99)
exon 2 - c.138_161del24 p.G47_R54del - 'é"fra.me ? (88)
eletion
exon 2 3 c.144C>T p.= 48 synonymous no (68)
exon 2 67254522 rs1063385 N.D. GIT 1 c.145G>T p.V49L 49 missense no
exon 2 1 C.145G>A p.V49M 49 missense ? (99)
exon 2 1 C.241C>T p.R81X 81 nonsense yes (87;92;93;338)
exon 2 3 €.249G>T p.G83AfsX15 83 splice site yes (67)
intron 2 67255056 rs10896176 0.5 AIG - IVS2+400G>A - - intronic no
intron 2 67255156 rs1790745 N.D. AlG - 1VS2+500T>C - - intronic no
intron 2 67255170 rs581525 0.089 AlG IVS2+514T>C - - intronic no
intron 2 67255312 rs75859562 0.176 CIG - IVS2+656G>C - - intronic no
intron 2 67255343 rs75105505 0.027 CIT - 1VS2+687T>C - - intronic no
intron 2 67255636 rs604540 0.239 CIT - 1IVS2+980T>C - - intronic no
intron 2 67255855 rs11823597 0.18 CIT - 1VS2-883C>T - - intronic no
intron 2 67255877 rs35787427 0.278 CIT - IVS2-861C>T - - intronic no
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intron 2 67255953 rs595490 0.444 GIT - 1VS2-785G>T - - intronic no

intron 2 67256047 rs602720 N.D. AIG - IVS2-691G>A - - intronic no

intron 2 67256111 rs596431 N.D. AIC - IVS2-627C>A - - intronic no

intron 2 67256191 rs602220 N.D. T/C - 1IVS2-547C>T - - intronic no

intron 2 67256241 rs596944 N.D. CIG - 1VS2-497G>C - - intronic no

intron 2 67256351 rs35286380 N.D. -/IC - 1VS2-387_280-386insC - - intronic no

intron 2 67256355 rs71461650 0.5 -/C - 1VS2-383_ 280-382insC - - intronic no

intron 2 67256369 rs601363 0.239 AlIG - 1VS2-369G>A - - intronic no

intron 2 1VS2-81G>A - - intronic ? (228)
intron 2 - €.280-1G>A IVS2-1G>C - splice site ? (94)
exon 3 - €.286_287delGT p.V96PfsX32 96 frameshift yes (84,99)
exon 3 2 ¢.308A>G p.K103R 103 missense ? (71;339)
exon 3 - - p.P114fs 114 frameshift yes (339)
exon 3 EF553637 2 c.404delA p.H135LfsX20 135 frameshift yes (228)
exon 3 1 C.424C>T p.Q142X 142 nonsense yes (88)
intron 3 IVS3+1G>A - - intronic yes (68)
intron 3 - IVS3+15C>T - - intronic ? (84;231)
intron 3 67257037 rs4084113 0.347 T/C - IVS3+111C>T - - intronic no (228)
intron 3 67257062 rs79270719 0.077 AIG - IVS3+136A>G - - intronic no (340)
intron 3 67257273 rs611697 0.202 AIC - IVS3-236G>T - - intronic no

intron 3 67257294 rs75842186 0.077 GIT - 1VS3-215G>T - - intronic no

intron 3 67257359 rs5792416 N.D. (>6bp) - 1VS3-150_469-149ins4 - - intronic no

intron 3 67257360 rs33941803 N.D. (>6bp) - 1VS3-149 469-148ins4 - - intronic no

intron 3 67257365 rs10625132 N.D. (>6bp) - 1VS3-144 469-143ins4 - - intronic no

intron 3 67257366 rs33961879 N.D. (>6bp) - 1VS3-143_469-142ins4 - - intronic no

intron 3 67257366 rs76392311 0.147 AT IVS3-143A>T - - intronic no

intron 3 EF553638 - IVS3-2A>G - - splice site ? (228)
intron 3 - IVS3-1G>A - - splice site yes (85)
exon 4 1 €.490C>T p.Q164X 164 nonsense yes (341)
exon 4 67257556 rs2276020 0.195 AIG 3 c.516C>T p.= 172 synonymous no (99;225;228)
exon 4 - ¢.500delC p.P167HfsX3 167 frameshift yes (306)
exon 4 - c.517_521delGAAGA p.E174fsX47 174 frameshift yes (88;102)
exon 4 2 c.542delT p.L181fsX13 181 frameshift yes (94)
exon 4 EF553639 1 C.601A>T p.K201X 201 nonsense yes (228)
exon 4 - €.622dupC p.C208LfsX15 208 frameshift yes (67)
exon 4 67257680 rs3210041 N.D. AIC 1 C.640A>C p.M214L 214 missense no

intron 4 - 1VS4+37G>A - - intronic ? (228)
exon 5 1 €.649C>T p.Q217X 217 nonsense yes (88)
exon 5 - €.662dupC p.E222X 222 nonsense yes (67)
exon 5 67257823 rs641081 0.308 GIT 1 c.682C>A p.Q228K 228 missense no (225;228)
exon 5 3 €.696G>C = 232 synonymous ? (94)
exon 5 2 C.713G>A p.C238Y 238 missense yes (87)
exon 5 3 C.714C>T p.= 238 synonymous ? (231)
exon 5 1 c.715C>T p.Q239X 239 nonsense yes (88)
exon 5 3 c.720C>T p.= 240 synonymous no (228)
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exon 5 1 C.721A>G p.K241E 241 missense ? (88)
exon 5 1 C.721A>T p.K241X 241 nonsense yes (71;339)
exon 5 - C.742_744delTAC p.Y248del 248 '(?'fra.me yes (226)
eletion
exon 5 1 C.769A>G p.1257V 257 missense ? (342)
exon 5 3 c.783C>T p.= 261 synonymous no (228)
exon5 | 67257928 | rs71679836 N.D. DENRSE 1 263 frameshift no
intron 5 - IVS5+24C>T - - intronic no (228)
exon 6 3 c.804A>C p.Y268X 268 nonsense yes (98)
exon 6 ; ¢.805_825dup p.F269_H275du - in-frame yes (87:93)
p insertion
exon 6 3 c.807C>T = 269 splice site ? (87;228)
exon 6 1 c.811C>T p.R271W 271 missense yes (88;233)
exon 6 - c.824 825insA p.H275QfsX12 275 frameshift yes (94)
exon 6 67258298 rs61741147 N.D. CIT 2 c.827C>T p.A276V 276 missense no
exon 6 3 c.831C>T p.= 277 synonymous ? unpublished
exon 6 - c.854_857delAGGC p.Q285fsX16 285 frameshift yes (88)
exon 6 1 c.871G>A p.V291M 291 missense ? (68)
exon 6 - ©.880_891delC TEGACCC | 11204 A207del 204 ntrame ? (94)
And and
exon 6 - c.878_879AG>GT p.E293G 293
exon 6 67258362 rs35665586 0.027 A/IC 3 c.891C>A p.= 297 synonymous no (228)
exon 6 EF203235 2 c.896C>T p.A299V 229 missense ? (94;228)
exon 6 3 €.906G>A p.= 302 synonymous ? (94)
exon 6 AM236344 1 ¢.910C>T p.R304X 304 nonsense yes (85'87'8)8'97'228
exon 6 EF203236 2 Cc.911G>A p.R304Q 304 missense ? (68;87,94,228)
exon 6 1 €.919insC p.Q307fsX103 307 frameshift yes (339)
exon 6 67258391 rs4930199 N.D. AIG 2 C.920A>G p.Q307R 307 missense no
exon 6 2 €.965C>T p.A322V 322 missense no (228)
exon 6 67258452 rs1049565 N.D. CIT 3 €.981C>T p.= 327 synonymous no
exon 6 3 c.987C>T p.= 329 synonymous no (228)
3'UTR - €.993+34C>G - - ? (228)
3'UTR - €.993+56C>G - - no (228)
3UTR €.993+60G>C - - no (94,99;228)
3'UTR - €.993+70C>T - - no (68)
3'UTR - €.993+77C>A - - ? (87)
392:?? 67258720 | rs12361982 N.D. cIG - €.993+256G>C - - no
392:?? 67258798 | rs75044644 0.18 GIT - €.993+334T>G - - no
392:?:“ 67258805 1s751567 0.425 CclG . €.993+341G>C - - no
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large genomic

whole gene deletion deletions yes (67)
large genomic
-? ? -
c.1-?_993+?del deletions yes (67)
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Appendix 2

Figure 1 Pedigree structures for the 6 FIPA familie s analysed in study I. Families 1-4 were
homogeneous for PRL-secreting adenomas, while families 5 and 6 were heterogeneous for
PRL/NFPA (subjects 1113 and 12 in families 5 and 6, respectively, carry a NFPA). Females and
males are represented respectively with circles and squares. Probands are indicated by a black
arrow. Below each subject the age at diagnosis is reported. NA, not available.
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Table 1 Primers used to detect germline  AIP and CDKNI1B variants. Primers were tailed with
an M13 forward or reverse primer sequence on the 5'-end. This allowed the use of universal M13
primers in the sequencing reaction.

Gene | Exon | Primer Sequence (5’-3") Product size (bp)

1 Forward | AACCAATCACCATCCGTTTC 397
Reverse | GTCGAGTTCTGCATGTGAGC

2 Forward | GACTTCTCCTTGGGGGTCAG 311
Reverse | CCTGGGGATAGGGAATAGGA

3 Forward | CAGCCCACGGTGACAGAG 377
Reverse | AAGGGTCCTGCACAGGTTTT

AlP 4 Forward | AGATGTGGGTCAGGTCTGCT 337
Reverse | GCGGGGAGAAGCTGTAGAC

5 Forward | CCTCAAGAACCTGCAGATGA 349
Reverse | CTAGGTCTTGACCCCAGCAG

5 Forward | ATGGTGCCAGGAGACATGA 477
Reverse | AACAGCCACCCAAGTACCAG

1a Forward | CCAATGGATCTCCTCCTCTG 407
Reverse | GGAGCCAAAAGACACAGACC

1b Forward | CCATTTGATCAGCGGAGACT 438
Reverse | GCCCTCTAGGGGTTTGTGAT

1c Forward | GAGTTAACCCGGGACTTGGAG 445
Reverse | ATACGCCGAAAAGCAAGCTA

2 Forward | TGACTATGGGGCCAACTTCT 296
CDKN1B Reverse | TTTGCCAGCAACCAGTAAGA

3a Forward | CCCCATCAAGTATTTCCAAGC 406
Reverse | CCTCCCTTCCCCAAAGTTTA

3b Forward | TGCCTCTAAAAGCGTTGGAT 542
Reverse | TTTTTGCCCCAAACTACCTG

3c Forward | GCCCTCCCCAGTCTCTCTTA 414
Reverse | GGTTTTTCCATACACAGGCAAT

3d Forward | TCTGTCCATTTATCCACAGGAA 474
Reverse | TGCCAGGTCAAATACCTTGTT
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Table 2 Primers used in Tetra-primer ARMS-PCR exper

experimentally determined for each reaction.

Variant

Primer

Sequence (5’-3)

C.144C>T

INNER Forward
OUTER Reverse
OUTER Forward
INNER Reverse

GACGCTGCACAGTGACGACGAGGGCCCT
TGGACAGCCACCGCAGACAGGTACAGGA
TGGGGGTCAGGGTGAGGGTTTGTGCCTTTG
CCACGAGCCCGGCTGTCGTCCAGCCCG

c.871G>A

INNER Forward
OUTER Reverse
OUTER Forward
INNER Reverse

CAGGAGGCCCAGGCTGACTTTGCCACAA
CCGGGCTTTGTCCTCTTCGTCCTTCTGC
TGCCAGGAGACATGAGGGCAGGCAGCTG
GCGCCAGGGCTGGGTCCAGCTCCAGAAC

Cc.911G>A

INNER Forward
OUTER Reverse
OUTER Forward
INNER Reverse

ACCCAGCCCTGGCGCCTGTGGTGAGACA
GGGCTTGGCAGGTAAGGCAGGGCCAAGTGC
CCCCCTCATGCCCTTGCATGCCCACT
ATCCGTGCCTCCAGGGCCTGCAGCTATC

€.993+70C>T

INNER Forward
OUTER Reverse
OUTER Forward
INNER Reverse

AGCTGCCAGCCCCCCTGCCCGTGCGGT
CCAGGTGATGACCCGGCTCTCCCAGTGGA
GCAGACAACGTCAAGGCCTACTTCAA
AGGCCTTTATATACACAGAAGCATGCCG

Table 3 Primers used for

CDKN1B deletion analysis.

Amplicon | Primer Sequence (5-3) Product size (bp)

CTRL Forward | TGTCTGTGACGCCGTTGTCT 276
Reverse | AAGGGTTTTCTAGCACACATAGGAA
Forward | GCCGCAACCAATGGATCTC

p27_EX1 | 115
Reverse | ACGAGCCCCCTTTTTTTAGTG
Forward | CTCTGAGGACACGCATTTGGT

p27_EX1_ll 200
Reverse | AAATCAGAATACGCCGAAAAGC
Forward | TTTCCCCTGCGCTTAGATTC

p27_EX2 150
Reverse | CCACCGAGCTGTTTACGTTTG
Forward | CCCCATCAAGTATTTCCAAGCT

p27_EX3 | 256
Reverse | GTTATTGTGTTGTTGTTTTTCAGTGCTTA

27 EX3 Il Forward | AACTTCCATAGCTATTCATTGAGTCAAA 173

Pl ~— |Reverse | AACTGCTAACTACATTCGGACTACATAAA
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Table 4 Primers used for haplotype analysis. ", primer sequences obtained from
Genome Browser website; primers designed with Primer3; *, (85).

the UCSC

D11S4076" Forward ICATGAATGCTCTTGTCCC
Reverse AACCCCCTGGAAAATAGACT
Forward TGCAACTGCCATTTATTCAG
m_11TETRA@61,73'|
Reverse TGGCGTGATCTCAACTCA
. Forward [TTCAGTAACAGGAGACAAAAGG
D11S1883
Reverse TGGTTTCGGATCTCTTCTCA
. Forward |GACATACCATGAACACTATAAGAGG
AFMA190YD5
Reverse CAACCCATACCAGGGATAAG
D11S2072" Forward ATGGCTTCTGTTAAAAAAATAAAG
Reverse [TCTCAGTGTTACATTATAAGTGA
N Forward TGAACCTGTCGCAATCTCTTT
D1151889
Reverse | GAGCAGAGTCGAGCTTATCAGA
Forward |IGCTTTGGTGCATGGTATGTG
ACRO_CHR11_28"
Reverse [TCCACGCTTCCTTCAGAAAC
D11S987" Forward JACTCCAGTCTGGGCAATAAAAGC
Reverse GGTGGCAGCATGACCTCTAAAG
+ Forward GCACTGTTGACAGGCTTTTG
D11S4162
Reverse TCCAATTCCCATAACGAAGC
N Forward |CCCATCTACACATGCCACAC
D11S1314
Reverse | GCGGCTCTTTTCTACACACC

Table 5 Primers used in cloning experiments.

Study | Forward GAGTCTCGAGCGTCCCTTATGCCGTCTG
Reverse AGAGAAGCTTGCAGTCTAGCAGAGGGTGGA

Study Il Forward |GGGTCTAGACGTCAAGGCCTACTTCAAGC
Reverse GGGTCTAGACCAGTTCAACAGGGGACACT

Table 6 Site-directed mutagenesis primers.

QuickChange primer desi

n program.

Site 1

Forward GCCAAGCCCACTCAGCTGCCAGCC
Reverse GGCTGGCAGCTGAGTGGGCTTGGC

Site 2

Forward CCCCCCTGCCCGTCGTCATGCTTC
Reverse |GAAGCATGACGACGGGCAGGGGGG
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Appendix 3

Figure 1 PolyPhen-2 report for  AIP p.R304Q.
Query

Protein Acc Position AA] AA2 Description
ATP 304 E Q NA

Results

Prediction/Confidence

HumDiv

This mutation is predicted to be bentgn with a score of 0.011 (sensitivity: 0.96; specificity: 0.73)

0,00 0,20 0,40 0.60 0,80 1.00

Figure 2 PolyPhen-2 report for  AIP p.V291M.
Query

Protein Acc Position AA] AA? Description
AIP 291 V. M NA

Results

Prediction/Confidence PolyPhen-2v2.0.23r349

HumbDiv

This mutation is predicted to be probably damaging with a score of 0.903 (sensitivity: 0.78: specificity:

0.91)

0.00 0.20 0.40 0,60 0.80 1.00
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Figure 3 Alamut output for

AIP IVS3+1G>A.

SpliceSiteFinder-like [[0-100] Jeos
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Figure 4 Alamut output for AIP p.T48T.
SpliceSiteFinder-like | [0-100]

MaxEntScan ¥ [0-12]

HHSPLICE 5 [0-1]

GeneSplicer [0-15]

130 140 56 260 170 lt30 190 Fae 1o 2o 230 240
|Refel'ence Sequence |ACAGTGACGACGAGGGCACCGETGCTGGACGACAGCCGGEGECTCGT GECAAGCCCATGGEAGCTCATCAT TGECAAGAAGT TCAAGCTGCCTGTGTEEGAGACCATCGTGTGCACCATGCGAGAA!
SpliceSiteFinder-like |[0-100]

MaxEntScan ¥ [0-18]

HHSPLICE 3 [0-1]

GeneSplicer [0-15]

a

Branch Points {0-100] o) o
SpliceSiteFinder-like | [0-100]

MaxEntScan T [0-12]

HNSPLICE 5 [0-1]

GeneSplicer [0-15]

lz.30 140 150 250 170 130 190 Fog io a2 3o 240
|Mu(a(ed Sequence ACAGTGACGACGAGGECACCGTGCTGEAT GACAGCCGGEECTCGT GG CAAGCCCATGGAGCTCATCATT GG CAAGAAGTTCAAGCTGCCTGTGTGEGAGACCATCGTGTGCACCATGCGAGAAL
SpliceSiteFinder-like |[0-100]

0.8=
MaxEntScan T [0-18]
HNSPLICE 3 [0-1]
GeneSplicer [0-15] nkeractive
nope ———flosouare .
Branch Points [0-100] I
ESEfinder i

230 140 250 150 270 150 lz90 200 ero 20 jeecie) L)
|Refe|'ence Sequence [ACAGTGACGACGAGGGCACCGTGCTGGALGACAGCCGEECTCGTGGELAAGCCCATGGAGCTCATCATTGECAAGAAGT TCAAGCTGCCTGTGTGEGAGACCATCGTGTGCACCATGCGAGAA!
RESCUE-ESE —

[ I
ESEfinder

230 140 ps | =] 270 150 o0 260 1o 20 eecle} 40
|Ml|laled Sequence A AGTGACGACGAGGGECACCETGCTGGA T GACA G GGEGCTCGTGGECAAGCCCATGGAGCTCATCAT T GECAAGAAGT TCAAGCTGCCTGTGT GEGAGACCATCETGTGLACCATGCGAGAAL
RESCUE-ESE

Interactive
-~ Sizsonware -

Figure 5 Putative miR-107 target sites in the 3'UTR

of AIP predicted by five different

programs. The outputs of A) TargetScan, B) MicroCosm, C) FindTar, D) MicroTar, E) PITA are
shown. The miRNA prediction tools MicroTar and PITA calculate also miR-107 target sites
accessibility as measured by the energetic scores “Dimer-Monomer Difference” and “AAG”,
respectively. The lower the values, the stronger the binding of the miRNA is expected to be to the

given site.
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