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ABSTRACT

Pituitary adenomas are benign tumors with variable functional
characteristics that can have a significant impact on patients.
The majority arise sporadically, but an inherited genetic suscep-
tibility is increasingly being recognized. Recent advances
in genetics have widened the scope of our understanding of pi-
tuitary tumorigenesis. The clinical and genetic characteristics of
pituitary adenomas that develop in the setting of germline-
mosaic and somatic GNAS mutations (McCune-Albright syn-
drome and sporadic acromegaly), germline MENT mutations
(multiple endocrine neoplasia type 1), and germline PRKARTA
mutations (Carney complex) have been well described. Non-syn-
dromic familial cases of isolated pituitary tumors can occur as
familial isolated pituitary adenomas (FIPA); mutations/deletions
of the AIP gene have been found in a minority of these. Genetic
alterations in GPR107 have been identified recently as causing
X-linked acro-gigantism (X-LAG) leading to very early-onset
pediatric gigantism. Associations of pituitary adenomas with
other tumors have been described in syndromes like multiple
endocrine neoplasia type 4, pheochromocytoma-paraganglio-
ma with pituitary adenoma association (3PAs) syndrome and
some of their genetic causes have been elucidated. The genetic
etiologies of a significant proportions of sporadic corticotropino-
mas have recently been identified with the discovery of USP8 and
USP48 mutations. The elucidation of genetic and molecular
pathophysiology in pituitary adenomas is a key factor for better
patient management and effective follow-up.

Introduction

Pituitary tumors develop as a result of the abnormal proliferation
of anterior pituitary cells into adenomas. They are almost always
benign and are the second most common intracranial neoplasm
following meningiomas according to large cancer registries [1].
Their prevalence in the general population has been estimated from
historical autopsy studies and radiological series to be around
15-22% [2]. The increased use and accessibility of imaging tech-
niques as well as improved spatial resolution of modern devices has
led to arise in incidental detection of pituitary adenomas. The vast
majority of these incidentalomas are hormonally inactive microad-
enomas with no clinical significance. The real challenge for medi-
cal specialists, however, are clinically relevant pituitary adenomas
-namely those that lead to symptoms of hormonal overexpression
and/or compression of adjacent structures. Following initial data
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from Liege, Belgium in 2006 showing a rate of 1 case of clinical-
ly-relevant pituitary adenomas per 1064 of the general population,
several subsequent cross-sectional studies have confirmed these
data [3-6].

Despite their prevalence, the exact pathophysiological mecha-
nisms that lead to pituitary adenoma predisposition and formation
are still not fully elucidated. Tumorigenesis classically involves ac-
tivation of oncogenes or inactivation of tumor suppressor genes or
both. Pituitary adenomas are thought to be monoclonal and to
arise from a single mutated cell [7]. The majority of pituitary ade-
nomas are sporadic and around 5 % of them arise in a familial fash-
ion [8]. Familial forms of diseases, however, have always presented
opportunities for researchers to elucidate the underlying genetic
factors as they provide basis for identifying, mapping and charac-
terization of relevant genes. Well established genetic causes of
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pituitary adenomas include mutations in GNAS in sporadic acro-
megaly (somatic) and McCune-Albright syndrome (mosaic
germline) as well as mutations predisposing to classical multiple
neoplasia syndromes like MEN1 and Carney complex. The defini-
tion of familial isolated pituitary adenomas (FIPA) was followed by
the identification of mutations in the AIP gene in up to a quarter of
FIPA kindreds. Intensive genetic research in the last decade has led
to the identification of a number of new genetic alterations that
lead to either sporadic or familial development of pituitary adeno-
mas. Quite recently duplications in GPR101 gene have been linked
to early-onset gigantism that was termed X-LAG. Mutations in
USP8/USP48 and CABLEST genes have been associated with sporad-
ic Cushing’s disease. Predisposition to pituitary adenomas also ex-
istsin other syndromes, such as, multiple endocrine neoplasia type
4 (MEN4), pheochormocytoma-paraganglioma with pituitary ad-
enoma syndrome (3PAs), DICERT syndrome, tuberous sclerosis
complex (TSC) and neurofibromatosis type 1 (NF1).

GNAS and McCune Albright Syndrome

Secretion of many of anterior pituitary hormones is regulated
through the G-protein coupled signal transduction pathways. The
GNAS gene encodes the stimulatory alpha subunit of a heterotri-
meric G-protein (Gsa). Gain-of-function mutations in GNAS at two
specific sites, predominantly at codon 201 and less often at codon
227, resultin loss of GTP-ase activity and permanent activation of
adenylyl cyclase [9]. The consequent increase in cAMP stimulates
the protein kinase A (PKA) pathway and leads to hormone hyper-
secretion and cell proliferation. Somatic mutations in GNAS gene,
also called the gsp oncogene, have been identified in up to 40 % of
sporadic acromegaly cases [10], around 10 % in non-functioning
pituitary adenomas (NFPA) [11] and in several cases of corticotro-
pinoma [12]. Some studies suggest that acromegalic patients with
gsp mutant pituitary adenomas respond better to first-generation
somatostatin analog treatment [13, 14]. The clinical relevance of
gsp mutations in NFPA and the exact pathophysiological mecha-
nisms in NFPA remain to be elucidated.

When mutations in GNAS happen early in embryonic develop-
ment, mutant cells are mosaically distributed through different or-
gans, which leads to McCune-Albright syndrome (MAS). This is a
very rare sporadic disorder that classically was described as a triad
of polyostotic fibrous dysplasia (FD), café-au-lait skin pigmentation
and peripheral precocious puberty [15]. In addition, many other
tissues can be affected including pituitary, adrenals, thyroid, par-
athyroid and pancreas as well as non-endocrine organs like liver and
thymus [16, 17]. The clinical presentation varies widely depending
on the degree of mosaicism and the expression of the mutant al-
lele in the tissues. Parental genetic imprinting also accounts for dis-
ease heterogeneity as only the maternal allele is expressed in pitu-
itary, thyroid and ovaries [18]. Acromegaly or gigantism usually ac-
companied by hyperprolactinemia can be present in about 20 % of
patients with MAS [17]. Unlike sporadic cases, however, MRI fails
to identify a pituitary adenoma in the majority of cases and GH ex-
cess is frequently due to pituitary hyperplasia [16]. MAS patients
should always undergo laboratory screening for GH excess. Treat-
ment of MAS patients with gigantism or acromegaly also presents
a challenge. Skull base FD and obliteration of sphenoid sinus can
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make a trans-sphenoidal surgical approach very difficult. The lack
of identifiable adenoma on MRI additionally limits the use of sur-
gery. Radiotherapy may also be unacceptable because of the young
age of the patients and the increased possibility for malignant
transformation of irradiated FD [19]. With this in mind, medical
therapy is an important practical option for managing GH excess
in MAS. Long-acting somatostatin analogs and GH receptor antag-
onists alone or in combination have been shown to be effective
[20,21]. Dopamine agonist can be used for managing accompany-
ing hyperprolactinemia.

USP8

Until recently ACTH-secreting pituitary adenomas causing Cush-
ing’s disease were only rarely associated with the known genetic
mutations in sporadic and familial pituitary tumors. In 2015, how-
ever, a novel mutational hotspot was identified by next generation
sequencing in exon 14 of the ubiquitin specific peptidase 8 (USP8)
gene on chromosome 15q21.1[22]. USP8 functions as deubiquiti-
nase of tyrosine kinase receptors, particularly epithelial growth fac-
tor receptor (EGFR), and prevents ubiquinated receptors from un-
dergoing lysosomal degradation [23]. All identified mutations af-
fect a highly conserved region of the gene which codes an amino
acid sequence crucial for the regulation of enzyme activity. It serves
as a binding site for 14-3-3 proteins which inhibit USP8 function
[24]. The loss of protective 14-3-3 binding allows for proteolytic
cleavage of a C-terminal 40kD protein fragment with increased and
unrestricted deubiquitinase activity [22]. This, in turn, leads to con-
tinuous EGFR recycling and constantly activated downstream sig-
naling. In corticotrope cells expression of POMC s induced by EGFR
through Erk1/Erk2 and increased stimulation of the receptor leads
to ACTH overproduction and cell proliferation [25]. To date, hete-
rozygous single point mutations in USP8 have been identified in up
to 60 % of adult and 30 % of pediatric patients with CD [25, 26]. All
cohorts show that mutations are more frequently detected in fe-
males but other associations with the mutational status are not
consistent throughout different studies. It has been shown that
USP8-mutated corticotropinoma cell express more type 5 somato-
statin receptors [27] and it might be that these tumors could re-
spond better to pasireotide therapy. The elucidation of the role of
the EGFR pathway in the etiology of CD presents opportunities for
new targeted therapies, such as, tyrosine kinase inhibitors like
gefitinib — an oral EGFR inhibitor, currently approved for metastat-
ic non-small cell lung carcinoma.

Previously reported USP8 mutations leading to Cushing’s dis-
ease are generally somatic but recently a de novo germline muta-
tion was described [28]. Apart from recurrent corticotropinoma
the affected patient with a complex syndrome of development
delay, dysmorphic features, ichtyosiform hyperkeratosis, chronic
lung and kidney disease, cardiomyopathy, hyperinsulinemia and
partial growth hormone deficiency. At least some of these disor-
ders could be attributed to the disrupted EGFR pathway in other
tissues.

CABLES1

Another genetic alteration that may be potentially involved in cor-
ticotropinoma development was recently identified in CDK5 and
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ABL1 enzyme substrate 1 (CABLEST) gene located on chromosome
18q11.2 [29]. Itis a glucocorticoid responsive negative cell-cycle
regulator and plays a role in maintaining the normal negative ad-
renal-pituitary feedback loop [30]. The loss of CABLES1 expression
in corticotrope cell lines results in an increase of proliferation prob-
ably through destabilization of p21¢iPT and down regulation of
p27KiP1, Loss-of-function missense mutations in CABLEST were de-
tected in four female patients out of a cohort of 181 patients with
CD (2.2 %) [29]. All affected patients presented with young-onset
pituitary macroadenoma with high proliferation index and aggres-
sive behavior.

Familial Pituitary Adenomas
MEN1

Multiple endocrine neoplasia type 1 (MENT1) is a rare autosomal
dominant syndrome with high penetrance and no sex predomi-
nance. It is characterized by the combined occurrence of primary
hyperparathyroidism, enteropancreatic neuroendocrine tumors
and pituitary adenomas. Apart from these three main types of ne-
oplasms, over 20 other endocrine and non-endocrine tumors have
been described in association with MEN1. These include carcinoid
tumors and adrenal cortical tumors, usually non-secreting, as well
as various inactive benign lesions such as lipomas, facial angiofi-
bromas, meningiomas and collagenomas [31]. MEN1 is caused by
mutations or deletions of the MENT gene on chromosome 11q13
[32,33] that encodes the protein menin. MENT is a tumor suppres-
sor gene and its transcript has been shown to interact with a vari-
ety of proteins that take partin transcriptional regulation, genome
stability, cell proliferation and apoptosis. Localized predominantly
in the nucleus, menin suppresses Jun-D and NF-kB-mediated tran-
scriptional activation, participates in the regulation of transform-
ing growth factor-B (TGF-B) signaling pathways by interacting with
Smad family of proteins, regulates the expression of cyclin-depend-
ent kinase inhibitors genes p27 and p18 by being a component in
histone methyltransferase complexes, inhibits cell proliferation
through interacting with the activator of S-phase kinase and main-
tains stable gene expression by controlling genome stability and
DNA replication and repair [34]. However, none of the numerous
menin functions has yet been proven critical in MEN1 tumorigen-
esis. So far over 1800 mutations in MENT gene have been identified
and they are spread throughout the whole coding sequence and
include 41 % frameshift deletions, 23 % nonsense mutations, 20 %
missense mutations, 9% splice-site mutations, 6% in-frame dele-
tions and 1% whole gene deletions [35]. The majority of these mu-
tations lead to loss of menin function.

Sporadic and familial forms of MEN1 have been described with
the latter being much more frequent (90 %). The first organ to man-
ifest tumorigenesis in MENT is usually the parathyroid and it has a
penetrance of 95 % at the age of 50 [36]. Diagnosed in 35-80 % of
patients, pancreaticislet cell tumors are the second most common
presentation of MEN1 and are mostly characterized by excessive
hormone production leading to marked clinical symptoms. Gas-
trinomas causing Zollinger-Ellison syndrome account for nearly a
half of pancreatic lesions in MEN1 and due to multiple peptic ulcers
and a large proportion of malignant tumors they represent one of
the major causes for mortality and morbidity in this condition [37].
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The prevalence of pituitary tumors in MEN1 varies widely from
10-72 % in different studies and they are the first clinical manifes-
tation of the disease in up to 25 % of patients [38]. However, only
2.7 % of all pituitary adenomas can be attributed to MEN1 [39]. Pi-
tuitary pathology is much more prevalent in familial MENT1 cases
compared to non-familial ones. Also, women with MEN1 have an
increased predisposition to having a pituitary adenoma. Nearly all
types of pituitary tumors have been reported, with prolactinomas
being the most frequent, but the general proportions of prolac-
tin-secreting, GH-secreting, ACTH-secreting and non-functional
adenomas remain similarin MEN1 cases and sporadic populations
[40]. Pituitary tumors in MEN1, however, appear to be larger and
more aggressive than their sporadic counterparts and macroade-
nomas comprise approximately 85 % of them compared to only
42 % of non-MEN1 pituitary adenomas. This tendency for aggres-
siveness is especially well observed in MEN1 prolactinomas where
the proportion of macroadenomas reaches 84 % in contrast to the
general population where microadenomas are the predominant
prolactinoma phenotype [8]. So far no evident genotype-pheno-
type correlations have been observed although historically some
kindreds with prolactinomas were reported in Canada, Tasmania,
and Brazil [38].

Carney Complex

Carney complex (CNC) is another autosomal dominant disorder
that may be associated with pituitary pathology. It presents with
spotty dermatological and mucosal pigmentation, myxomas of the
heart and other tissues, schwannomas and various endocrine and
non-endocrine tumors [41]. CNC is genetically heterogeneous.
Around 70 % of all cases are caused by inactivating mutations in the
gene for type 1A regulatory subunit of protein kinase A (PRKARTA),
located on chromosome 17q22-24 [42]. Protein kinase A (PKA) is
a cAMP-dependent protein kinase composed of two regulatory and
two catalytic subunits and is a component of a wide range of met-
abolic and regulatory pathways involved in cell proliferation, tran-
scription and apoptosis. Over 140 mutations in PRKARTA have been
identified and approximately 80 % them lead to premature stop
codon generation, subsequent degradation of nonsense mRNA and
resultant PRKARTA haploinsufficency [41]. The loss of type 1A reg-
ulatory subunits disrupts the balance in PKA tetramer formation
and induces release of free catalytic subunits resulting in increased
cAMP-dependent kinase activity in affected tissues [43]. Another
potential CNC related locus on chromosome 2p16 was previously
reported [44]; more recently, amplification of the gene for the cat-
alytic beta subunit of PKA (PRKACB) was reported in a single patient
with clinical presentation of CNC [45].

Approximately 70 % of cases with CNC present in a familial fash-
ion with female predominance [41]. Benign skin lesions are the
most common clinical manifestation of the disease and include len-
tiginosis, cutaneous or mucosal myxomas, blue nevi and café-au-
lait spots. Cardiac myxomas are the most frequent non-cutaneous
lesions in CNC and account for more than a half of the disease-spe-
cific mortality. Endocrine abnormalities are observed in approxi-
mately a third of CNC patients and are mainly due to Cushing’s syn-
drome caused by primary pigmented nodular adrenocortical dis-
ease (PPNAD). Less common endocrine presentations include large
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cell calcifying Sertoli cell tumors (LCCSCTs) and benign or malig-
nant thyroid nodules [46]. Pituitary adenomas develop in 10-12%
of CNC patients and usually cause acromegaly or gigantism de-
pending on the age of onset. Prolactinomas have also been report-
ed rarely [47]. However, 75 % of patients can have elevations of GH
and IGF-1 without detectable pituitary adenoma. A distinguishing
feature of acromegaly in CNC is multifocal hyperplasia of somato-
mammotrope cells amidst normal pituitary tissue that may precede
the formation of pituitary adenoma [41]. In such cases medical
therapy may be the preferable treatment option since curative sur-
gery would require partial or total hypophysectomy. Although
Cushing’s syndrome in CNC is usually of adrenal origin due to
PPNAD, at least two cases of pituitary corticotropinomas have been
described [48]. Some genotype-phenotype correlations may be
presentin CNC. Patients with large deletions in PRKARTA may pres-
ent with more severe disease while mutations in exons are more
often associated with acromegaly, myxomas, lentigines, and
shwannomas [41,48]. CNC patients with mutated PRKARTA may
present with skin pigmentation, myxomas, schwannomas, thyroid
tumors and LCCSCTs more frequently and at younger age than CNC
patients without an identified PRKARTA mutation [49].

MEN4

Despite the large number of alterations found in MENT gene, ge-
netic investigations still fail to identify mutationsin 10 - 20 % of pa-
tients who meet the clinical diagnostic criteria for MENT syndrome.
Pathogenic alterations in the cyclin dependent kinase inhibitor 1b
gene (CDKN1B) were initially detected in rats with MEN1-like fea-
tures (MENX) and the subsequent identifications of such mutations
in humans with MEN1 phenotype led to the definition of a novel
syndrome - multiple endocrine neoplasia type 4 (MEN4) [50]. CD-
KN1Bis located on chromosome 12p13.1 and encodes the p27Kip1
protein that belongs to the cyclin dependent kinase (CDK) inhibi-
tor family that regulate cell cycle progression and arrest. p27 main-
ly inhibits cyclin E/CDK2 complex and is regulated, in turn, by pro-
teosomal degradation through the mitogen activated kinase
(MAPK) and phosphatidylinositol 3 kinase (PI3K) pathways. Expres-
sion of p27 is also regulated by menin suggesting that mechanisms
of tumorogenesis of MEN1 and 4 may be interconnected [51]. To
date, 42 cases with 17 different mutations have been reported, the
majority of them being missense, but also frameshift and nonsense
mutations [48,52]. They generally lead to faster p27 degradation,
reduced binding to interacting partners and decreased nuclear
translocation of p27 [51]. MEN4 may present sporadically orit can
be inherited in an autosomal dominant fashion. Almost all report-
ed patients develop primary hyperparathyroidism but at a later age
as compared with MENT patients [53]. Pituitary adenomas are the
second most frequent presentation of MEN4 and include non-func-
tioning adenomas, somatotropinomas, prolactinomas, and corti-
cotropinomas. Other less common manifestations include gastro-
intestinal neuroendocrine tumors as well as bilateral benign adre-
nal adenomas [51]. Overall, mutations in CDKN1B gene may explain
MEN1-like phenotypes in less than 3 % of cases that are negative
for MENT mutations [54] and due to the rarity of the disease no gen-
otype-phenotype correlations have been established so far.
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Familial Isolated Pituitary Adenomas

Familial isolated pituitary adenomas (FIPA) describes the presence
of pituitary adenomas of any type in at least two related members
of the same kindred in the absence of clinical and genetic evidence
of other known syndromic diseases [55, 56].Itis inherited in an au-
tosomal dominant pattern with low or variable penetrance. De-
pending on the tumor phenotype in the individual families, FIPA
can be divided into a homogeneous type when all affected mem-
bers have the same type of adenoma, and heterogeneous - with
different secreting/non-secreting types of pituitary tumors within
one family. Prolactinomas are the most common (37.5 %) and are
usually microadenomas as is the case in non-familial pituitary tu-
mors [57]. When they occur in heterogeneous FIPA families, how-
ever, they exhibit more aggressive behavior with significantly high-
errates of suprasellar expansion and cavernous sinus invasion than
sporadic prolactinomas. Somatotropinomas are the second most
frequent secretory phenotype in FIPA (35 %) - much higher thanin
the general epidemiological population of pituitary adenoma pa-
tients. They are equally distributed between homogeneous and
heterogeneous families but are more aggressive when occurring
in a homogeneous setting. In homogeneous FIPA, acromegaly can
be diagnosed 10 years earlier with tumors more frequently display-
ing extrasellar growth compared to heterogeneous kindreds and
sporadic populations [57]. Non-functioning pituitary adenomas
(NFPA) account for 14.5 % of FIPA patients and predominantly occur
in heterogeneous families. They experience more aggressive char-
acteristics than sporadic counterparts and have earlier age of onset
and a more invasive evolution [57]. Corticotropinomas (2.9 %), gon-
adotropinomas (1.9 %), and thyrotropinomas (0.5 %) are quite rare
and are usually associated with other adenoma types in heteroge-
neous families. Overall, FIPA accounts for approximately 2 % of clin-
ically relevant pituitary tumors [55], reaching up to 4 % when con-
sidering only functioning PA [58].

Inactivating mutations in the gene for aryl-hydrocarbon recep-
tor interacting protein (AIP) on chromosome 11q13.2 have been
identified as a cause of FIPA [59]. To date, over 100 different muta-
tions in AIP have been found and they are considered responsible
for development of pituitary tumors in around 20 % of FIPA kindreds
[48,60,61]. Genetic alterations of AIP are detected also in approx-
imately 4% of sporadic pituitary adenomas and up to 20 % in young
patients with sporadic macroadenomas [62, 63]. The AIP gene is
universally expressed in various tissues throughout the body and
in normal pituitary it is associated with secretory granules in soma-
totrope and lactotrope cells. AIPencodes a 330 amino acid protein
whose sequence is highly conserved across species [64]. The tran-
script houses an N-terminal immunophilin like domain and a C-ter-
minal end with three tetratricopeptide repeat (TPR) domains and
a final a-helix which are responsible for binding to the numerous
interacting partners of AIP. Probably the best characterized part-
neris the aryl hydrocarbon receptor (AhR) - a ligand inducible tran-
scription factor that modulates cellular responses to various xeno-
biotic toxins, such as dioxins, as well as some endogenous com-
pounds like cAMP. In the absence of ligands AhR binds to two
molecules of the 90 kDa heat shock protein (hsp90) with AIP and
p23 proteins, acting as co-chaperones, to form a multiprotein
complex in the cytoplasm. The activation of the complex by its
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xenobiotic ligand results in nuclear translocation where AhR binds
to the aryl hydrocarbon receptor nuclear translocator (ARNT) and
promotes the transcription of specific genes coding various drug
metabolizing enzymes as well as other proteins such as the cyclin
dependent kinase inhibitor p21 [65]. AhR has been shown to act as
atumor suppressor gene in the pituitary and AIP could potentially
maintain its stability by protecting it from ubiquitin dependent
degradation [66]. Another pathophysiological link between AIP and
pituitary tumorigenesis may lie in the interaction with the PKA
pathway. AIP interacts with the inhibitory G protein G,; and loss of
AIP may be associated with reduced inhibitory G protein function
[67]. By directly or indirectly influencing specific phosphodiester-
ases like PDE4A5, AIP may participate in regulating cellular cAMP
levels and PKA activity [68]. Moreover, binding to PDE2A interrupts
the nuclear translocation of the AhR complex possibly by local re-
duction in cAMP levels [57]. Quite recently, it has been demonstrat-
ed that AIP physically interacts with both the catalytic (PRKACA)
and the regulatory (PRKARTA) subunits of PKA [69]. Other inter-
acting partners of AIP include the tyrosine kinase receptor, encod-
ed by the RET protooncogene, a number of nuclear receptors in-
cluding the peroxisome proliferator-activated receptor o ( PPARa),
the glucocorticoid receptor, thyroid hormone receptor B1, cy-
toskeleton proteins such as TUBB and TUBB2A [57, 70]. Despite the
large number of identified partners and molecular pathways, how-
ever, the exact mechanisms of AIP induced tumorigenesis are still
not known.

All types of pituitary tumors may occur in association with AIP
mutations but GH-secreting adenomas predominate occurring in
about 70 % of patients [71]. They are associated with much earlier
age of onset, larger adenoma size and higher hormonal activity at
diagnosis than non-AlP related acromegaly. Invasive macroadeno-
mas occur in childhood or adolescence in more than half of the pa-
tients with AIP mutations and almost a third of AIP mutated soma-
totropinomas present with gigantism [60]. Somatostatin analogues
are less effective for lowering GH and IGF-1 levels and inducing
tumor shrinkage in somatotropinomas due to AIP mutations. These
patients have significantly worse long-term therapeutic control
and they frequently need multiple surgeries and radiotherapy. Pro-
lactinomas due to AIPmutations also present with larger size, inva-
sive features and are more often resistant to dopamine agonists
[60]. Mutations that effect the C-terminal end of AIP and lead to
truncated protein are usually associated with significantly lower
age at diagnosis, indicating a possible genotype-phenotype corre-
lation [61].

X-LAG Syndrome

Studies on series of patients with pituitary gigantism have recent-
ly identified a new genetic cause for GH-secreting pituitary adeno-
mas. The condition was named X-linked acrogigantism (X-LAG) as
the underlying genetic alterations are due to microduplications of
chromosome Xq26.3 [72,73]. X-LAG develops in very early child-
hood. It is the second most common genetic cause (10 %) in the
general cohort of patients with pituitary gigantism after AIP muta-
tions (29 %) [63]. The duplicated genomic region includes GPR101,
which is highly overexpressed in pituitary tumors of X-LAG patients.
Its pathogenic role was further supported by the identification of
a patient with duplication affecting only GPR101 gene [74]. The
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genetic productis an orphan G-protein coupled receptor [75]. The
receptor is expressed in fetal pituitary and has been suggested to
play a role in early pituitary development. In adults GPR101 is ex-
pressed mostly in the nucleus accumbens. Elevated levels of GH re-
leasing hormone (GHRH) have been documented in some patients
with X-LAG implying that hypothalamic GHRH dysregulation may
be involved in the pathophysiology of the disease [76]. When over-
expressed GPR101 is constitutively activated even in the absence
of ligand and leads to increased cAMP levels [72].

Germline duplications of Xq26.3 mainly emerge sporadically
and affect predominantly females. Familial presentation has been
documented in three kindreds to date with the transmission of the
genetic abnormality from mother to son with 100 % penetrance
[77]. In cases of sporadic males, somatic mosaicism is present [78].
X-LAG is characterized by extreme acceleration of linear growth in
very young infants who are usually normal-sized at birth. The very
early age at disease onset means these patients have longer peri-
od of overgrowth if untreated and may reach very extreme final
heights. Patients experience symptoms of adult acromegaly like
soft tissue swelling and enlargement of hands and feet as well as
coarse facial features and increased interdental diastemata. Addi-
tionally, a quarter of them have increased appetite, while insulin
resistance and acanthosis nigricans may also be present [73]. Pitu-
itary tumors in X-LAG are large for the age of the patients and can
arise against the background of pituitary hyperplasia. GH levels can
be extremely elevated and hyperprolactinemia is almost always
present. Management of GH excess in patients with X-LAG can be
particularly difficult due to large tumor size and young patient age.
To control GH hypersecretion, radical surgery is needed and often
is accompanied by hypopituitarism. Almost all patients with X-LAG
are resistant to somatostatin analogues. Pegvisomant can be ef-
fective in controlling IGF-1 levels and limiting linear growth [73].

3P Association

The coexistence of pheochromocytoma and paragangliomas
(PPGL) and pituitary adenoma has been reported quite rarely since
the 1950s. In 2012 a pathogenic mutation in SDHD - one of the
many genes predisposing to PPGL — was reported in a patient with
somatotroph adenoma and bilateral pheochromocytomas [79].
This led to the definition of a new condition including pituitary ad-
enomas and PPGL that was termed the “3 P association” (3PAs)
[80]. The condition is extremely rare with less than 100 patients
reported in literature and even fewer in whom genetic alterations
have been identified. The majority are germline loss-of-function
mutations that affect the genes coding the subunits of succinate
dehydrogenase (SDH) complex - SDHD, SDHB, SDHC, SDHA, and
succinate dehydrogenase complex assembly factor 2 (SDHAF2) [81].
SDH-related tumorigenesis has been studied in detail in familial
and sporadic PPGL. The SDH complex plays a crucial role in both
Krebs cycle and electron transport chain in mitochondria. It con-
sists of four subunits — hydrophilic A and B subunits which consti-
tute the catalytic part of the enzyme and convert succinate to fu-
marate, and hydrophobic C and D subunits responsible for docking
the complex to the inner mitochondrial membrane and providing
electrons to the ubiquinone pool [82]. Inactivating mutations in
any subunit genes impair the function of the enzyme and lead to
succinate accumulation. This in turn is followed by inhibition of pro-
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lylhydroxylases (PHD) which are responsible for inactivation of hy-
poxia-inducible factor 1 alpha (HIF-1A). This protein acts as tran-
scription factor and its accumulation causes a state of tissue pseu-
dohypoxia and induces expression of HIF-responsive genes like
VEGF which have been demonstrated to be involved in tumor de-
velopment [83]. Disruption of the electron transport chain leads
to generation of reactive oxygen species which additionally inhib-
it PHDs and stabilize HIF-1A. Succinate also inhibits histone
demethylases and its accumulation in SDH-deficient tissues results
in genomic hypermethylation which has been shown in SDH-mu-
tant paragangliomas [84]. The prevalence of SDH mutations in un-
selected pituitary adenomas and in patients with sporadic 3PAs is
low. In cases with family history of PPGL, however, mutations can
be identified in up to 75 % of 3PAs patients [80]. In the overall co-
hort of 3PAs, somatotropinomas may be the most common phe-
notype, followed by prolactinomas, NFPA and corticotropinomas
while macroadenomas prevail over microadenomas [85]. In the
group of patients with SDH mutations, however, prolactinomas
were more frequently present as compared to somatotropinomas
and NFPA. These pituitary tumors can exhibit aggressive behavior,
often requiring surgery and may be resistant to medical treatment
[80]. A non-functioning pituitary carcinoma with mutation in SDHB
has also been reported [86]. A specific feature of SDH-mutated pi-
tuitary tumors is the presence of intracytoplasmic vacuoles [87].
Apart from derangements of the SDH complex, 3PAs can be ex-
panded to other known PPGL genes. Alterations of MAX gene on
chromosome 14q23.3 including intragenic deletions have recent-
ly been reported in patients with pheochromocytoma and pitui-
tary tumors — prolactinomas and somatotropinomas [88]. Several
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cases of PA in patients with genetically confirmed von Hippel-Lin-
dau (VHL) and MEN 2 syndromes have been described, however, in
none of these cases was a causative mutation of VHL or RET defini-
tively linked to pituitary tumorigenesis [82].

Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) is an autosomal dominant cancer
syndrome caused by germline inactivating mutations in NF1 gene
on chromosome 17q11.2. The genetic product, neurofibromin,
participates in the control of cell growth and proliferation by inhib-
iting Ras activity and regulating cAMP levels [89]. NF1 is character-
ized by café-au-lait skin spots, intertriginous freckling, Lisch nod-
ules, neurofibromas, bone lesions and optic pathway gliomas. Ac-
romegaly and gigantism have been described in patients with NF1
but pituitary tumors have been reported in very few [82,90]. It has
been suggested that compression from optic gliomas may prevent
somatostatin mediated inhibition and lead to GH excess [90].
A causative role for NFT mutations was not confirmed in any pitui-
tary adenoma that occurred in NF1 patients. No associations of
pheochromocytoma and PA in the setting of NF1 have been de-
scribed so far.

DICER1T Syndrome

DICER1 is an autosomal dominant familial tumor/dysplasia disor-
derwith low penetrance caused by inactivating mutations in DICERT
gene located on chromosome 14q32.13. It is characterized by a
number of benign and malignant tumors, most frequently pleuro-
pulmonary blastoma and ovarian sex cord stromal tumors and less
often cystic nephroma, Wilms tumor, renal sarcoma, multinodular

AIP: FIPA, pituitary gigantism, pediatric
pituitary adenomas

GPR101: X-LAG, rare FIPA kindreds

MEN1 (MEN1 syndrome):
Occasionally pediatric onset
All clinical pituitary adenoma
subtypes seen

PRKAR1A (Carney complex)
Acromegaly predominantly

CDKN1B (MEN4)
Various clinical clinical pituitary
adenoma subtypes seen

GNAS (McCune Albright Syndrome)
Acromegaly and gigantism
Somatic mutations in acromegaly

SDHx/MAX (3P Association)
Acromegaly, prolactinoma

»Fig. 1 Principal causes of pituitary adenomas associated with germline and mosaic genetic mutations.
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goiter, differentiated thyroid carcinoma, nasal chondromesenchy-
mal hamartoma, ciliary body medulloepithelioma, genitourinary
embryonal rhabdomyosarcoma, and pinealoblastoma[91]. Among
others, pituitary blastoma has also been described as a rare pres-
entation of DICERT syndrome in 14 patients to date [81,92]. The
risk for tumor formation is highest in early childhood and decreas-
es with age. DICERT codes for the 1922 amino acid cytoplasmic en-
doribonuclease class Il (RNase-IIl) which is engaged in the genesis
of microRNAs (miRNA). These miRNAs participate in gene silenc-
ing and block the translation of mRNA, thus inhibiting gene expres-
sion and regulating protein synthesis [93]. A prerequisite for tumor
formation is the presence of loss-of-function mutations and a sec-
ond tumor-specific mutation at several hotspots. Most affected
children harborinherited germline mutations but around 20 % may
arise de novo. Mosaicism has been detected in approximately 10%
of patients with DICERT syndrome and may be associated with ear-
lier onset of disease and multiple affected sites [91]. Pituitary blas-
toma in DICER1 syndrome presents with severe ACTH-dependent
Cushing’s disease in infancy or early childhood and is fatal in near-
ly half of the affected patients [92]. The term blastoma is used for
this pituitary tumors because on histology they resemble fetal pi-
tuitary tissue at 10-12 week gestation with only ACTH and GH se-
creting cells present among primitive Rathke-like epithelium [94].

Tuberous Sclerosis Complex

Tuberous sclerosis complex (TSC) is an autosomal dominant pha-
komatosis that presents with multiple hamartomas of brain, skin,
heart, lungs, and kidneys. Brain involvement results in seizures, au-
tism and cognitive disability. The disease is caused by loss-of-func-
tion mutations in either the TSC7 gene on chromosome 9q34.13
orthe TSC2 gene on chromosome 16p13.3. Their products, hamar-
tin and tuberin respectively, take partin the formation of TSC com-
plex which act as negative requlator of mammalian target of rapa-
mycin complex 1 (mTORC1). Disruption of TSC complex leads to
activation of mTORC1 signaling with increased cell proliferation
[95]. Pituitary adenomas are not a usual presentation of TSC but
two cases of corticotropinomas have been described [96, 97].

Conclusion

Recent progress in molecular genetics has led to the identification
of anumber of novel genetic causes for pituitary adenomas. These
include germline mutations predisposing to syndromic or isolated
presentation (> Fig. 1) as well as somatic and mosaic genetic alter-
ations. Screening for genetic defects in familial cases may identify
at-risk individuals among affected families and lead to preclinical
diagnosis. Better understanding of the molecular pathophysiolo-
gy of pituitary tumors may provide basis for the future develop-
ment of specifically targeted therapeutic tools and translate in bet-
ter prevention and appropriate management of individual patients.
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