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Screening for genetic causes of growth hormone hypersecretion
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Growth hormone (GH) secreting pituitary tumors may be caused by genetic abnormalities in a variety of genes
including AIP,MEN1, CDKN1B, and PRKAR1A. These can lead to GH secreting pituitary adenomas as an isolated oc-
currence (e.g. as aggressive sporadic adenomas or in familial isolated pituitary adenomas (FIPA)) or as part of
syndromic conditions such as MEN1 or Carney complex. These tumors have more aggressive features than spo-
radic acromegaly, including a younger age at disease onset and larger tumor size, and they can be challenging to
manage. In addition tomutations or deletions, copy number variation at theGPR101 locusmay also lead tomixed
GH and prolactin secreting pituitary adenomas in the setting of X-linked acrogigantism (X-LAG syndrome). In X-
LAG syndrome and inMcCune Albright syndrome, mosaicism for GPR101 duplications and activating GNAS1mu-
tations, respectively, contribute to the genetic pathogenesis. As only 5% of pituitary adenomas have a known
cause, efficient deployment of genetic testing requires detailed knowledge of clinical characteristics and potential
associated syndromic features in the patient and their family.

© 2016 Published by Elsevier Ltd.
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1. Introduction

Modern genetic sequencing techniques have made genetic tests for
patients with pituitary disease more accessible in routine clinical prac-
tice. Nevertheless, the indications for genetic screening in a distinct dis-
ease phenotype are continually evolving, which can make testing
choices difficult for both the clinician and the patient.

Pituitary lesions are the most frequent cause of chronic growth
hormone (GH) excess. When GH excess occurs before the closure
of the epiphyseal plates it leads to increased linear growth and
gigantism; GH excess leads to acromegaly when it occurs after
epiphyseal closure. Pituitary gigantism and acromegaly can be due
to isolated somatotropinomas or form part of complex syndromes,
although sporadic non-familial presentation remains by far the
most common form [1].

Despite recent advances over the last 20 years the genetic etiology of
most pituitary adenomas is unknown [1,2]. Traditionally it is considered
that about 5% of pituitary adenomas present in familial syndrome set-
tings, most frequently multiple endocrine neoplasia (MEN) type 1 due
to mutations in the MEN1 gene or familial isolated pituitary adenomas
(FIPA) in which 15–20% have mutations in the AIP gene. Rarer heredi-
tary forms of pituitary adenomas include Carney complex, MEN4, and
X-linked acrogigantism (X-LAG) as detailed in Table 1. Based on the

characteristic phenotypes produced in these conditions, various recom-
mendations can be made regarding the optimal choice of genetic tests.

2. Genesinvolvedinpituitarytumorigenesisandassociatedsyndromes

2.1. Multiple endocrine neoplasia type 1 syndrome

The MEN1 gene that encodes the protein menin is mutated in pa-
tients with MEN1 syndrome [3]. Both familial and sporadic forms can
be observed and 2.7% of all pituitary adenomas are estimated to be a
part of this syndrome [4]. Pituitary adenomas are diagnosed in 30–
40% ofMEN1 patients, beingmore frequent in familial cases than sporad-
ic. In about 17% of cases the pituitary tumor is the presenting manifesta-
tion of MEN1 [5]. Most MEN1- associated pituitary tumors are
prolactinomas (50–60%),while acromegaly accounts for 10% [6]. Pituitary
tumors can appear in association with other endocrine tumors, mainly
primary hyperparathyroidism (95–98%) and gastroenteropancreatic
neuroendocrine tumors (30–70%), less frequently with adrenal cortical
lesions (25–40%), carcinoids (10%), neuroendocrine thymus tumors
(2%) and pheochromocytomas (b1%), as well as non-endocrine lesions
(angiofibromas (80%), collagenomas (70%) and lipomas (20–30%)) [7].
MEN1-associated pituitary adenomas are larger (macroadenomas in
85% of cases) andmore aggressivewithmore frequent local compression
symptoms and poorer response to treatment than sporadic non-MEN1
tumors [8,9].
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MEN1 gene is a tumor suppressor gene with autosomal dominant
transmission and high penetrance (95% ofMEN1 patients havemanifes-
tations after age of 50 years) [8,10]. Menin participates in cell cycle and
oxidative stress regulation [7]. N700 mutations in MEN1 had been re-
ported [11]. Gene inactivation can be caused by mutations or gross
DNA changes (large genomic rearrangements). These large genomic re-
arrangements can be detected by Multiple Ligation Probe Amplification
(MLPA) and represent about 1–5% of mutations in MEN1, most fre-
quently being seen in familial cases [11].

2.2. Multiple endocrine neoplasia type 4 syndrome

Several cases of GH-secreting pituitary adenomas have been re-
ported in the context of MEN4 syndrome due to germline mutations
in CDKN1B gene, that encodes cyclin dependent kinase inhibitor 1B,
p27kip1 [12,13]. This MEN1-like syndrome has been described in
rats as MENX, exhibiting multiple tumors, including pheochromocy-
toma, medullary thyroid cell neoplasia, parathyroid adenomas,
paragangliomas, pancreatic hyperplasia and pituitary adenomas
[13]. In humans, Pellegata et al. identified a nonsense mutation in
the CDKN1B gene in a German kindred with acromegaly, primary hy-
perparathyroidism, renal angio-myolipoma, and testicular cancer
[14]. Most MEN4 cases present pituitary and parathyroid lesions,
and rarer clinical features include gastroenteropancreatic neuroendo-
crine, adrenal, thyroid tumors and other non-endocrine conditions. Al-
though inactivating and missense mutations in this gene can produce
acromegaly with or without MEN1-like phenotype [15], such alter-
ations are considered as a very rare cause of somatotropinomas.

2.3. Carney complex

Acromegaly can occur as a manifestation of Carney complex [16,17].
In 70% of cases Carney complex is familial [17]. Two gene loci have been
identified for this condition: the PRKAR1A gene on chromosome 17q22–
24 and a second potential locus on 2p16 [18,19]. About 60–65% of Car-
ney complex cases are due to PRKAR1Amutations [20–22]. Carney com-
plex is a rare condition (b1000 cases described) [16,23] that presents as
an association of skin pigmentation, cardiac and cutaneous myxomas,
endocrine hypersecretion and schwannomas [24]. Among endocrine
abnormalities the most common are primary pigmented nodular
adrenocortical disease, thyroid nodules/tumors and testicular tumors
(Leydig cell tumors, large cell calcifying Sertoli cell tumor) [25].
Although acromegaly due to a pituitary tumor is infrequent and is diag-
nosed in only 10% of cases, about 75% of patients exhibit asymptomatic
elevations in GH, IGF-1 or prolactin levels. Therefore, in PRKAR1Amuta-
tion positive individuals GH, IGF-I and prolactin levels should be
assessed on a yearly basis. It is interesting to note that there are some

genotype-phenotype correlations for PRKAR1Amutations in relation to
pituitary involvement. Acromegaly is more frequent with specific
exon-located mutations, which are also associated with increased oc-
currence of schwannomas, lentigines and cardiacmyxomas [21]. GHhy-
persecretion in Carney complex is usually caused by multifocal
hyperplasia of somatomammotropic cells [26] that can then form GH/
prolactin-secreting adenomas, and is frequently accompanied by elevat-
ed prolactin. Mixed pituitary tumors staining positively for thyroid-
stimulating hormone, luteinizing hormone or alpha-subunit can be
also found in some cases with Carney complex [27]. A pituitary MRI is
recommended at baseline in newly diagnosed cases with the repeat im-
aging based on disease progression and hormonal disturbances during
follow-up. In addition, clinical features similar to Carney complex have
been reported in a casewith triplication on chromosome1p31.1, includ-
ing the gene encoding the catalytic subunit of protein kinase A (PRKACB
gene) that presented with acromegaly due to a pituitary tumor in asso-
ciation with pigmented spots and myxomas [28].

2.4. Pituitary adenoma and pheochromocytoma/paraganglioma

Another non-classical syndromic presentation of somatotropinoma
in association with pheochromocytoma was first described in 1952
[29]. Recently, mutations in succinate dehydrogenase (SDH) subunit
genes—SDHA, SDHB, SDHC and SDHD, were suggested as being
implicated in pituitary adenoma formation in rare cases of coexisting
pituitary tumors and pheochromocytoma/paraganglioma (3PAs syn-
drome) [30–32]. Familial and isolated cases have been described.
SDHx mutation-associated pituitary lesions and pheochromocytoma/
paraganglioma may occur simultaneously in one patient or be diag-
nosed in several members of the same family. Pathogenic mutations
and variants of unknown significance in SDHx genes, in particular
SDHD and SDHA, have been found in some 3PAs somatotropinoma
cases, all with macroadenomas [33]. Interestingly LOH was detected in
pituitary adenomas from patients with SDHx abnormalities. Thus, alter-
ations in SDHx genes may play a pathogenic role in the development of
somatotropinomas [30,32]. However, the association of pituitary ade-
nomas and SDHx gene mutations is rare [34]. Therefore screening for
SDHx mutations could be suggested only based on familial history and
specific clinical presentation with pituitary adenoma and pheochromo-
cytoma/paraganglioma.

It is important to consider such cases with atypical multiple endo-
crine neoplasia also for testing for alterations inMEN1 [35,36]. However,
adrenalmedulla tumor formation inMEN1patients appears to be a very
rare event (b0.1%) [37].

Besides that, rare adrenal tumors can produce ectopic GH-releasing
hormone (GHRH) with the consequent involvement of somatotrophs
in the anterior pituitary. There are some cases described in the literature

Table 1
Genes involved in the pathogenesis of the GH secreting pituitary lesions.

Gene Pathological mechanism Condition GH secreting pituitary tumor characteristics

MEN1 (Ch11q13) Decrease of menin expression and function MEN1 Somatotropinomas diagnosed at a young age
CDKN1B (Ch12p13) Decrease of p27kip1 level and lack of tumor

suppression
MEN4 Rare cases of GH-secreting pituitary adenomas

PRKAR1A (Ch17q22–24)
PRKACB (Ch1p31.1)

Protein kinase A function alteration Carney Complex GH and GH/prolactin secreting adenomas

GNAS1 (Ch20q13.3) Activation of the stimulatory alpha-subunit
(Gsα) of protein G

McCune-Albright syndrome Pituitary hyperplasia and adenomas, acrogigantism

AIP (Ch11q13.32) Decrease of AIP (mRNA and protein)
expression, alteration of regulation of AhR or
phosphodiesterase function

FIPA Somatotropinomas/ somatomammotropinomas,
acrogigantism, age at onset mainly in adolescence.
Homogeneous and heterogeneous families (all
pituitary adenoma secretion subtypes involved)

GPR101 (ChXq26.3
microduplications)

Increased expression of GPR101 and GH
hypersecretion

X-LAG
FIPA

Early onset acrogigantism (younger than age of 5
years), sporadic, mosaic and in familial settings, mixed
GH/prolactin adenomas with or without hyperplasia

MEN1—multiple endocrine neoplasia type 1; p27kip1—cyclin-dependent kinase inhibitor 1B; MEN4—multiple endocrine neoplasia type 4; GH—growth hormone; AIP—aryl hydrocarbon
receptor interacting protein; AhR—aryl hydrocarbon receptor; FIPA—familial isolated pituitary adenomas; X-LAG—X-linked acrogigantism.
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