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Practice points

e Pituitary adenomas are relatively frequent benign intracranial tumors (prevalence of 1/1000).
e Approximately 5-8% of pituitary adenomas occur in a familial setting.

e About 2-3% of all pituitary adenomas fit into the familial isolated pituitary adenoma (FIPA) syndrome, and 15-20% of
FIPA cases have mutations in the AIP gene and distinct clinical characteristics.

e AIP mutations are associated with early-onset and aggressive tumors.
e The genetics of approximately 80% of FIPA families remains unknown.

e X-linked acrogigantism accounts for more than 80% of the cases of early-onset pediatric gigantism and about 10% of
pituitary gigantism cases.

e In FIPA families without AIP mutation, Xgq26.3 microduplications can be regarded as a new cause and by extension
X-linked acrogigantism turns out to be a part of the FIPA entity.

e Pituitary adenomas with a genetic predisposition are often aggressive and resistant to conventional treatment
options and require specific management.

e Early diagnosis is critical and systematic screening is recommended for patients at risk.

e Apart from the familial cases, genetic testing is recommended in young patients, in case of large and/or aggressive
tumors or resistance to medical therapy.

e The main interest of a genome-based classification of familial pituitary adenomas consists in the ability to predict the
natural history of pituitary adenomas and to offer appropriate genetic counseling.

e C(learly, clinical, molecular and genetic aspects of familial pituitary adenomas should be studied further in the future
and may lead to the development of new forms of therapy.

Familial pituitary adenomas account for approximately 5-8% of all pituitary adenomas.
Besides the adenomas occurring as part of syndromic entities that group several endocrine
or nonendocrine disorders (multiple endocrine neoplasia type 1 or 4, Carney complex and
McCune-Albright syndrome), 2-3% of familial pituitary adenomas fitinto the familial isolated
pituitary adenomas (FIPA) syndrome, an autosomal dominant condition with incomplete
penetrance. About 20% of FIPA cases are due to mutations in the AIP gene and have distinct
clinical characteristics. Recent findings have isolated a new non-AlIP FIPA syndrome called
X-linked acrogigantism, resulting from a microduplication that always includes the GPR101
gene. These new advances in the field of pituitary disease are opening up a new challenging
domain to both clinicians and researchers. This review will focus on these recent findings
and their contribution to the diagnosis and the management of familial pituitary adenomas.
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Table 1. Hereditary forms of pituitary hyperplasia or adenomas.

Phenotype

Carney complex
McCune-Albright

3Pas
SDHC

Condition Gene
MEN1 MENT (Ch11q13)
MEN4 CDKN1B (Chr 12p13)

PPKRI1A (Ch17G22-24)
GNAST (Ch 20q13.3)

SDHA, SDHB, MENT and
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Pituitary adenomas are highly frequent benign
intracranial tumors which represent 15-20% of
cerebral tumors [1]. Previously considered rare
tumors occurring at a rate of approximately
1/3000-5000 individuals [2], clinically appar-
ent pituitary adenomas, were shown in a study
conducted by our team to be far more common,
with an overall rate of one case in approxi-
mately 1000 individuals [3]. These results were
later confirmed by other similar research [4].
Autopsy and radiological series have argued
total pituitary tumor prevalence, including
both asymptomatic lesions and incidentalomas,
of 14% and 10-22%, respectively, among the
general population [5.6]. In terms of incidence,
recent studies have found average values ranging
from 2.9 pituitary tumors per 100,000 popula-
tion in the USA (7] to 4.0 pituitary adenomas
per 100,000 in northern Finland (s].

Despite their benign nature, the occurrence of
aggressive forms of pituitary adenomas, charac-
terized by a giant size, a recurring pattern, resist-
ance to standard therapy and tendency to invade
adjacent structures is not unusual. It is worth
noting that, to date, despite the introduction
of recent useful molecular markers, there is no
clear biomarker capable of facilitating the early
identification of aggressive pituitary adenomas
and predicting the natural history of a given
adenoma.

Physiopathology

Decrease of menin function
Lack of tumor suppression

1A regulatory subunit of PKA
expression/function alteration
Activation of the stimulatory
a-subunit of protein G
Decreased activity of SDH

Considering that clinically similar features
could be associated with morphologically
heterogeneous tumors, an accurate molec-
ular/genetic/epigenetic classification is needed
to predict at an early stage the clinical behavior
of the lesion and to allow adequate therapeutic
strategies [9,10].

A large number of studies have already been
carried out to unravel pituitary adenomas’ patho-
physiology through molecular genetics of tumor-
igenesis. Mutations in several genes have been
described. The most closely involved of these are
somatic mutations of the gsp gene, encoding the
o-subunit of a heterotrimeric G-protein (Gs).
Activating mutations of gsp leads to an activa-
tion of the stimulatory a-subunit of protein G
(Gsa) and, through hyperactivation of adenylyl
cyclase, increased production of cAMP [11,12].

It is interesting to note that if a substantial
number of genetic mutations or alterations were
identified in pituitary adenomas including the
recent discovery of mutations in the deubiquit-
inase gene USPS8 in corticotropinomas [13,14],
only a few are involved in inherited or familial
conditions. The hereditary forms of pituitary
hyperplasia or adenomas are detailed in Table 1.

Long regarded as sporadic neoplasms, approx-
imately 5-8% of pituitary adenomas are however
part of familial syndromic associations [15,16].
The most frequent and best known of these are

All pituitary tumor types
Only acromegaly and Cushing'’s disease to date
GH and GH/prolactin secreting adenomas

Pituitary hyperplasia and adenomas, acrogigantism or Cushing’s
syndrome
Often aggressive macroadenomas secreting prolactin or GH

May be associated with hypersecretion of ACTH and precocious Cushing’s
disease

Pituitary blastoma  DICERT (Ch14g32.13) Alteration of DICER1 activity

FIPA AIP (Ch11q13.32) in Undetermined All pituitary adenoma subtypes involved
15%-20% of cases AIP mutation cases include somatotropinomas, prolactinomas, mixed GH/
prolactin tumors, nonsecreting adenomas
X-LAG GPR107 (ChXg26.3 Increased expression of GPR101  Early onset acrogigantism, somatotropinomas/somatotroph hyperplasia

microduplications) and GH with prolactin secretion

FIPA: Familial isolated pituitary adenoma; GH: Growth hormone; MENT: Multiple endocrine neoplasia type 1; MEN4: Multiple endocrine neoplasia type 4; SDH: Succinate dehydrogenase;
X-LAG: X-linked acrogigantism; 3Pas: Pituitary adenoma with paraganglioma/pheochromocytoma.
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the multiple endocrine neoplasia type 1 (MEN1)
syndrome and the Carney complex (CNC).
Furthermore, 2-3% of all pituitary adenomas
occur in the familial isolated pituitary adenoma
(FIPA) context, an autosomal dominant con-
dition with incomplete penetrance. About
15-20% of FIPA cases were found to carry
mutations in the A/P gene and to exhibit dis-
tinct clinical characteristics [3.17]. Finally, recent
findings have isolated a new syndrome called
X-linked acrogigantism (X-LAG), resulting from
a microduplication in the GPRIO! gene, causing
early onset gigantism. The same genetic anomaly
can explain some cases of non-A/P FIPA.

These less frequent entities could be regarded
as relevant models to understand the genetic and
biochemical pathways of tumorigenesis of pitui-
tary adenomas. This review will focus on these
recent findings and their contribution to the
diagnosis and management of familial pituitary
adenomas.

Familial pituitary adenomas

e MEN1

MENTI syndrome is an autosomal dominant
condition characterized by the association
of endocrine and nonendocrine tumors. The
most frequently encountered anomalies are
primary hyperparathyroidism mostly due to
parathyroid hyperplasia, pancreatic and gastro-
intestinal neuroendocrine tumors and pituitary
adenomas. Other possible manifestations are
bronchopulmonary and thymic neuroendocrine
tumors, adrenocortical tumors, meningiomas
and soft tissue tumors such as lipomas and
collagenomas [18].

The syndrome is caused by inactivating
mutations of the tumor suppressor gene MENI,
located on chromosome 11q13 and coding for
the protein menin. Menin has a role in control-
ling the cell cycle and the oxidative stress regu-
lation [1920]. Both familial and sporadic forms
can be observed. More than 700 mutations in
MENTI have been described [21]. In sporadic
pituitary adenomas, loss of heterozygosity of the
MENI gene [22] as well as reduced expression of
menin [23] has been found in tumor tissue.

Pituitary adenomas occur in approximately
40% of MENT patients, with prolactinomas as
the most frequent type, followed by nonfunc-
tional, growth hormone (GH)-secreting and
ACTH-secreting lesions [24]. Clinically speak-
ing, pituitary disease is more frequent in famil-
ial than in sporadic cases of MENI, especially
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prolactinomas which are bigger and have a
poorer dopamine agonist response than spo-
radic ones [24.25]. Pituitary adenomas in MENI1
are more likely to be macroadenomas (85%) and
local compression symptoms are more frequent
than in sporadic pituitary tumors. MEN1 female
patients seem to develop pituitary adenomas more
frequently than male patients [24]. The possibil-
ity of a genetic diagnosis in MENI patients has
optimized the treatment options and radiological
follow-up of these often aggressive tumors [20].

e MEN4

Surprisingly, more than 20% of patients with
a MENI clinical pattern have no demonstrable
genetic anomaly of the MENI gene. This obser-
vation led to the hypothesis that there had to
be other genetic factors involved. Derived from
work performed on murine models, a new clini-
cal syndrome belonging to the MEN spectrum
has been described [26].

MEN4 is caused by heterozygous mutations
of the tumor suppressor gene CDKNIB, located
on chromosome 12, and which codes for a 196
amino acid cyclin-dependent kinase inhibitor
p27%#! 27]. Several different mutations were
described leading to an inactivation of p27Xi!.
However, anomalies in the genes coding for
other cyclin-dependent kinase inhibitors (p15,
p18 and p21) were also found, although rarely,
in cases of MENI1 or related states for which
MENI mutations were absent [28]. Although the
expression of p27%*! was shown to be decreased
in pituitary tumors compared with normal pitui-
tary tissue, mutations of the CDKNIB gene have
not been described so far in sporadic pituitary
tumors [29].

The clinical presentation is similar to that of
MENI and generally includes parathyroid and
pituitary anomalies, but also, although more
rarely, pancreatic and gastrointestinal neuro-
endocrine tumors, adrenal, thyroid tumors and
other nonendocrine lesions [2730-31]. However,
CDKNIB mutations appear to explain only a
minority of MENI-like syndromes without
MENI gene mutations [2732]. It should also
be noted that although MEN4 is an approved
genetic cause of pituitary disease, it appears
to be very rare and only a few cases have been
described so far [31].

e CNC
CNC is a rare autosomal dominant condition
defined by the association of endocrine (primary
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pigmented nodular adrenocortical disease lead-
ing to Cushing’s syndrome, pituitary adenomas,
thyroid, testicular and ovarian tumors) and
nonendocrine manifestations (lentiginosis, blue
nevi, café-au-lait skin spots, cardiac, skin and
mammary myxomas and schwannomas) [33.34].
Hypersecretion of prolactin and GH is fre-
quent (around 75% of patients), but pituitary
adenomas are less common (10%). Acromegaly
is usually diagnosed at a mean age of 35 years
and it has a slow progression [35:36]. Multifocal
hyperplasia of somatomammotropic cells of the
anterior pituitary is often observed in CNC and
may further give rise to adenomas [37].

The syndrome is caused in 60-70% of cases
by mutations of the PRKARIA gene which codes
for the 1A regulatory subunit of PKA [3839).
Approximately 70% of CNC patients have
an affected parent and 30% have a de novo
mutation [40]. Interestingly, some genotype—
phenotype correlations can be established for
PRKARIA mutations. For example, exon-located
mutations are more common in relation to car-
diac myxomas, lentigines, schwannomas and
acromegaly [36]. Paradoxically, haploinsufficient
mice for PRKARIA do not develop significant
pituitary disease [38,41]. In sporadic pituitary ade-
nomas, mutations of the PRKARIA have not yet
been described [29].

Finally, a CNC phenotype consisting of
acromegaly, pigmented spots and myxomas was
recently described in a female patient with a
1p31.1 triplication, which results in gain of func-
tion of PRKACB, coding for a catalytic subunit
of the PKA [42].

¢ McCune-Albright syndrome
McCune—Albright syndrome (MAS) is classi-
cally defined by the triad café-au-lait skin spots,
precocious puberty and polyostotic fibrous
dysplasia. However, it can also cause pituitary,
thyroid, adrenal and parathyroid anomalies,
generally manifesting as hyperactivity of these
glands [43]. Hypersecretion of GH is described
in 20-30% of cases, most often related to pitui-
tary hyperplasia, but also to pituitary adenomas
(30% of acromegaly patients with MAS) [39.44].
The prevalence is between 1/100,000 and
1/1,000,000 [44].

The syndrome is caused by postzygotic mis-
sense mutation of GNASI gene located on chro-
mosome 20q13.3, leading to a GNASI mosaicism
and to constitutive activation of the Gsa, which
increases cAMP and, consecutively, cellular
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activity and growth [45]. Although in transgenic
mice, with constitutive expression of Gsa., the
mutation is transmitted to offspring [46], in
humans, cases of genetic transmission in MAS
have not been reported so far.

e Pituitary adenoma with paraganglioma/
pheochromocytoma

Pituitary adenoma with paraganglioma/pheo-
chromocytoma is a newly defined rare syndrome
characterized by the association of pituitary
adenomas with pheochromocytomas or para-
gangliomas [47.48]. Both familial and isolated
cases have been described [47]. Pituitary ade-
noma with paraganglioma/pheochromocytoma
occurs not only in patients harboring germline
mutations in SDH subunit genes SDHA [49],
SDHB [48,50], SDHD [51] and SDHC [52], but
also in MENI (s0]. However, only 0.3% of all
pituitary tumors are estimated to be associ-
ated to an SDH mutation [53]. Such adenomas
are most often prolactinomas, nonfunctioning
adenomas or somatotropinomas, and seem to be
more aggressive [48,50].

e Pituitary blastoma

Pituitary blastoma is a very rare and recently
described embryonal tumor usually occur-
ring in young children that may be associated
with hypersecretion of ACTH and precocious
Cushing’s disease [54;55]. Histologically, the
lesion is composed of several cell types featur-
ing those observed in pituitary development,
including Rathke’s epithelium cells in addition
to other secretory cells [54]. This rare condition
seems to be caused by germline mutations of the
DICERI gene in addition to a second somatic
DICERI mutation, especially in the RNase
IIIb domain [s6,57]. Pituitary blastoma could be
mistaken for a pituitary adenoma [55]. The few
cases reported so far have offered new informa-
tion regarding the pathogenesis and genetics of
blastomas and familial tumor syndromes [s5].

The FIPA syndrome

¢ Origins & clinical presentation

The FIPA syndrome was described in Litge at
the end of the 1990s, deriving from the previous
concept of isolated familial somatotropinomas
(IFS), a condition defined by the occurrence
of more than two cases of gigantism or acro-
megaly in a family apart from MEN1 or CNC
syndromes [58,59]. When compared with sporadic
cases of acromegaly or gigantism, there is a male

future science group



Advances in diagnosis and management of familial pituitary adenomas

predominance, a younger age of onset and the
systematic development of macroadenomas in
1ES [60].

FIPA syndrome itself (which encompasses a
larger range of pituitary adenoma phenotypes
than the particular homogeneous cases formerly
identified as IFS) could be defined by the occur-
rence of pituitary tumors of all types, in multiple
members of a single family, in the absence of
MENI], CNC or other associative syndrome [17].
FIPA families account for approximately 2% of
the overall incidence of pituitary tumors. The
first multicenter international study among
tertiary referral centers in Europe and the
USA led to the identification and the clinical
characterization of over 140 FIPA patients from
64 kindreds [60.61]. There are currently several
hundred FIPA families identified [17.62].

FIPA may have either a homogeneous (the
same type of tumors in all affected family mem-
bers) or heterogeneous (different types of tumors
among family members but almost invariably
at least one prolactinoma or GH-secreting ade-
noma) presentation [60]. Families with two to
five affected members have been described [17].
Prolactinomas and somatotropinomas (pure or
mixed somatolactotropinomas) are far more fre-
quent in FIPA than other tumor phenotypes,
and comprise, respectively, 26.7-37.5% and
41.4-46.6% of cases in large international FIPA
cohorts [17.62], followed by nonsecreting tumors
(16.5-18.5%), corticotropinomas (2.9—-4.8%)
and thyrotropinomas (<0.5%). The spectrum of
FIPA cohort by tumor phenotype is illustrated
in Figure 1.

On average, FIPA patients present tumors 4
years eatlier than sporadic patients, and first-
degree relationship between affected members
occurs in 75% of cases [59]. Patients with a
homogeneous FIPA presentation are younger
at diagnosis than those with a heterogeneous
presentation. In multigenerational families,
the children/grandchildren have a significantly
younger mean age at diagnosis (20 years). It is
unclear whether this effect is related to some
form of anticipation mechanism at a genetic
level, or due to increased awareness on the part
of the family [12,17].

Pituitary adenomas in FIPA families usually
occur at a younger age and are more aggres-
sive than in sporadic cases. Prolactinomas in
FIPA are usually microadenomas occurring
in women, while macroadenomas are gener-
ally diagnosed in male patients [12]. In the
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heterogeneous FIPA setting, prolactinomas are
more aggressive and macroadenomas are more
frequent. The nonsecreting adenomas in this
group have a higher rate of invasion than spo-
radic ones. Somatotropinomas in homogeneous
families occur at a younger age and have a more
frequent extension that those in heterogeneous
FIPA cases. Cushing’s disease, TSH-secreting
adenomas and secreting gonadotropinomas can
also presented in the context of both homoge-
neous and heterogeneous FIPA, although these
tumors are much rarer [12,59].

e AIP gene

The genetic mechanisms of FIPA are not yet
fully understood. Obviously, FIPA patients have
no mutation in MENI, PRKARIA, GNASI or
other above-cited genes. The first studies dem-
onstrated genetic linkage to a chromosome
11q13 region [63], then between microsatellite
markers (D11§956 and D11S527) on chromo-
some 11q13.1-q13.3 [64], paving the way for
the later identification of AIP gene as a culprit.
In 2006, the AIP was found to be associated
with a pituitary adenoma predisposition in kin-
dreds from Finland with GH-secreting and/or
prolactin-secreting tumors [65]. A multi-center
study in 2007 identified AZP mutations in 15%
of FIPA cases [¢6], especially in homogeneous
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= Prolactinoma = Somatolactotropinomas
Somatotropinoma = NFPAs

= Cushing-disease Gonadotropinomas

= Plurihormonal tumors m Thyrotropinomas

Figure 1. Frequency of the different pituitary
adenoma phenotypes in familial isolated
pituitary adenoma families.

NFPA: Nonfunctioning pituitary adenoma
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somatotropinoma families (42.8%). Patients
with A/P mutation were younger (12 years) at
the diagnosis than other FIPA patients and have
larger maximum tumor diameter. Subsequently,
these data were confirmed in other FIPA
cohorts 17.67). The majority of patients with AZP
mutations develop somatotropinomas or both
GH/prolactin-secreting adenomas (76.5%) [17].
Somatotropinoma patients with A/P muta-
tions are predominantly male and have larger
and more aggressive tumors that developed at a
younger age (more than 20 years earlier) than
those without A7P mutations. Consequently, the
proportion of acromegaly patients with gigan-
tism appears to be higher among those with
germline mutations compared with AP negative
GH-secreting adenomas (32% vs 6.5%) [68].

The evidence from a series of studies performed
to evaluate A/P mutation prevalence pointed to
specific subgroups of patients in which A7P muta-
tion carriers were discovered more frequently
(e.g., children and young adults, pituitary gigan-
tism or FIPA families) [12,59,68-70], whereas in an
unselected sporadic pituitary adenoma population,
AIP mutations are extremely rare [71-73]. In partic-
ular, patients with sporadic macroadenomas aged
at diagnosis less than 30 years harbor A/P muta-
tions in 10% and even in 20% of cases in pediatric
patients with macroadenomas [69]. Pituitary ade-
noma predisposition (including AZP status) was
also assessed recently in a large international cohort
of patients with pituitary gigantism that represents
a special population of interest for genetic screen-
ing [70]. In this study, 46% of tested cases had
genetic alterations. Among these, the most fre-
quent were A/P mutations (29%). Additionally,
some rarer cases of genetic syndromes discussed
above were identified in this group, such as MAS
(5%), CNC (1%) and MEN1 (1%).

The clinical management of FIPA regardless
of AIP status is quite similar to that of sporadic
pituitary adenomas in terms of therapeutic
options. However, patients with A/P mutations
frequently have more aggressive tumors with
poorer disease control. In particular, AIP posi-
tive somatotropinomas are frequently resistant
to treatment with somatostatin analogs, and
require, in many cases, use of multiple treat-
ment modalities (neurosurgery, medical therapy
and radiotherapy) [68]. AP mutation should be
tested in at least one affected member as these
mutations are correlated with more aggressive
and earlier onset tumors, making hormonal test-
ing and MRI monitoring recommended in this
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subgroup. In mutation carriers with no pituitary
adenoma visible on MRI, an annual monitoring
with hormonal testing (prolactin and IGF-I) and
clinical examination is recommended [12,17,59].
The tumors and the secreting pattern appear to
be quite heterogeneous in A/P mutation positive
patients. The same A/P mutation may be related
to different tumor phenotypes in different fami-
lies [12.74]. Since its revelation, numerous A/P muta-
tions have been described [17.62,65]. However, the
exact role of AZP mutations in the tumorigenesis
of pituitary adenomas remains to be determined.
AIP represents a new tumor suppressor gene (all
mutations in this gene are inactivating with loss
of heterozygosity in the pituitary tumors in those
patients with germline mutations) (17.65]. It consists
of six exons encoding a 330 amino-acid protein
from the family of immunophilins. Many of the
described AZP mutations would involve functional
loss of a tetratricopeptide repeat and the carboxy
terminal domains that are important for interac-
tions with other proteins including the aryl hydro-
carbon receptor and the heat shock protein 90 [75-
77]. All germline A/P mutations described to date
are heterozygous, suggesting that homozygous
mutations are lethal 772 utero 78]. The penetrance
of pituitary disease in patients with A7P mutations,
albeit controversial, seems not to be low, around
33% [79]. At the cellular level, A/P impaired activ-
ity may lead to modulation of phosphodiesterase
PDE4A5 and phosphodiesterase PDE2A activi-
ties [80]. It must be borne in mind that so far only
20% of FIPA families harbor A/P mutations [17],
which means that the genetics of FIPA remains
widely unknown. Likewise, FIPA families with
several affected members can be negative for AP
mutations, suggesting that other genes may be
involved in the pathophysiology of FIPA.

e X-LAG

X-LAG is a recently described pediatric disorder
characterized by early onset gigantism result-
ing from excess of GH [81]. The syndrome,
identified following the collaboration between
the University of Li¢ge and the NIH, is caused
by germline Xq26.3 microduplications encom-
passing the GPRIOI gene, but somatic mosai-
cism can also occur [82.83]. Microduplications
of Xq26.3 account for more than 80% of the
cases of early-onset pediatric gigantism [81,84]
and about 10% of the total pituitary gigantism
cases of a recent large international cohort [70].
X-LAG can present as a sporadic form or in the
context of FIPA, where penetrance seems to be
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complete [81.84]. To date, only transmission from
affected mother to affected son was reported,
and there are no cases of transmission from
affected men described. It leads to the hypoth-
esis that Xq26.3 microduplications have a nega-
tive effect on the viability of hemizygous male
embryos (82.85]. In FIPA families without AZP
mutations, Xq26.3 microduplications can be
regarded as a new pathophysiologic explanation
and by extension X-LAG turns out to be a part
of the FIPA entity [s1].

The GPRIO! gene was initially studied along
with three other genes (RBMX, CD40LG and
ARHGEF6) spread over two smallest regions
of overlap (SROI and 2). Only GPRI0I among
those four genes was upregulated in pituitary
lesions surgically resected from X-LAG patients
compared with sporadic somatotropinomas and
normal pituitary tissue. This suggested that
GPRI0! might be responsible for the phenotype,
as was recently confirmed by a case of X-LAG
with duplication of only the GPRIOI gene [86].
The gene encodes a G stimulatory protein-
coupled orphan receptor of unknown function
(potent activator of adenylyl cyclase) which
is highly expressed not only in X-LAG patient
tumors, but also in the hypothalamus of both
human and rodent [87,88].

The molecular mechanisms of tumorigene-
sis remain debated. Overexpression of mutated
GPRI10! led to increased cAMP signaling as well
as both cell proliferation and GH secretion in
rat GH3 cells [s1].

It was suggested that hypothalamic GHRH
dysregulation may also play a pathophysiologic
role [84,89]. It should be noted that a p.E308D
mutation (other than a microduplication) was
identified (mainly in tumor tissue) in spo-
radic somatotropinoma patients [81,90]. Finally,
germline GPRI0OI mutations are very rare in
patients with sporadic pituitary adenomas of
various secretion types [91].

X-LAG syndrome is more frequent in
women. X-LAG patients usually present quite
aggressive pituitary macroadenomas with
or without pituitary hyperplasia and have
increased levels of prolactin and especially GH
and IGF-I (81.90]. These patients can exhibit
overgrowth as young as 2-3 months of age
and abnormal growth always occurs before
5 years of age, mostly during the first year.
Interestingly, some of X-LAG patients present
abnormally increased appetite and signs of
insulin resistance [84].
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Early diagnosis of X-LAG allows a bet-
ter management of the disease. X-LAG
patients are resistant to medical therapy alone.
Response to somatostatin analogs is poor.
Neurosurgery and/or GH receptor antagonist
pegvisomant treatment and/or radiotherapy
may be needed, despite the secondary risk of
hypopituitarism [70,84,90].

Conclusion

Familial pituitary adenomas occur more fre-
quently than previously considered and represent
an important area of research. They can fit into
several syndromic associations or on the contrary
occur in an isolated manner. Clearly, clinical,
molecular and genetic aspects of familial pituitary
adenomas should further be studied in the future.

Regarding treatment options, there are basi-
cally similarities in the management of familial
and sporadic pituitary adenomas. However, famil-
ial pituitary adenomas also have some specific
characteristics that are capable of predicting their
clinical behavior and their response to treatment.

Thus, as previously seen, familial pituitary
adenomas are often aggressive and resistant to
conventional treatment options and require spe-
cific management such as neurosurgery at the
outset and/or radiotherapy or alternative medi-
cal treatment programs. Early diagnosis appears
to be critical in these familial and hereditary
forms as it allows the introduction of an early
and appropriate management of the disease and
is associated with a better prognosis.

Genetic testing should also be recom-
mended in young patients, in case of large and/
or aggressive tumors or resistance to medical
therapy and, particularly, for those with a fam-
ily history of pituitary adenomas. An algorithm
for genetic screening is proposed in Figure 2.
Accordingly, regular sellar region MRI moni-
toring, clinical examination and hormonal
testing should be recommended for people with
a genetic predisposition and especially in A7P
mutation carriers. Nevertheless, this should be
balanced against local available economic and
logistic resources.

To date, in the absence of a better understand-
ing of tumorigenesis mechanisms and the lack of
more specific therapeutic targets, the main inter-
est of an accurate genome-based classification
of familial pituitary adenomas consists in the
ability to predict the natural history of a given
pituitary adenoma or the risk of developing such
a disease in an individual carrier of a genetic
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Figure 2. Genetic screening algorithm.
CNC: Carney complex; FIPA: Familial isolated pituitary adenoma; MAS: McCune-Albright syndrome PitB: Pituitary blastoma.

mutation and therefore to offer an appropriate
genetic counseling.

Ultimately, the recent discovery of new famil-
ial forms of pituitary adenomas must encourage
both clinicians and researchers to re-examine
the more-established medical and pathophysio-
logical certainties in the light of these findings
and the new research models and techniques.

Future perspective

The advances of the last few years in the field
of inherited pituitary adenomas (particularly
the discovery of AIP gene and description
of X-LAG syndrome) have highlighted the
important role of genetic factors in pituitary
adenoma patients.

Since the genetic origin of approximately 80%
of the FIPA cases remains unknown, it is pre-
dictable that future years will see the descrip-
tion of new loci or causative genes related to
new clinical subtypes, contributing to a better
understanding of the pathophysiology of both
familial and sporadic pituitary adenomas.

The underlying biochemical pathways of
tumor growth (e.g., role of AIP of GPRI0I)

will be better understood, including through
the development of new mouse models and the
natural disease history will become clearer for
each genetic subtype.

The potential mechanisms triggered by other
genetic anomalies in the tumorigenesis of pitui-
tary adenomas should also be considered in
further studies.

Finally, it is likely that these advances will
offer the opportunity to translate genetic dis-
coveries into a more personalized and efficient
approach to the management of pituitary adeno-
mas (including genetic counseling) and may also
lead to the development of new forms of therapy.
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