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ABSTRACT. Background: Mutations in the aryl hydrocarbon re-
ceptor interacting protein (AIP) gene have been described in
about 15% of kindreds with familial isolated pituitary adeno-
mas and in a minority of early onset sporadic pituitary adeno-
mas (PA). Among the AIP mutations reported so far, the R304X
(AIPR304X) represents, together with the “Finnish mutation”
Q14X, the most common one. Methods: Three AIPR304X Italian
families, including a newly reported kindred, have been geno-
typed for 12 genetic markers surrounding the AIP gene in or-
der to look for a potential founder effect in Italy. Disease pen-
etrance and genotype-phenotype correlations were also ad-
dressed. Results: Analysis of chromosome 11’ genetic markers
revealed a common haplotype in 2 AIPR304X kindreds originat-

ing from central Italy. Overall, 17 mutations carriers were iden-
tified, including 7 patients and 10 unaffected subjects, respec-
tively, arguing in this case for a disease penetrance of 41%.
Mean age at diagnosis was 19.1±6.7 yr old, with females tend-
ing to be older than males. Though most PA were soma-
totropinomas (6/7), a great variability in disease severity was
observed, even between subjects sharing the same at-risk hap-
lotype. Conclusion: These data provide strong evidence for a
new founder effect of the AIPR304X mutation in central Italy and
the observed variations in disease severity point out the role of
additional genetic or environmental factors in such kindreds.
(J. Endocrinol. Invest. 33: 800-805, 2010)
©2010, Editrice Kurtis

INTRODUCTION

Familial isolated pituitary adenoma (FIPA) is an heredi-
tary syndrome defined as 2 or more patients affected
with pituitary adenomas (PA) in the same kindred, with
no clinical and/or genetic evidence of multiple endocrine
neoplasia type 1 (MEN1) or Carney Complex (1). PRL-
and/or GH-secreting PA account for 75% of FIPA, which
are classified as homogeneous or heterogeneous, de-
pending on the presence of a single or multiple PA phe-
notypes in the same family, respectively (1, 2).
In 2006, a germline inactivating mutation (Q14X) in the
aryl hydrocarbon receptor interacting protein (AIP) gene
was identified in a large kindred with GH and/or PRL-se-
creting PA originating from Northern Finland (3) and in
13% of acromegalic patients from a population-based
cohort from the same geographical area, as a possible
consequence of a founder effect (3, 4). At the same time,
an AIP R304X mutation (AIPR304X) was reported in an Ital-
ian FIPA kindred (3). Further studies revealed that AIP
mutations were present in 15% of FIPA families, including
up to 50% of those with homogeneous somatotropino-
mas, AIP-mutated patients being significantly younger at
diagnosis and presenting with larger tumors than non-

AIP-mutated patients (5). Conversely, AIP mutations were
very rarely found in sporadic cases (6), with the excep-
tion of young patients with somatotropinomas (7-9). Yet,
the AIPR304X mutation has been reported in 4 European
FIPA kindreds (3, 5, 10), including 2 unrelated Italian fam-
ilies (3, 5), and in a young patient with apparently spo-
radic acromegaly (7), representing, together with the
“Finnish mutation” (3, 4), the most common one.
In this paper, we report a novel Italian FIPA family carry-
ing the AIPR304X mutation. In order to look for a possible
founder effect in Italy, haplotypes around the AIP gene in
11q13 were compared in this kindred and in the 2 previ-
ously reported AIPR304X Italian kindreds (3, 5). In addition,
we joined our efforts to address disease penetrance and
search for genotype-phenotype correlations in such kin-
dreds.

MATERIAL AND METHODS
Patients
An heterogeneous 2-generation FIPA family presenting with a
GH- and a PRL-secreting PA was studied at the Endocrinology
Unit in Padua, and a familial screening was proposed (see pedi-
gree in Fig. 1A). In brief, clinical examination was followed by
hormonal testing as previously described (11). After an AIPR304X

mutation was recognized in both patients, 3 additional muta-
tions carriers were identified. A 2-h oral glucose tolerance test
(oGTT) was performed in these subjects, replaced by a deter-
mination of GH every 30 min for 3 h in diabetic patients (12) and
a pituitary magnetic resonance imaging (MRI) was proposed.
The 2 previously reported AIPR304X Italian FIPA families (3, 5)
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were referred by the Neuromed Institute of Pozzilli (Family 2,
Fig. 1B) and the Hospital of Treviso (Family 3), respectively, and
included upon informed consent for haplotype analysis. Most
individual characteristics of these patients were previously re-
ported in details (5, 13, 14).

AIP sequencing and loss of heterozygosity studies
Genomic DNA was isolated from the peripheral blood using the
QIAcube extractor (Qiagen, Milan, Italy) following the manufac-
turer’s instructions and PCR amplified with primers spanning un-
translated regions, coding regions and intron-exon boundaries
of the AIP gene. PCR primers tailed with an M13 forward or re-
verse primer sequence on the 5’-end were designed by PRIMER
3 (http://frodo.wi.mit.edu/). Primers sequences and PCR condi-
tions are available upon request. DNA sequencing was per-
formed using the BigDye 3.1 Termination Chemistry (Applied
Biosystems, Monza, Italy) on an ABI 3730XL DNA sequencer
(Applied Biosystems) using universal M13 primers.

A tumor sample obtained from family 1’s proband at transsphe-
noidal surgery was collected in RNAlater (Applied Biosystems)
and tumor DNA was extracted using Trizol reagent (Invitrogen,
Milan, Italy) with a modified protocol (http://www.mrcgene.com/
tri.htm). Loss of heterozygosity (LOH) was studied by AIP se-
quencing at the corresponding mutation position as described
above, and analysis of informative microsatellite markers flank-
ing the AIP gene as described below.

Haplotype analysis
Available members of families 1 and 2, and family 3’s proband,
were genotyped using 12 microsatellite markers surrounding
both AIP and MEN1 genes, which are located respectively at
64.3 and 67.0 Mb, and 1 single nucleotide polymorphism (SNP)
(rs4084113) (Table 1). Genetic markers’ primers sequences
were obtained from the UCSC Genome Browser website
(http://genome.ucsc.edu/) and a previous publication (3). Ad-
ditional tandem repeats were identified by Tandem Repeat

Fig. 1 - Pedigrees structures and haplo-
types for families 1 (A) and 2 (B). Females
and males are represented respectively
with circles and squares. Black shadowed
boxes represent the shared at-risk hap-
lotype between family 1 and 2. Probands
are indicated by a black arrow.
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Finder (http://tandem.bu.edu/trf/trf.html). Markers were PCR-
amplified from genomic DNA, separated on an ABI 3730XL
DNA sequencer, and analyzed with Peak Scanner v1.0 software
(Applied Biosystems). For 8 markers, the CEPH 1347-2 control
was included to standardize allele sizes (Table 1). For SNP geno-
typing, direct sequencing of AIP exon 3 was performed.

Statistical analysis
Data are expressed in mean±SD Mann-Whitney test was per-
formed using Statistica 7.1 (StatSoft, Italy). A p-value ≤0.05 was
considered significant.

RESULTS
Patients and tumors characteristics in family 1
The heterogeneous FIPA family identified in Padua, orig-
inating from central Italy, is currently composed of an
acromegalic male patient and his mother, affected by a
prolactinoma.

Case1
The index case (Fig. 1A, subject III3) was referred to our
Endocrinology Unit in 2007 at the age of 32 yr. Age at
onset of the first acromegalic features, based on patient
interview, was 19 yr. Mean GH plasma concentration was
9 µg/l (7 basal determinations, normal range 0-5 µg/l),
IGF-I 1008 µg/l (normal range for sex and age 97-306
µg/l) and PRL over 1000 µg/l (normal range 5-15 µg/l),
respectively. Hypogonadotropic hypogonadism and im-
paired glucose tolerance with hyper-insulinemia were
also present, and 2 benign colonic polyps were found
by systematic endoscopy. MRI revealed a pituitary
macroadenoma (12×10 mm). Combined medical treat-
ment with somatostatin analogs [octreotide long-acting
release (LAR) 30 mg/month] and dopamine agonists
(cabergoline up to 2 mg/week) was started, with tumor
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 µg/l, IGF-I 896 µg/l,

and PRL 700 µg/l, respectively) and pharmacological
treatment was re-started. A mixed GH/PRL-secreting PA
was confirmed by immunohistochemistry and AIP im-
munostaining, performed as previously described (15),
was moderately positive (Fig. 2). Because partial resis-
tance to the previous treatment was confirmed (IGF-I 814
µg/l, PRL 128 µg/l), pegvisomant (10 mg/day sc) was
added with a rapid decrease in IGF-I levels to 385 µg/l in
1 month.

Case 2
The 64 yr-old mother of the index case (Fig. 1, subject
II7) had a past history of hyperprolactinemia with galac-
torrhea and menstrual irregularity at age of 30 yr, suc-
cessfully treated with dopamine-agonists until meno-
pause at 53 yr. In 2008, she had persisting mild asymp-
tomatic hyperprolactinemia (prolactin 50 µg/l) and a 3-
mm pituitary microadenoma was present at MRI. Because

Fig. 2 - Cytoplasmic AIP immunostaining of pituitary adenoma
specimen of family’s 1 proband. The AIP-positive areas are in-
dicated with black arrows.

Table 1 - Molecular markers on chromosome 11 and haplotype data in the Italian AIPR304X families. For families 1 and 2 the at risk hap-
lotype shared by all mutation carriers is reported and the common disease-associated haplotype is indicated by asterisks.

Marker Physical Haplotypes
Location (Mb) Family 1 Family 2 Family 3

D11S4191a 59.75 111 111 n/a
D11S4076a 61.12 151 159 151 159
m_11TETRA@61.73 61.73 348* 348* n/a
D11S1883a 63.13 266* 266* 254 260
AFM190YD5 66.67 283* 283* 271 271
D11S2072 66.98 179* 179* 173 173
rs4084113 67.01 T* T* C C
D11S1889a 67.07 382* 382* 378 378
ACRO_CHR11_28b 67.21 219* 219* 229 231
D11S987a 67.64 106* 106* 114 114
D11S4113a 68.52 232 222 n/a
D11S4162a 70.65 265 267 265 267
D11S1314a 72.00 223 217 223 223

aAllele size standardized on a known CEPH subject (1347-2). bVierimaa et al., 2006 (3). n/a: not evaluated.

JEI_10_014_Occhi.qxp:.  28-01-2011  10:57  Pagina 802

© 2010, Editri
ce Kurtis

FOR PERSONAL USE ONLY



R304X mutation in the AIP gene

803

of Type 2 diabetes (glycated hemoglobin 7.2%), a 3-h
GH profile was performed, with mean plasma GH
0.29±0.14 µg/l. Plasma IGF-I was normal for age (120
µg/l) Follow-up of the lesion was thus proposed without
treatment.

AIP sequencing and LOH analysis in family 1
Family 1’s proband was first investigated for germline AIP
mutations, and a c.910C>T transition, leading to the trun-
cating R304X mutation was identified (Fig. 3A, B). LOH
study confirmed the loss of the wild-type allele (Fig. 3C)
from markers D11S4076 to D11S987 (data not shown).
Familial screening further identified the AIPR304X muta-
tion in his affected mother and in 3 relatives (2 female
and 1 male, aged 58, 27, and 31 yr old, respectively) who
had neither clinical, biochemical nor radiological evi-
dence of pituitary disease.

Genotyping
Because the AIPR304X mutation was identified in three ap-
parently unrelated Italian FIPA families, we wished to find
out whether the c.910T mutated allele had a common
origin or was the result of a mutational hot-spot. To ad-
dress this issue, 12 microsatellite markers around AIP and
MEN1 genes were first analyzed 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 AIPR304X mutation carriers in family 2,
but not the family 3’s proband, shared the same at risk al-
leles for 6 markers (Table 1, Fig. 1), strongly arguing for
a founder effect common to families 1 and 2. Because
the genetic length of the shared region is inversely pro-
portional to the age of the founding event, a SNP
(rs4084113) located within AIP intron 3 was also geno-
typed. As showed in Table 1, the c.910T allele was asso-
ciated with the at-risk haplotype in families 1 and 2,
whereas family 3’s proband is an homozygous carrier of
the c.910C allele, further supporting the hypothesis of
an independent mutational event occurred in this later
family.

Characterization of AIPR304X mutated subjects
Bio-clinical features of AIPR304X patients and carriers iden-
tified in families 1, 2, and 3 were evaluated compara-
tively. Whereas family 1 was heterogeneous for soma-
totropinoma and prolactinoma, families 2 and 3 were ho-
mogeneous for somatotropinomas. Overall, among the
17 AIPR304X mutation carriers identified so far, 7 had de-
veloped evidence of PA (4/9 women and 3/8 men, re-
spectively), so that disease penetrance could currently
be estimated in this cohort to 41%. A consistent vari-
ability in clinical disease expressivity was observed in

these patients, though age at first symptoms was ≤30 yr
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 fe-
males, p: ns). Accordingly, gigantism was present in 2
males. Most PA were macroadenomas (71%), including
2 giant adenomas (13). From a functional point of view,
GH and GH/PRL-secreting PA 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 1/6 patients who
underwent surgical treatment had a successful outcome.
Noteworthy, this patient (Fig. 1B, subject IV-4) was the
3rd symptomatic case in a FIPA kindred with aggressive
tumors (13). Incipient gigantism could be recognized at
the age of 8 yr thanks to clinical screening by auxologi-
cal follow-up, a few months before the AIPR304X mutation
was identified in this kindred.
All patients received pharmacological therapy, and only
1/6 patients treated with somatostatin analogues, expe-
rienced disease control after 6 yr of exclusive post-oper-
ative treatment (octreotide LAR 20 mg/monthly). The re-
maining patients required combined therapy with
dopamine-agonists, pegvisomant and/or radiotherapy
for the control of post-operative GH/IGF-I hypersecre-
tion. Three patients received radiotherapy, resulting in
long-term disease control with tumor shrinkage and pro-
gressive hypopituitarism, including GH deficit in all cas-
es (follow-up 12 to 13 yr). Family 2’s proband recently
died at the age of 32 yr from acute polmonitis; she had
been suffering in the last years from severe obesity-re-
lated respiratory insufficiency and disease-related sec-
ondary epilepsy.

DISCUSSION

Up to 5% of PA occur in familial settings (2). In about 40%
of these cases, the pituitary lesion is the unique clinical
manifestation described and this entity is referred to as
FIPA (16). In the last years, the identification of germline
mutations in the AIP gene as a predisposition gene in
Finnish patients (3) as well as in FIPA kindreds (3-8, 10)
has provided a novel important tool for the evaluation of
such patients.
In the present study, genetic and bio-clinical features of
a novel Italian FIPA family carrying an AIPR304X mutation
have been described and compared with the two
AIPR304X unrelated Italian kindreds previously reported
(3, 5, 13, 14). The AIPR304X mutation leads to the prema-
ture termination of translation resulting in protein trun-
cation and consequent impairment of protein-protein in-
teractions. In particular, integrity of the C-terminal -he-
lix is essential for AIP to stabilize the aryl hydrocarbon re-
ceptor (AHR) in a multimeric cytoplasmic complex (17,
18) and, though AIP is generally expressed in AIPR304X PA
(10, 19), AHR is destabilized in the corresponding tumors
(19). Indeed, in agreement with LOH in 11q13 in most
PA related to AIP mutations (3, 6, 8-10), and as further
demonstrated herein, only the truncated AIPR304X protein
is expressed at a somatic level (19).
Together with the Finnish founder mutation AIPQ14X which,
similarly to other disorders, is likely to reflect a founder ef-

Fig. 3 - Sequence electropherograms showing c.910 nucleotide
in a healthy wild type subject (A), in germinal (B), and in tumoral
DNA of the proband of family 1 (C).
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fect in this population (3, 20), the AIPR304X currently repre-
sents the most frequently reported AIP mutation in FIPA.
Yet, it has been reported in four apparently unrelated Eu-
ropean families, including 2 Italian kindreds (3, 5, 10), and
in a sporadic French acromegalic patient (7). Thus, the fam-
ily reported herein is the third apparently unrelated Italian
AIPR304X kindred, and a collaborative study was thought in
order to look for a potential common ancestor. Data ob-
tained on haplotyping around the AIP gene revealed that
the 2 kindreds, who probably originated from the same
region of central Italy, shared about 6 Mb on chromosome
11q, supporting the presence of a founder effect in this
region – namely Lazio. Conversely, the nucleotide substi-
tution observed in family 3 could be ascribed to an inde-
pendent mutational event. Because AIPR304Q mutations
have also been described in 3 sporadic patients with
acromegaly (6, 7, 21), one with Cushing’s disease (6), and
in a FIPA family (10), originating from at least 3 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 locat-
ed within a CG-rich region. Indeed, DNA methylation of
intragenic CpG followed by deamination of 5-methylcyto-
sine to thymine, is the most frequent cause of point mu-
tations in humans, accounting for about 20% of all base
substitutions causing genetic diseases (22). Of note, a sec-
ond mutational hot spot, AIPR271W, has been recently iden-
tified in 3 FIPA kindreds (23).
Because of the small size of FIPA families and the number
of AIP mutations reported so far (2-10, 15, 16, 23-25),
potential genotype-phenotype correlations have been
rarely addressed (15, 23, 25). In this collaborative study
we compared the clinical presentation of 7 AIPR304X pa-
tients and evaluated the penetrance of the disease
among AIPR304X carriers according to familial screening.
The penetrance of PA in AIPR304X carriers observed in our
cohort of patients, was slightly higher than reported by
Naves et al. (15) in a large Brazilian family carrying the
AIPE174fs mutation (41% vs 33%, respectively). Actually,
this value might still be underrated since 1 healthy carri-
er is younger than 30 yr of age (the age at first symptoms
in our oldest affected patient) and therefore could theo-
retically develop a pituitary tumor. Taking into account
data reported on obligated mutation carriers by Leon-
tiou et al (15), up to 16 out of 28 AIPR304X carriers identi-
fied so far have developed clinical evidence of PA (57%).
However, studies on obligated mutation carriers only may
overestimate disease penetrance by excluding unrecog-
nized healthy carriers, and the true penetrance can be
best approached by extensive familial studies as per-
formed herein. 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 AIP-related disease penetrance or expres-
sivity may in part depend on the functional consequences
of the mutation itself (i.e localization and type of mis-
sense mutation, length of the truncated protein). Inter-
estingly, significant phenotypic variability could be ob-
served even among AIPR304X kindreds, as illustrated here-
in by the severe phenotype observed in family 2 as com-
pared to family 1, despite a common genetic background
was assessed by haplotyping. Intra-familial variability can

also be present, with an heterogeneous FIPA pattern ob-
served herein in family 1 and in 2 previously reported kin-
dreds (10), and an homogeneous pattern for soma-
totropinomas in families 2 and 3, respectively. Disease
variability points out the role of additional factors, such as
environmental factors or genetic modifiers, in determin-
ing the clinical phenotype (26). However, all AIPR304X pa-
tients reported so far (3, 5, 7, 10, 13, 14, this study) had
GH and/or PRL-secreting PA, with a large predominance
of somatotropinomas and a young age at disease onset
(46.7% and 93.3% under 20 and 30 yr-old, respectively,
vs 6.7% over 40 yr-old). Although the frequent male pre-
dominance reported in patients with AIP mutations has
not been observed in AIPR304X patients taken as a whole
[8 males (M)/10 females (F) vs 41M/16F (25)], the mean
age at diagnosis also tends to be lower in males
(17.4±6.1 vs 24.9±7.4 yr in female patients, p=0.10). Ac-
cordingly, gigantism is rare in females (10). It is remark-
able that, in the present series, only the young boy di-
agnosed with pre-pubertal incipient gigantism could be
successfully operated by transsphenoidal surgery. This
strongly supports early genetic testing in these kindreds
(27), as already proposed for MEN1, where pituitary eval-
uation is advised since early childhood (28).
Another important point is potential resistance to phar-
macological therapy. In fact, somatotropinoma resistance
to somatostatin analogues, has already been reported in
acromegalic patients carrying different AIP mutations (8),
suggesting that an altered AIP function and/or expres-
sion might in some way influence somatostatin receptor
signaling.
In conclusion, while further supporting the presence of a
mutational hot spot at AIP codon 304, our data also pro-
vide the first genetic evidence for a founder effect of the
AIPR304X mutation in a region of central Italy. In order to
further define its magnitude and favor precocious diag-
nosis in potentially affected AIPR304X carriers, we suggest
that special attention should be paid to young acrome-
galics in this region. The potential severity and common
pharmacological resistance of AIPR304X related soma-
totropinomas further supports AIP mutational screening
in such patients.
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