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Abstract

Genetic and functional aberrations of guanine nucleotide-binding protein, alpha stimulating (GNAS), aryl hydrocarbon receptor
interacting protein (AIP), and pituitary tumor transforming gene (PTTG) are among the most prominent events in pituitary tumor-
igenesis. A cohort of Brazilian patients with somatotropinomas (n=41) and non-functioning pituitary adenomas (NFPA, n=21)
from a single tertiary-referral center were evaluated for GNAS and AIP mutations and gene expression of AIP and PTTG.
Results were compared to the clinical and biological (Ki67 and p53 expression) characteristics of tumors and their response
to therapy, if applicable. Genetic analysis revealed that 27% of somatotropinomas and 4.8% of NFPA harbored GNASmutations
(P=0.05). However, no differences were observed in clinical characteristics, tumor extension, response to somatostatin analog
therapy, hormonal/surgical remission rates, Ki67 index, and p53 expression between mutated and non-mutated somatotropinomas
patients. PTTG overexpression (RQ mean=10.6, min=4.39, max=11.9) and AIP underexpression (RQ mean=0.56, min=0.46–
max=0.92) were found in virtually all cases without a statistically significant relationship with clinical and biological tumor features.
No patients exhibited somatic or germline pathogenic AIP mutations. In conclusion, mutations in GNAS and abnormal PTTG
and AIP expression had no impact on tumor features and treatment outcomes in this cohort. Our data support some previous
studies and point to the need for further investigations, probably involving epigenetic and transcriptome analysis, to improve our
understanding of pituitary tumor behavior.
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Introduction

Pituitary adenomas are mostly sporadic and result from
genetic mutations in a single cell involving overexpression
of oncogenes, inactivation of tumor suppressor genes,
and alterations of transcription factors regulating cell growth
and differentiation (1,2). An abnormal response to hypo-
thalamic stimulation can provide a permissive environ-
ment for molecular events to occur within the pituitary
gland. However, the precise mechanisms of tumorigen-
esis remain unclear (1,2).

Proto-oncogenes GNAS (guanine nucleotide-binding
protein, alpha stimulating), PTTG (pituitary tumor-transforming
gene 1), and tumor suppressor gene AIP (aryl-hydrocarbon
receptor-interacting protein) are the most prominent genetic
factors involved in pituitary tumorigenesis and have been
implicated in the development of somatotropinomas and
non-functioning pituitary adenomas (NFPA) (2). In addi-
tion, a recent meta-analysis study points to a putative role
for GNAS1 mutation as a prognostic factor of treatment
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response to somatostatin receptor ligands (3). Nevertheless,
the importance of GNAS1, PTTG, and AIP as molecular
markers in the prognosis of pituitary adenomas is still
controversial (4–7).

In this study, we assessed the presence of GNAS
and AIP mutations as well as altered gene expressions of
AIP and PTTG in sporadic somatotropinomas and NFPA
patients admitted to a single endocrine tertiary-referral
center. The importance of these genetic factors, Ki-67 cell
proliferation marker, and p53 on the prognosis of pituitary
adenomas was also evaluated.

Material and Methods

Patient information regarding age, hormone levels, family
background, and tumor characteristics (size and extension)
at diagnosis was retrospectively obtained from medical
records. Histopathologic analyses and follow-up data after
surgery were recorded for each patient. After surgery,
clinical, hormonal, and radiological data were evaluated.
Tumor size was measured as the maximum diameter on
MRI and tumors were classified accordingly as microade-
nomas (o10 mm) or macroadenomas (X10mm). Treatment
and follow-up were based on physician discretion in accor-
dance with current guidelines (8). For all patients, trans-
sphenoidal surgery was the primary therapy for acromegaly.
No patient underwent radiotherapy. After non-effective pitui-
tary surgery, somatostatin receptor ligand (octreotide LAR)
and/or dopamine agonist (cabergoline) were used in acro-
megalic patients to achieve hormonal and/or tumor control.
The last follow-up data, including patients treated with
different therapies, were analyzed to define clinical status
regarding remission and disease activity. For acromegaly,
controlled disease criteria were normal age-adjusted
insulin-like growth factor-1 (IGF-1) concentrations and a
random growth hormone (GH) o1ng/mL. For NFPAs,
tumor control was based on either the complete resection
of tumor, size stability or reduction of the lesion on MRI; in
cases with incomplete primary resection, tumor stability
was assessed in terms of tumor remnant behavior.

This study was approved by the Hospital das Clínicas,
Faculdade de Medicina, Universidade de São Paulo ethics
committee and all patients signed an informed consent form.

Extraction of nucleic acid
DNA and RNA were extracted from fresh tumor

cryosections using All Prep DNA/RNA Mini Kit (Qiagen,
USA) according to manufacturer’s protocol. DNA and
RNA were used for genetic mutations and gene expres-
sion analysis, respectively. DNA extraction from blood was
performed using DNeasy blood kit (Qiagen) according to
manufacturer’s protocol.

Sanger sequencing and in silico analysis
All coding regions of AIP and hotspots of exons 8 and

9 of GNAS were amplified by polymerase chain reaction

(PCR) as previously described, using tissue and tissue/
germline DNA, respectively (9,10). Sequences obtained
were compared with sequences in the Ensemble database
(AIP, ENST00000279146 and GNAS, ENST00000371100)
using Sequencher 3.0 software (Gene Codes, USA).

All variants identified were confirmed in two indepen-
dent PCR products and sequencing of both strands.
In silico predictions were performed only for rare vari-
ants using NetGene2 (http://www.cbs.dtu.dk/services/Net
Gene2/) and Human Splicing Finder (HSF, www.umd.
be/HSF3).

RNA expression
cDNA was synthesized using 1 mg of RNA by Quanti-

Tect Reverse Transcription (Qiagen) following manufac-
turer’s instructions. RNA quantification was performed in
Step One Plust Real-Time PCR system (Applied Biosys-
tems, USA) using PTTG (Hs00864094_g1) and AIP
(Hs00610222_m1) TaqMans assays (Applied Biosys-
tems) according to the manufacturer’s instructions. Rela-
tive quantification was calculated by 2-DDCT method using
HPRT1 as an endogenous gene (Hs02800695_m1, Applied
Biosystems) and a commercial pool of RNA from human
pituitary gland (Clontech, USA) as calibrator (11).

Immunohistochemistry
Standard immunohistochemical reactions were carried

out on formalin-fixed paraffin-embedded tissue to evaluate
the presence of anterior pituitary hormones (GH, PRL,
LH, FSH, TSH, and ACTH), Ki-67 (anti-human antigen
Ki67, clone MIB-1, DAKO, cod. M7240, Denmark), and
p53 (anti-human p53 protein, clone 318-6-11, DAKO, cod.
M3629). For pituitary hormones, immunostaining was
routinely performed in the Departmento de Patologia,
Divisão do Laboratório Central, Hospital das Clínicas,
Universidade de São Paulo (Brazil). The Ki-67 prolifera-
tive index was determined as the percentage of labeled
nuclei cells. Ki67 and p53 nuclear staining was assessed
in approximately 100 cells in 5 randomly chosen visual
fields at � 400 magnification. The Ki-67 index was calcu-
lated from the mean of stained cells and considered high
if 43 (12). p53 expression was considered positive in
patients with more than 10% of stained cells. These
analyses were blinded and performed by two indepen-
dent pathologists.

Statistical analysis
Continuous variables were tested for normality with

the Kolmogorov-Smirnov and Shapiro Wilk tests, and
are reported as means±SD and median (25th and 75th

percentiles) according to parametric or non-parametric
distribution, respectively. Parametric data were compared
using ANOVA. Non-parametric data were compared using
the Mann-Whitney U test for two independent samples or
Kruskal-Wallis test with Dwass-Steel-Chritchlow-Fligner
post hoc test for three or more samples. Categorical data
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were analyzed using Pearson’s chi-squared test and
Fisher’s exact test where applicable, and are reported as
absolute values or percentages. Correlations were calcu-
lated using the Spearman rank test. Statistical significance
was considered to be Pp0.05. Analyses were performed
using SPSS 19.0 (IBM Analytics, USA) and Stata/SE 14.2
(StataCorp LLC, USA).

Results

Patient characteristics
Sixty-two patients with apparently sporadic pituitary

adenomas (41 somatotropinomas and 21 NFPA) were
evaluated. All patients’ clinical symptoms were consis-
tent with the diagnostic criteria that was confirmed by
clinical, imaging, and pathology data related to each
pituitary tumor subtype. Table 1 shows a summary of
clinical, molecular, and immunohistochemical data of the
somatotropinomas and NFPA patients evaluated.

GNAS mutations
GNAS (p.Q227L, n=1; p.Q227R, n=1 and p.R201C,

n=9) somatic missense mutations were found in hetero-
zygosis in 11/41 patients with somatotropinomas (27%)

and in 1/21 (p.R201C) with NFPA (4.8%) (P=0.05).
Comparing the clinical and laboratory characteristics of
patients with somatotropinomas harboring (+) or not (–)
GNAS mutations, no significant difference was identified
in gender, age of diagnosis, tumor size and extension, and
hormonal and tumor remission (Table 2). Expression of
PTTG and AIP mRNA and Ki-67 and p53 proteins also did
not show significant differences between somatotropino-
mas GNAS+ and GNAS– (Table 2).

AIP variants
We found a previously described splicing variant

c.468+15C4T (rs267607274, CS0910309) in the tumor’s
DNA from a patient with NFPA. This patient was diagnosed
at 43 years old and had a null cell macroadenoma
extending to the suprasellar region. In silico analysis
using HSF) predicted a creation of a new intronic splicing
enhancer, but both HSF and NetGene2 tools predicted no
probable impact on splicing. Three other AIP polymorphic
variants rs641081, rs2276020, and rs35665586 were found
in germline and somatic DNA with a minor allelic frequency
of 0.171, 0.025, and 0.005, respectively, similar to NCBI
data bank. No evidence of AIP loss of heterozygosity was
observed.

Table 1. Summary of clinical, molecular, and immunohistochemical data of patients with somatotropinomas
and non-functioning pituitary adenomas (NFPA) evaluated in this study.

Somatotropinomas NFPA Total

Gender (female:male) 27:14 14:7 41:21
Age at diagnosis 40.3±15.3 48.4±11.0 42.9±14.4
Basal GH (ng/mL) 18.9 (6.2–75.4) NA NA

Basal IGF-1 (ng/mL) 964.5±280.5 NA NA
ULNR-IGF-1 % 374.0 (297.0–435.0) NA NA
Tumor size
Largest diameter 2.27±1.21 2.96±1.05 2.49±1.21

Micro x macro 4:37 0:21 4:58
Invasiveness (yes:no) 25:16 12:9 37:25
Tumor remission (yes:no) 11:20 11:3 30:13

Hormonal remission (yes:no) 26:15 NA NA
GNAS mutations
p.R201C 9 1 10

p.Q227L 1 0 1
p.Q227R 1 0 1

AIP mutations 0 0 0
AIP RQ 0.62 (0.43–0.85) 0.53 (0.51–1.28) 0.56 (0.46–0.92)
PTTG RQ 7.77 (4.39–11.9) 12.4 (10.1–16.2) 10.6 (4.39–11.9)
Ki67 (%)* 1.32 (1–4.5) 1.24 (1–3.8) 1.32 (1–4.5)
p53 (%)* 1.0 (1–1.4) 1.1 (1–1.8) 1.1 (1–1.8)

Data are reported as means±SD and median (25th and 75th percentiles). *Mean, minimum, and maximum
values are reported for Ki67 index and p53. GH: growth hormone; IGF-1: insulin-like growth factor-I; ULNR:
upper limit of the normal age- and sex-matched range; GNAS: guanine nucleotide-binding protein, alpha
stimulating; AIP: aryl hydrocarbon receptor interacting protein; PTTG: pituitary tumor transforming gene;
RQ: relative quantification; NA: not applicable.
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PTTG and AIP mRNA expression
Gene expression analysis was performed in 43 sam-

ples (somatotropinoma, n=29, NFPA, n=14) with satisfac-
tory RNA quality. PTTG expression level was significantly
higher in NFPA compared to somatotropinomas (P=0.04,
Table 1) and was associated with tumor invasiveness
(P=0.03), especially in NFPA (P=0.02; Figure 1). There
was no difference in the expression of PTTG and AIP in
both somatotropinomas and NFPA, and hormonal dosage,
age of diagnosis, tumor size, tumor and/or hormonal
control, Ki-67 index, and p53 expression (data not shown).

Ki-67 and p53 immunohistochemistry
Tumor samples for immunohistochemical staining were

available from 45 patients (somatotropinoma, n=27, NFPA,
n=18). This analysis showed a Ki-67 labeling index mean of
1.32% (1.0–4.5) and of 1.1% (1.0–1.8) for p53 expression.
No difference was observed in the Ki-67 and p53 expres-
sion levels between somatotropinomas and NFPAs (P=0.27
and P=0.21, respectively, Table 1). In both somatotropino-
mas and NFPAs, Ki-67 and p53 expressions were not
related with patient’s age and tumor characteristics such as

tumor size, infra-, intra-, para-, and suprasellar extension
(data not shown). Neither Ki-67 nor p53 expression were
correlated with hormonal levels and radiological recurrence
in somatotropinomas and NFPAs, respectively, or tumor
invasiveness (Figure 1B).

Discussion

The present study evaluated clinical, laboratory, and
GNAS, AIP, and PTTG molecular data of 62 apparently
sporadic pituitary adenomas followed in a single endo-
crine tertiary-referral center. In line with previous results,
GNAS proto-oncogene-activating mutations were the
most frequent genetic mutation identified in 27 and 4.8%
of somatotropinomas and NFPA, respectively (9,12).
Comparing clinical and laboratory data of GNAS+ and
GNAS– somatotropinomas patients, no significant dif-
ference was observed. These findings are similar to
some data in the literature (7,14–17). However, other
studies associated the presence of GNAS mutation with
smaller (in diameter) and less invasive somatotropinomas
(18–20).

Table 2. Characteristics of mutated versus non-mutated GNAS patients with somatotropinomas.

GNAS+ GNAS– P value

Sex (female:male) 7:4 20:10 0.856
Age at diagnosis (years) 37.0±11.9 41.5±16.3 0.409
Basal GH (mg/dL) 37.4 (10.9–76.0) 15.1 (5.4–69.0) 0.233

Basal IGF-1 (mg/dL) 1004.9±257.5 949.7±291.3 0.583
ULNR IGF-1 331.0 (272.0–392.7) 388.0 (300.0–435.0) 0.377
Tumor size
Largest diameter 2.36±1.05 2.23±1.29 0.771

Micro:macro 1:10 3:27 0.930
Invasiveness (yes:no) 8:3 17:13 0.478

Tumor expansion

Intrasellar 2 7 0.970
Infrasellar+supra/parasellar 4 9
Parasellar 1 2

Suprasellar 1 6
Para+suprasellar 3 6

Remission (yes:no)

After SST analogs 3:3 10:9 1.000
After surgery 4:6 7:14 0.358

AIP RQ 0.56 (0.47–0.95) 0.63 (0.36–1.00) 0.777
PTTG RQ 7.77 (5.39–12.8) 7.0 (3.58–11.7) 0.364

Ki67 index (%)* 1.7 (1.0–4.5) 1.33 (1.0–3.8) 0.297
p53 (%)* 1.1 (1.0–1.4) 1.00 (1.0–1.0) 0.083

Data are reported as means±SD and median (25th and 75th percentiles). *Mean, minimum, and maximum
values are reported for Ki67 index and p53. GH: growth hormone; IGF-1: insulin-like growth factor-1; ULNR:
upper limit of the normal age- and sex-matched range; GNAS: guanine nucleotide-binding protein, alpha
stimulating; AIP: aryl hydrocarbon receptor interacting protein; PTTG: pituitary tumor transforming gene;
RQ: relative quantification; SST: stomatostatin. ANOVA, Mann-Whitney U test, Kruskal-Wallis test,
Pearson’s chi-squared test, and Fisher exact test were used where applicable.
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The lack of phenotype-genotype correlation between
GNAS-mutated and non-mutated pituitary adenomas
could be explained by modulation of phosphodiesterase
enzymes responsible for the hydrolysis of cyclic adeno-
sine monophosphate (21). Persani et al. demonstrated
that GNAS+ somatotropinomas had an increased activity
of phosphodiesterase isoforms in relation to GNAS–
somatotropinomas (21). Also, the GNAS locus displays a
complex genomic imprinting being expressed only from
the maternal allele in the pituitary gland (22). Some
studies have demonstrated that GNAS loss of methyla-
tion at maternal promoter is associated to response to
somatostatin analogs and contributes to the pathogen-
esis of acromegaly (23,24).

Regarding the AIP tumor suppressor gene, we found
a very rare c.468+15C4T polymorphic AIP variant in
a patient with NFPA. The c.468+15C4T was previously

described in a young female patient with acromegaly due
to a macroadenoma (24). According to in silico predic-
tions, the c.468+15C4T variant has a lower probability
to be deleterious. However, considering our results and
previous published results, the calculated minor allele
frequency (MAF) of this variant in pituitary adenomas
was 0.004, much higher than MAF=0.000025 described
by Exome Aggregation Consortium (ExAC; http://exac.
broadinstitute.org/) (25,26). Therefore, we speculate that
this noncoding nucleotide change could be related with
pituitary tumorigenesis of somatotropinomas and NFPA.
Additional analyses are essential to determine the real
significance of this variant for AIP function.

Usually, AIP loss-of-function mutations are associated
with a more aggressive disease and a low probability of
surgical remission (27,28). These mutations are uncom-
mon in sporadic pituitary adenomas, but their prevalence

Figure 1. Expression of histological and molecular markers of proliferation/invasion in invasive and non-invasive pituitary adenomas.
Graphs represent distributional plot of qPCR results for pituitary tumor transforming gene (PTTG) and immunohistochemical analysis
(Ki67 and p53), with the scoring for the respective marker depicted in the y-axis. A, Somatotropinomas and non-functioning pituitary
adenomas (NFPA). B, Somatotropinomas. C, NFPA. Dashed lines: medians; triangles: invasive cases; circles: non-invasive cases.
RQ: relative quantification. Mann-Whitney U test was used for statistical analyses.
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may increase among young patients: 23.3% (age at
diagnosis p18 years) and 20.5% (age at diagnosis p30
years) (9,29,30). In our study, 34% of acromegalic patients
were diagnosed p30 years old. Comparing young
patients with patients older than 30 years at diagnosis,
there was no difference in hormone assessment, tumor
size, and response to treatment. Nevertheless, we have
not identified AIP mutations in these patients, only very
common polymorphic variants. mRNA expression was
also evaluated and underexpression of AIP was found in
virtually all patients, including in NFPA, but without any
correlation with clinical and biological tumor features.

The PTTG expression observed in our cohort was high
in almost all patients and was related significantly to
invasiveness (P=0.03), particularly for NFPA (P=0.02).
In fact, a recent meta-analysis study confirmed high
expression levels of PTTG in different pituitary tumors
and its correlation with invasiveness and tumor recurrence
(31). However, no difference of PTTG levels between
invasive and non-invasive somatotropinomas was found
in our study (P=0.141). Although some studies showed a
higher PTTG expression in acromegalic patients than in
NFPA (31,32), we noted a significantly higher expression
of PTTG in NFPA (P=0.04), which was in agreement
with the higher rate of invasiveness of this tumor
subtype (5,34,35).

In the current study, the Ki-67 cell proliferation marker
showed positivity of less than 3% and the immunoposi-
tivity of p53 was not statistically significant. These results
are in agreement with the literature, in which the majority

of pituitary adenomas are typically 3% (35). Immunoex-
pression of both markers, p53 and Ki-67, was not
different between NFPA and somatotropinomas. In addi-
tion, the level of expression of Ki-67 and p53 did not show
any significant relationship with sex, age (below and above
30 years), characteristics of pituitary adenomas, (type, size,
extension, infra- or suprasellar), residual tumor after sur-
gery, and/or hormonal recurrence. These results are in
contrast to some studies in which the simultaneous
expression of the p53 and Ki-67 markers is related to
invasion and tumor aggressiveness, as well as to tumor
progression and/or recurrence of pituitary adenomas
(6,12,36,37). The relationship between the expression
of the p53 protein or Ki-67 cell proliferation marker with the
pituitary adenoma has been studied (37,38). However,
studies have not clearly shown the importance of Ki-67 and
p53 immunohistochemical in the evaluation of predictive
and prognostic factors of pituitary adenomas (38,39).

In conclusion, our results are in agreement with
previous results that point to PTTG expression as a
useful molecular marker for pituitary tumor invasiveness,
particularly for NFPA. However, we did not find any
evidence for the use of GNAS mutation or immunohisto-
chemical Ki-67 and/or p53 staining as a potential marker
to distinguish pituitary tumor behavior.
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