
RESEARCH ARTICLE

Regulation of Aryl Hydrocarbon Receptor
Interacting Protein (AIP) Protein Expression
by MiR-34a in Sporadic Somatotropinomas
Judit Dénes1,2‡, Leandro Kasuki3‡, Giampaolo Trivellin1, Leandro M. Colli4, Christina
M. Takiya5, Craig E. Stiles1, Sayka Barry1, Margaret de Castro4, Mônica R. Gadelha3,
Márta Korbonits1*

1 Department of Endocrinology, William Harvey Research Institute, Barts and the London School of
Medicine, Queen Mary University of London, London, United Kingdom, 2 Semmelweis University, School of
PhD studies, Doctoral School of Clinical Medicine, Budapest, Hungary, 3 Endocrinology Unit, Clementino
Fraga Filho University Hospital, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil, 4 Department of
Internal Medicine, Endocrinology Laboratory, Ribeirão Preto Medical School, São Paulo University, São
Paulo, Brazil, 5 Biofísica Carlos Chagas Filho Institute, Federal University of Rio de Janeiro, Rio de Janeiro,
Brazil

‡ These authors contributed equally to this work.
* m.korbonits@qmul.ac.uk

Abstract

Introduction

Patients with germline AIPmutations or low AIP protein expression have large, invasive

somatotroph adenomas and poor response to somatostatin analogues (SSA).

Methods

To study the mechanism of low AIP protein expression 31 sporadic somatotropinomas with

low (n = 13) or high (n = 18) AIP protein expression were analyzed for expression of AIP
messenger RNA (mRNA) and 11 microRNAs (miRNAs) predicted to bind the 3’UTR of AIP.
Luciferase reporter assays of wild-type and deletion constructs of AIP-3’UTR were used to

study the effect of the selected miRNAs in GH3 cells. Endogenous AIP protein and mRNA

levels were measured after miRNA over- and underexpression in HEK293 and GH3 cells.

Results

No significant difference was observed in AIPmRNA expression between tumors with low

or high AIP protein expression suggesting post-transcriptional regulation. miR-34a was

highly expressed in low AIP protein samples compared high AIP protein adenomas and

miR-34a levels were inversely correlated with response to SSA therapy. miR-34a inhibited

the luciferase-AIP-3’UTR construct, suggesting that miR-34a binds to AIP-3’UTR. Deletion
mutants of the 3 different predicted binding sites in AIP-3’UTR identified the c.*6–30 site to

be involved in miR-34a’s activity. miR-34a overexpression in HEK293 and GH3 cells re-

sulted in inhibition of endogenous AIP protein expression.
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Conclusion

Low AIP protein expression is associated with high miR-34a expression. miR-34a can

down-regulate AIP-protein but not RNA expression in vitro. miR-34a is a negative regulator

of AIP-protein expression and could be responsible for the low AIP expression observed in

somatotropinomas with an invasive phenotype and resistance to SSA.

Introduction
Germline mutations have been described in the aryl hydrocarbon receptor interacting protein
(AIP) gene in the setting of either familial isolated pituitary adenoma (FIPA) or in simplex,
young-onset, predominantly growth hormone (GH)- and/or prolactin-secreting pituitary ade-
nomas [1, 2]. AIP is a tumor suppressor gene and patients with acromegaly harboring germline
mutations in this gene have more invasive tumors showing sparsely-granulated pattern and are
less likely to respond to treatment with somatostatin analogues (SSA) [3–5].

Although no somatic AIPmutation has been described in pituitary adenomas to date [4, 6],
approximately half of the sporadic somatotropinomas present with low intrinsic AIP expres-
sion, and, similar to the mutated tumors, most of them are invasive and respond poorly to SSA
therapy [7–9]. Therefore, low AIP expression seems to be important in determining the patho-
logical characteristics of somatotropinomas.

MicroRNAs (miRNAs) are small non-coding RNAs with an important role in post-tran-
scriptional regulation of mRNA and/or protein expression. miRNAs were found to be involved
in the pathogenesis of many human diseases, including pituitary adenoma [10–14]. We hy-
pothesized that miRNA regulation of AIP protein expression could be responsible for the low
AIP levels found in approximately half of the sporadic somatotropinomas [8, 9].

Subjects and Methods

Patients
Thirty-four consecutive patients with acromegaly who had previously had pituitary surgery
and had tissue available (paraffin block and fresh frozen tumor sample) were included in the
study. This study was approved by the Ethics Committees of the Clementino Fraga Filho Uni-
versity Hospital/Medical School, Federal University of Rio de Janeiro and the Clinics Hospital,
Ribeirão Preto Medical School, São Paulo University. All subjects gave written informed con-
sent before study entry. Patients underwent pituitary surgery between 2006 and 2011. Bio-
chemical diagnosis of acromegaly was based on international criteria [15, 16]. Exclusion
criteria included previous known AIPmutations, a family history of pituitary adenoma, pres-
ence of features or family history of Carney complex or multiple endocrine neoplasia type 1 or
4 and preoperative therapy with SSA [as treatment may increase AIP expression [17]]. Tumor
invasiveness was determined according to Knosp-Steiner criteria [18]. GH-secreting pituitary
tumor samples were obtained during transsphenoidal surgery: part of the sample was processed
for routine histopathological and immunohistochemical studies (including anterior pituitary
hormones), and part was snap-frozen and stored at -70°C for molecular biology studies. All
samples were micro-dissected by an experienced pathologist in order to separate any non-tu-
moral tissue and homogenized using a Polytron homogenizer. In addition, five normal human
pituitaries were obtained within 10 hours from the time of death at autopsies of subjects who
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had died from natural causes without previous evidence of any endocrine disease or
pituitary abnormality.

Postsurgical evaluation
Biochemical assessment was performed 12 weeks after surgery by evaluation of oral glucose tol-
erance test (OGTT) and serum insulin-like growth factor I (IGF-I) levels in all subjects. Pitui-
tary magnetic resonance imaging (MRI) was performed 3 months after the surgical procedure.
Patients were considered as non-cured on the basis of the clinical picture, nadir GH levels after
OGTT higher than 0.4 ng/mL, and plasma IGF-I levels higher than age-matched normal sub-
jects. Medical therapy with long-acting octreotide (OCT-LAR) was started at a dose of 20 mg
every 4 weeks, and the dose was increased to 30 mg every 4 weeks in uncontrolled patients after
3 months of therapy. Efficacy of medical therapy was evaluated at the last patient visit, and pa-
tients were considered uncontrolled if they had a basal GH value higher than 1.0 ng/mL and/or
a plasma IGF-I level higher than age-matched normal subjects with at least 6 months of treat-
ment with OCT-LAR at a dosage of 30 mg. Postsurgical follow-up ranged from 12 to 60
months (median 32 months).

Tumor volume was not considered as an endpoint in this series because the study included
only postsurgical patients, which could lead to mistakes in the volume measurements due to
confounding variables such as postsurgical changes.

Cytokeratin pattern analysis
The cytokeratin expression pattern was analyzed as previously published with a mouse mono-
clonal antibody CAM 5.2 (1:100, BD Biosciences, San Jose, CA, USA, cat. number 349205)
[19]. Tumors were classified according to the cytokeratin expression as densely granulated,
sparsely granulated or mixed forms according to a previously reported classification [20].
Mixed tumors were considered as densely granulated for analysis, as previously suggested [20].

AIPmutation analysis in somatotropinomas
Deoxyribonucleic acid (DNA) was extracted using the QIAamp DNAMini Kit (Qiagen, Valen-
cia, CA, USA) from the pituitary adenoma tissue according to the manufacturer’s protocol.
The entire coding sequence of AIP (NM_003977.2), the conserved splice sites (from the con-
served A of the upstream branch site to +10 downstream of each exon) and 1200 base pairs of
the promoter region were direct sequenced, as previously published [4]. For those tumors
whose DNA was not available, the complementary DNA (cDNA) was sequenced with previ-
ously published primers [4]. Sequencing was performed with ABI 3130 Genetic Analyzer (ABI
PRISM/PE Biosystems, Foster City, CA, USA).

AIP mRNA and protein expression analysis in somatotropinomas
Immunohistochemistry. AIP expression was analyzed by immunohistochemistry, using a
monoclonal antibody (1:500, NB100–127, Novus, Littleton, CO, USA) in paraffin-embedded
tissue sections as previously described [7, 8]. For semi-quantitative estimate of cytoplasmic
AIP immunostaining, slides were scored for pattern [diffuse (score 2) or patchy (score 1)] and
for intensity [strong (score 3), moderate (score 2) and weak (score 1)], and the final score was
calculated by multiplying the two scores (pattern and intensity), as previously described [7, 8].
Final scores of 0 (no expression), 1 and 2 were considered as low AIP expression, while scores
3, 4, or 6 were considered as high expression. The adenoma scoring was performed by a single
independent observer (L.K.) blinded for the clinical data of the patients.
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Reverse Transcription-qPCR. The AIP mRNA expression was analyzed by real-time qPCR
in somatotropinomas and normal pituitaries. Tumoral ribonucleic acid (RNA) was extracted
using the RNeasy Mini kit (Qiagen) according to the manufacturer’s protocol. The amount and
quality of the extracted RNA were evaluated using NanoDrop 2000 (Thermo Fischer, Wil-
mington, DE, USA). Approximately one microgram of total RNA was used in a reverse tran-
scription reaction of 10 μL using 2.5 μMOligo D(T), 5.5 mMMgCl2, 2.0 mM dNTPs, 20 U/μL
RNase Inhibitor, 50 U/μL MultiScribe TaqMan and 10x RT Buffer, in a first strand cDNA syn-
thesis kit (Taq-Man RT reagents, Applied Biosystems, Branchburg, New Jersey, USA). The re-
verse transcription cycle sequence was 25°C for 10 min, 48°C for 30 min and 95°C for 5 min.
The cDNA of AIP and of glucuronidase β (GUSB), TATA box binding protein (TBP) and phos-
phoglycerate kinase 1 (PGK1) genes, used as endogenous controls, were separately amplified in
duplicates, in a total volume of 12 μl, in real-time qPCR assays, using the Applied Biosystems
7500 Real-Time PCR System (Foster City, CA, USA). Reactions were incubated in a 96-well
optical plate at 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min.
The TaqMan assays for AIP and the endogenous controls are shown in Table 1. The cycle thresh-
old (Ct) was defined as the cycle number at which the fluorescence surpasses the fixed threshold.
The Ct data were performed using default threshold settings. Expression analysis was performed
with the QPCR software [21]. Efficiency of each reaction was calculated by linear regression with
the LingRegPCR software. The normalization of each sample results was performed by subtract-
ing the Ct (geometric mean) for the target gene (AIP) by the endogenous control Ct (TBP, PGK1
and GUS), generating the ΔCt [Ctsample (target gene)—Ctsample (endogenous control)]. The

Table 1. TaqMan assays used in real-time qPCR quantification.

Genes and miRNAs Assays (TaqMan Applied Biosystems)

human AIP Hs_00610222_m1

rat Aip Rn_00597273-m1

hsa-let-7a 000377

hsa-let-7b 002619

hsa-miR-202 002363

hsa-miR-22 000398

hsa-miR-34a 000426

hsa-miR-34c 000428

hsa-miR-324 002161

hsa-miR-449 001030

hsa-miR-510 002241

hsa-miR-612 001579

hsa-miR-639 001583

hsa-miR-671 002322

Endogenous controls

RNU38B 001004

RNU49 001005

RNU6B 4373381

Beta-actin 4352340E

TBP Hs_00427621_m1

GUS Beta Hs_00939627_m1

PGK1 Hs_99999906_m1

GAPDH Hs_99999905_m1

doi:10.1371/journal.pone.0117107.t001
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normalized results (ΔCt) were then subjected to calibration step. We used five normal pituitary
tissue samples as calibrator, obtaining the ΔΔCt (ΔCtsample- ΔCtnormal pituitary). The relative ex-
pression of each gene was given by the formula (1 + efficiency)-ΔΔCt. The efficiency value was
calculated for each reaction. The median values obtained from (1 + efficiency)-ΔΔCt of tumor
samples was compared with the median value of (1 + efficiency)-ΔΔCt normal pituitary tissue sam-
ples, obtaining the fold change. Adequacy of endogenous controls was calculated with the GeN-
orm 3.3 visual basic application for Microsoft Excel.

Identification and expression analysis of miRNAs targeting AIP 3’-
untranslated region (3’-UTR) in somatotropinomas
Target site prediction. To identify AIP mRNA-miRNA interaction we initially used algo-
rithms described in the miRNAmap prediction program [22]. This bioinformatics tool uses
data from TargetScan 6.0 (http://www.targetscan.org), MiRanda (http://www.microrna.org/
microrna/home.do) and RNAhybrid (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/). The
mRNA-miRNA interaction was evaluated by three different criteria: (i) target site predicted by
at least two prediction programs, (ii) the target gene contains multiple target sites for the
miRNA and (iii) the target sites are located in accessible regions of the RNA as determined by a
pre-specified algorithm. In addition, miRNAmap used miRNA and target mRNA expression
profiles from a repository to calculate the Pearson correlation coefficients for each miRNA and
the target gene [22, 23]. We selected to evaluate by qPCR miRNAs that reach all three miRNA-
map criteria or at least two miRNAmap criteria and a negative Pearson coefficient at least -0.30.
Moreover, in order to confirm and to complete our search for miRNAs interacting with AIP
and to determine the exact miRNA target binding sites in both human and rat AIP we utilized
TargetScan version 6.2 (http://www.targetscan.org), MicroCosm (http://www.ebi.ac.uk/enright-
srv/microcosm/cgi-bin/targets/v5), FindTar version 3 (http://bio.sz.tsinghua.edu.cn/content/list/),
miRanda (http://www.microrna.org/microrna/home.do) and PicTar (http://www.pictar.bio.
nyu.edu).

Real-time qPCR quantification of miRNAs identified by in silico target prediction. The
selected miRNA expressions were analyzed by real-time qPCR in somatotropinomas and in
normal pituitaries. The reverse transcription cycle for miRNAs was 16°C for 30 min, 42°C for
30 min and 85°C for 5 min. The cDNA of the selected miRNAs and of RNU38B and RNU49,
used as endogenous controls, were amplified in duplicates in three different reactions in a total
volume of 12 μl, in real-time qPCR assays, using the Applied Biosystems 7500 Real-Time PCR
System. Reactions were incubated in a 96-well optical plate with 40 cycles of 95°C for 15 sec
and 60°C for 1 min. The TaqMan assays for miRNAs and for the endogenous controls are
shown in Table 1. The analysis of the results was performed with the same methodology previ-
ously described for AIP.

Cell culture
The rat GH- and prolactin-secreting pituitary adenoma cell line GH3 [24, 25] and the human
embryonic kidney cell line HEK293 [26] were grown in Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich, Poole, Dorset, UK) supplemented with 10% fetal bovine serum (Bio-
sera, Ringmer, UK), penicillin (100 IU/mL) and streptomycin (100 mg/mL, Sigma Aldrich) in
a humidified atmosphere at 37oC with 5% CO2. Cells were obtained from the European Collec-
tion of Cell Cultures.
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Generation of mutant AIP-3’-UTR Reporter Plasmids
A pGL3-vector containing the human AIP-3’-UTR was used to perform the experiments [27].
A 931-bp segment of human AIP-3’-UTR is located immediately downstream from the coding
sequence of the Firefly luciferase reporter gene. To examine whether the effect on the luciferase
activity of the studied miRNAs was specifically due to binding to the predicted binding sites in
the AIP-3’-UTR fragment, we disrupted these sites by site-directed mutagenesis. For interrupt-
ing the perfect “seed” pairing, four nucleotides (miR-34a site A and B) or three nucleotides
(site C) of the miR-34a seed sequences were deleted using the QuikChange XL-site-directed
mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) and the following primers: site
A: forward 5'-ggccctgccttaccaagcccactgct-3' and reverse 5'-agcagtgggcttggtaaggcagggcc-3', site
B: forward 5'-cctgccaagcccctgcagctgcca-3' and reverse 5'-tggcagctgcaggggcttggcagg-3', site C:
forward 5'-gcccactgctgcccagcccccctg-3' and reverse 5'-caggggggctgggcagcagtgggc-3'. Three mu-
tant plasmids were generated with deletions at site A (MUT_A), B (MUT_B) and C (MUT_C),
and a further mutant was generated with both site A and C mutations. All mutant inserts were
confirmed by direct sequencing.

Luciferase gene reporter assay
GH3 cells were seeded in the inner wells of 24-well plates [28] at a density of 1x105 cells/well.
After 24h, cells were co-transfected using Lipofectamine 2000 (Invitrogen, Paisley, UK) with
0.5 μg of the pGL3-vector and 25 ng of the Renilla vector [pRL-cyto megalovirus (CMV)] as
previously described [27]. For each plate, the pre-miR-34a (PM11030, Life Technologies) or
pre-miR-22 (PM11752, Life Technologies) or the scrambled pre-miR (AM17111, Life Technol-
ogies) was co-transfected at a final concentration of 50 nM. Firefly and Renilla luciferase activi-
ties were measured consecutively 24h post-transfection using the Dual-Luciferase Reporter
Assay System (Promega, Southampton, UK) as previously described [27]. Ratios of Firefly vs.
Renilla luminescence signals served as a measure for reporter activity normalized for
transfection efficiency.

Endogenous miR-34a expression in different cell lines and tissues
In order to estimate the level of expression of miR-34a in the GH3 and HEK293 cells we ex-
tracted RNA from these cells using the RNeasy Mini Kit (Qiagen). We also included in the
analysis RNA from human tissues (AM6000, Ambion) previously described to express miR-
34a at high (ovary, prostate and testes) or low (adipose, heart and liver) levels (http://
mirnamap.mbc.nctu.edu.tw). Real-time qPCR amplifications were run using the hsa-miR-34a
TaqMan MicroRNA Assay, (4427975, Life Technologies). RNU6B was used as an endogenous
control for human samples and beta-actin was chosen as a control for the rat sample. The anal-
ysis of the results was performed with the same methodology previously described for the AIP
qPCR.

Endogenous AIP mRNA and protein expression after miR-34a
overexpression and inhibition
HEK293 and GH3 cells were seeded in 24-well plates at a density of 0.6x105 cells/well and
1x105 cells/well, respectively. After 1–24 h cells were transfected with the pre-miR-34a precur-
sor, the anti-miR-34a inhibitor (AM11030, Life Technologies), scrambled-miR or scrambled-
anti-miR (AM17010, Life Technologies) at a final concentration of 50 nM. Twenty-four and
forty-eight hours later cells were harvested and proteins and RNA extracted. RT-qPCR was
performed with the TaqMan system using ready made AIP-probe primer kits
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(Hs_00610222_m1, Rn_00597273-m1, Life Technologies). Reactions were performed in tripli-
cate using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as endogenous control. Data
were analyzed as previously described [27]. Protein extraction and quantification were per-
formed as described previously [29]. Twenty to 80 μg of cell culture lysates were separated by
electrophoresis and transferred onto nitrocellulose membranes. Membranes were incubated
with mouse monoclonal AIP antibody (Novus NB100–127) at 1:1000 dilution and GAPDH
rabbit antibody (sc-25778 Santa Cruz Biotechnology, Dallas, USA) at 1:1000 dilution was used
as loading control. Infrared fluorescent-labeled anti-rabbit or anti-mouse secondary antibodies
(IRDye 680 and 800, Li-Cor Biosciences, Cambridge, UK) were used at a 1:8000 dilution. Im-
munoblot detection and density measurements were performed on the Odyssey infrared-imag-
ing system (Li-Cor).

Statistical analysis
The statistical analysis was performed using SPSS version 16.0 for Windows (SPSS, Inc., Chi-
cago, IL, USA) or StatsDirect software (Addison-Wesley-Longman, Cambridge, UK). The re-
sults were reported as median values (minimum—maximum) or mean ± SEM of two to ten
independent experiments, each performed in triplicate. The Student t-test or the Mann-Whit-
ney test was used as appropriate to compare numerical variables. The chi-squared test was
used to compare categorical variables. P values< 0.05 were considered statistically significant.

Results

Analysis of AIPmutations
A total of 34 tumors from acromegalic patients were selected for the study. Tumor genomic
DNA (gDNA) from 28 patients and tumor cDNA from six patients were sequenced for AIP
mutations. Two patients were identified with truncating AIPmutations (p.Y268�, and p.
R304�) and one patient with a variant with controversial significance (p.R16H) [30–32]. Leu-
kocyte-derived DNA from these patients confirmed heterozygous germline mutations and
these three patients were excluded from the study; therefore only data from 31 adenomas were
included in following experiments.

Demographic, radiological, biochemical and pathological data of the
patients with acromegaly
The demographic, biochemical and pathological data of the 31 patients included in the study
are summarized in Table 2. The median age at diagnosis was 43 years (range 23–63), 15 pa-
tients (48%) were male. The median GH at diagnosis was 23.0 ng/mL (range 1.6–392.5) and
the median IGF-I was 408% of the upper limit of normal range (range 165–1139). Twenty-
seven tumors (87%) were macroadenomas and 15 (48%) co-expressed GH and prolactin
upon immunostaining.

AIP protein levels and correlation with AIPmRNA levels
All tumors expressed AIP, with low expression levels (score 1–2) observed in 13 cases (42%)
(Fig. 1). Interestingly, there was no difference in the AIPmRNA expression between tumors
with low or high AIP protein levels: in the low AIP protein group the median AIPmRNA ex-
pression was 0.91 (range 0.48–1.95) and in the high AIP protein group was 1.14 (0.45–2.34,
low vs. high protein group P = 0.123). These data lead us to the hypothesis that post-transcrip-
tional regulation, such as that exerted by miRNAs, may be the cause of the low AIP
protein expression.
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Table 2. Demographic, radiological, biochemical and pathological characteristics of the patients with acromegaly.

Patient Age at
diagnosis
(years)

Sex Tumor
Size
(cm)

Invasive* Baseline
GH (ng/mL)

Baseline
IGF-I (%
ULNR)

Control
with OCT-
LAR

AIP protein
expression
(score)

miR-
34a#

Granulation
pattern

PRL

1 52 M 3.8 x 3.5 Y 251.0 331 N L (2) 1.50 Sparsely Y

2 31 F 2.1 x 1.9 N 53.9 302 N H (3) 1.37 Sparsely N

3 55 M 4.0 x 3.7 Y 9.2 380 Y L (1) 0.66 N/A N

4 46 M 3.0 x 2.1 Y 51.5 417 N H (3) 1.30 Densely Y

5 37 M 3.3 x 3.0 Y 34.2 401 NT L (2) 0.73 Sparsely Y

6 63 F 3.0 x 2.5 Y 133.0 225 N H (4) 0.50 Densely N

7 40 F 3.0 x 2.8 Y 4.3 372 N L (2) 1.40 Densely N

8 46 M 2.6 x 2.6 Y 15.6 208 Y H (6) 0.13 Densely Y

9 23 F 2.0 x 1.5 Y 110.0 165 N H (4) 0.65 N/A N

10 63 M 1.0 x 0.8 N 3.6 386 NT H (4) 2.50 N/A N

11 46 F 3.4 x 2.3 Y 53.5 415 N L (2) 2.27 Sparsely N

12 42 M 1.1 x 0.7 N 9.5 488 N H (4) 0.79 Densely Y

13 43 F 1.0 x 0.8 N 15.5 238 Y H (4) 0.13 N/A Y

14 42 M 1.5 x 1.3 Y 23.0 1139 NT L (2) 0.57 Sparsely Y

15 59 F 1.0 x 0.9 N 1.7 805 Y H (4) 0.11 Densely Y

16 34 M 1.2 x 1.0 N 7.1 199 Y H (4) 0.08 Densely Y

17 50 F 1.2 x 1.0 N 39.2 NA Y H (6) 0.15 Densely N

18 30 F 1.3 x 2.0 N 13.7 642 Y H (3) 0.16 Densely N

19 37 F 3.0 x 2.5 N 185.0 531 Y H (4) 4.96 Densely N

20 36 M 1.5 x 1.0 N 70.0 NA N H (4) 1.11 Densely N

21 57 M 2.0 X 1.4 Y 47.8 963 N L (2) 0.28 Sparsely N

22 52 F 3.3 x 3.4 Y 23.0 517 N L (2) 2.64 Sparsely Y

23 32 M 3.8 x 2.6 Y 10.8 NA N H (6) 1.69 Sparsely Y

24 54 F 2.3 x 1.7 Y 32.5 490 N L (2) 2.42 Sparsely N

25 56 F 1.8 x 1.3 Y 1.6 587 N L (2) 1.81 Densely N

26 53 F 2.5 x 1.8 N 20.9 NA N H (3) 0.32 Sparsely N

27 43 M 0.9 x 0.7 N 4.9 789 NT L (2) 1.82 N/A N

28 37 F 2.9 x 1.9 Y 10.0 265 NT L (1) 3.37 Sparsely Y

29 42 M 1.8 x 1.5 N 110.0 NA Y H (6) 0.61 Densely Y

30 31 F 1.3 x 1.1 N 119.0 NA N L (2) 0.32 Densely Y

31 24 M 5.8 x 5.0 Y 392.5 NA Y H (4) 0.12 N/A Y

F, female

M, male

Y, yes

N, no

NA, not available

ULNR, upper limit of normal range

L, low

H, high

AIP, aryl hydrocarbon receptor interacting protein

OCT-LAR, octreotide LAR

NT, not treated

*, tumor invasiveness was determined according to Knosp-Steiner criteria
#, expression level (fold change)

NT, not treated with somatostatin analogues, PRL, immunostaining for prolactin.

doi:10.1371/journal.pone.0117107.t002
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miRNA expression levels in patients with low or high AIP protein
expression
Based on in silico predictions, we selected 11 miRNAs for analysis by real-time qPCR: let-7a, let-
7b, miR-202, miR-22, miR-34a, miR-34c, miR-449b, miR-510, miR-612, miR-639 and miR-671
(Table 3). Two miRNAs showed higher expression in tumors with low AIP protein levels com-
pared to tumors with high AIP protein levels (Fig. 2): miR-22 [fold change compared to normal
pituitary, low AIP protein 1.97 (range 0.25–6.89) vs. high AIP protein 0.78 (range 0.13–9.78),
P = 0.046] and miR-34a [low AIP protein 1.50 (range 0.28–3.37) vs. high AIP protein 0.55 (range
0.08–4.96), P = 0.022]. Nine out of 13 tumors (69%) with low AIP expression exhibited high
miR-34a levels [i.e. higher than median (0.72) of the whole group]. There was no difference in
the expression of the other miRNAs between tumors with low or high AIP protein levels (Fig. 2).

Correlation of AIP expression, miR-22 andmiR-34a levels with tumor
invasiveness, granulation pattern and response to somatostatin analogues
Eleven out of 13 (85%) somatotropinomas with low AIP protein expression were invasive
while 6 out of 18 (33%) somatotropinomas with high AIP expression were invasive (P = 0.006)
[Table 2]. The miR-34a levels were higher in invasive (1.30, range 0.12–3.37) than in non-inva-
sive somatotropinomas (0.47, range 0.08–4.96); however, this difference was not statistically
significant (P = 0.19).

Fig 1. Aryl hydrocarbon receptor interacting protein (AIP) immunostaining. A and B—Examples of low
AIP expression; C and D: Examples of high AIP expression; E—Normal human pituitary staining with omitting
primary antibody (negative control); F—Normal human pituitary staining with AIP (positive control); Scale
bar = 1000 μm.

doi:10.1371/journal.pone.0117107.g001
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Cytokeratin pattern was analyzed in 25 tumors. Eleven out of 25 somatotropinomas (44%)
were classified as sparsely granulated. Nine (82%) sparsely granulated adenomas were invasive
while only five (36%) densely granulated adenomas were considered invasive (P = 0.027). Eight
out of 11 (73%) tumors with low AIP expression are sparsely granulated adenomas while only
three out of 14 (21%) adenomas that presented a high AIP expression are sparsely granulated
(P = 0.015). The miR-34a levels were 1.50 (range, 0.28–3.37) in sparsely granulated adenomas
and 0.55 (0.08–4.96) in densely granulated adenomas, with a tendency to reach statistical dif-
ference (P = 0.058).

A total of 26 patients were initiated on OCT-LAR after surgery. In 10 patients (39%) acro-
megaly was considered controlled after OCT-LAR therapy. Only one out of nine patients
(11%) whose tumors presented low AIP expression achieved disease control with medical treat-
ment, while nine out of 17 patients (53%) harboring tumors with high AIP expression achieved
disease control with OCT-LAR therapy (P = 0.045). The miR-34a levels were lower in those pa-
tients controlled with OCT-LAR therapy than in the uncontrolled patients [0.14 (range 0.08–
4.96) and 1.12 (range 0.72–2.19), respectively, P = 0.003].

There was no correlation of miR-22 levels with tumor invasiveness, granulation pattern or
response to OCT-LAR therapy.

Table 3. The 11 miRNAs selected to analyse the expression level in patients with low or high AIP
protein expression and the criteria for selection.

miRNA Criteria for selection

Let-7a Reachs all three miRNAmap criteria

Let-7b Reachs all three miRNAmap criteria

miR-202 Two miRNAmap criteria and Pearson coefficient of-0.32

miR-22 Two miRNAmap criteria and Pearson coefficient of-0.33

miR-34a Two miRNAmap criteria and Pearson coefficient of-0.31

miR-34c Two miRNAmap criteria and Pearson coefficient of-0.43

miR-449b Reachs all three miRNAmap criteria

miR-510 Two miRNAmap criteria and Pearson coefficient of-0.50

miR-612 Reachs all three miRNAmap criteria

miR-639 Reachs all three miRNAmap criteria

miR-671 Reachs all three miRNAmap criteria

doi:10.1371/journal.pone.0117107.t003

Fig 2. Expression levels of miRNAs predicted to bind AIP as determined by quantitative RT-PCR in
human somatotroph adenomas with low (black triangles) and high (white triangles) AIP protein levels.
Results are expressed as fold change compared to normal pituitary samples and are shown as median with
upper and lower quartile; *, P<0.05.

doi:10.1371/journal.pone.0117107.g002
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miR-34a and miR-22 predicted binding sites in the human AIP-3’UTR
FindTar predicted three different target seed regions for miR-34a in the human AIP-3’UTR se-
quence: site A, site B and site C, located respectively at 25–29 bp, 35–40 bp and 46–50 bp
downstream of the stop codon of AIP (Fig. 3). Site B was predicted also by Microcosm. miRan-
da and FindTar predicted miR-34a to bind to the rat Aip-3’UTR sequence as well. miRanda
predicted that miR-22 has one binding site, located 42–47 bp downstream of the stop codon of
human AIP.

miR-34a effect on regulation of AIP expression in vitro
To verify the in silico predicted interaction between miR-34a and miR-22 and AIP, we used a
pGL3 vector containing the human wild type (WT) AIP-3’UTR downstream of the coding se-
quence of Firefly luciferase. Transfection of pre-miR-34a precursor andWT-AIP-3’UTR into
GH3 cells resulted in a 31±4% reduction of luciferase activity compared with the control
scrambled miR (P<0.0001) (Fig. 4). To confirm that this effect was caused by miR-34a interac-
tion with the cloned fragment and not by nonspecific binding, we compared the effect exerted
by the pre-miR-34a precursor and the scrambled miR on the empty pGL3 vector. miR-34a did
not change the luciferase activity of the empty vector compared with the control scrambled
miR (Fig. 4). As the endogenous level of miR-34a in GH3 cells was low (Fig. 5), we predict that
the endogenous miR-34a did not interfere significantly in our experimental setting. Transfec-
tion of pre-miR-22 precursor and WT- AIP-3’UTR into GH3 cells resulted in no reduction of
the luciferase activity (data not shown).

Fig 3. Graphic representation of the three predicted target sites of miR-34a in AIP-3’UTR (untranslated
region). The highlighted sequences represent the three predicted binding sites (SITE A, B and C) and the
basepairs marked with strikeout represent the deleted nucleotides in MUT_A, MUT_B and MUT_C plasmids.

doi:10.1371/journal.pone.0117107.g003

Fig 4. The effect of miR-34a on AIP-3’UTR activity in vitro.GH3 cells were transfected with plasmids
containing pGL3-AIP-3’UTRWT and constructs with mutation in SITE A, SITE B, SITE C and SITE A+C and
co-transfected with miR-34a or scrambled control. GH3 cells transfected with empty pGL3 vector and miR-
34a or its scrambled control. Data are shown as Firefly/Renilla activity ratios compared to that of the
scrambled control transfected cells. Mean ±SEM, *, P<0.05, ***, P<0.001.

doi:10.1371/journal.pone.0117107.g004
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Confirmation of predicted miR-34a binding sites
To confirm the importance of miRNA binding and to investigate which predicted binding site
of miR-34a is involved in the miR-34a effect we used deletion mutants targeting the three dif-
ferent bindig sites: MUT_A for the mutated binding site A, MUT_B for site B and MUT_C for
site C. MUT_A leads to a complete loss of miR-34a effect on luciferase activity (Fig. 4), while
MUT_B did not change the inhibitory effect of miR-34a on the luciferase assay (Fig. 4). Al-
though MUT_C overall did not change significantly the inhibitory effect of miR-34a, in some
of the experiments a small effect was observed. Therefore we created a combined mutant of site
A and site C: MUT_A+C to see if an additional effect of site A and C could be observed. The
data with the combined mutant was similar to the one with MUT_A only (Fig. 4).

Regulation of endogenous AIP expression by miR-34a in vitro
To further characterize the interaction of miR-34a and AIP in vitro we measured mRNA and
protein levels of endogenous AIP after miR-34a overexpression and inhibition in HEK293
cells. Significant decrease in AIP protein level was observed 48h post-transfection with miR-
34a compared to scrambled miR control (n = 7, 17±3%, P = 0.001, Fig. 6A), suggesting that
high levels of miR-34a can suppress endogenous AIP protein expression in vitro. Transfection
with anti-miR-34a did not change AIP protein levels (n = 3, 0±7%, P = 0.998, Fig. 6B). We
have also observed a significant decrease in endogenous AIP protein levels in GH3 cells after
miR-34a overexpression (n = 4, 25±1%, P = 0.0005, Fig. 6C).

Although miR-34a overexpression induced a significant decrease in endogenous AIP pro-
tein levels, no significant change was seen at the mRNA level in HEK293 and GH3 cells, match-
ing observations in our human adenomas. After miR-34a overexpression in HEK293 and GH3
cells we have observed no significant change in AIP mRNA levels compared to scrambled miR
control (Fig. 6D, 6E).

Discussion
In this study we showed that low AIP protein levels in human sporadic somatotropinomas is
associated with high miR-34a expression and that miR-34a can down-regulate AIP protein lev-
els in in vitro experiments. In addition, we showed that high miR-34a levels are associated with
a lower chance of acromegaly control with SSA therapy and we confirmed our previous

Fig 5. EndogenousmiR-34a expression levels in different tissues and cell lines assessed in
triplicates by RT-qPCR.Data were normalized to the data of the liver and shown as mean ±SEM.

doi:10.1371/journal.pone.0117107.g005
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findings [7] that low AIP protein expression is associated with a poor response to SSA. Our
data demonstrates that the inhibition involves AIP translation repression without reduction in
AIP mRNA, as there was no difference in the AIP mRNA levels between tumors with low or
high AIP protein levels.

Thirteen out of 31 (42%) tumor samples showed low AIP protein levels, a percentage similar
to the data previously published by Jaffrain-Rea et al. (48%) [9] and also by our group in two
different sets of samples (55% and 51%) [7, 8]. Most of the tumors exhibiting low AIP expres-
sion (with or without germline AIPmutations) were invasive [8, 9], and patients harboring
those tumors have a poor response to the medical treatment with SSAs, the mainstay of the
medical treatment of acromegaly [7]. Recent data suggest that the expression of AIP is impor-
tant in the mechanism of action of this class of drugs [3, 17]. In addition, we showed that the
majority of the tumors showing low AIP expression are sparsely granulated adenomas. Tumors
with this cytokeratin pattern are known to be more invasive and associated with a poor re-
sponse to SSA therapy [33]. Therefore, one of the possible explanations for this adenoma phe-
notype is the low AIP expression in these tumors.

As our data showed that there is no correlation between AIP mRNA expression and protein
levels, we hypothesized that the low AIP protein levels could be explained by miRNA regula-
tion. Therefore, we studied the miRNAs predicted to regulate the AIP gene. After a careful se-
lection using in silico prediction, we studied 11 miRNAs. Although miR-107 has been
previously shown to inhibit AIP in vitro [27], this miRNA did not fulfill the strict selection cri-
teria in this study and was not included in the analysis. Out of our selected 11 miRNAs, two
(miR-22 and miR-34a) were significantly overexpressed in the tumors with low AIP protein
levels. We note that our sample size is the largest to date of the studies concentrating on
miRNA expression in somatotropinomas. According to our results, we hypothesized that these
miRNAs could be responsible for the reduced AIP levels. Our findings showed that miR-34a
down-regulates AIP protein levels, while miR-22 had no inhibitory effect. We also showed that
higher miR-34a levels are associated with a lower chance of disease control with SSA therapy.
Therefore, elucidation of the mechanism involved in reducing AIP protein levels in sporadic
somatotropinomas may help to predict response to SSAs and help with the development of
novel therapeutic options for the treatment of this subgroup of invasive tumors.

To study the effect of miR-34a on AIP we have used a reporter vector in which the entire
human AIP-3’-UTR has been fused to a luciferase reporter plasmid. We observed that high

Fig 6. Effect of miR-34a (A) and anti-miR-34a (B) on endogenous AIP protein levels in HEK293 and in
GH3 (C) cells 48 hours after transfection. Effect of miR-34a on endogenous AIP mRNA expression in
HEK293 (D) and in GH3 (E) cells 48 hours after transfection measured by RT-qPCR. Data are shown as
mean±SEM, **, P<0.01 ***, P<0.001.

doi:10.1371/journal.pone.0117107.g006
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levels of miR-34a reduce the luciferase activity using the vector containing the WT AIP-3’UTR
suggesting that miR-34a can bind to the AIP-3’UTR. To validate the three predicted target sites
for miR-34a within the 3’-UTR of human AIP we created mutants for each predicted miR-34a
binding sites. MUT_B and MUT_C plasmids exerted a significant inhibitory effect on the lucif-
erase activity, similar to the wild-type plasmid, suggesting that these sites are not important for
miR-34a binding. SITE_A plasmid, however, failed to induce inhibition of luciferase activity,
suggesting that this binding site is responsible for miR-34a-mediated AIP repression. To study
the regulation of endogenous AIP expression by miR-34a in vitro we have used rat GH3 cells
and human HEK293 cells. We found that overexpression of miR-34a significantly decreases
AIP protein levels measured 48h after transfection, while there was no significant change in
AIP mRNA levels. When we transfected the cells with anti-miR-34a we could not see any
change in AIP protein levels, which might be due to the fact that these cell lines have very low
endogenous miR-34a levels therefore antagonism with anti-mir-34a may not produce detect-
able effects (Fig. 5). We have attempted to see if cells would proliferate more when transfected
with miR-34a, and although a trend was observed, this has not reached significance (data not
shown).

The miR-34 family consists of three miRNAs: miR-34a, miR34b and miR-34c. miR-34b
and -34c share a common primary transcript (located on chromosome 11q23), while miR-34a
is encoded by its own transcript on chromosome 1p26 [34]. miR-34a is an intergenic miRNA
located between the genes coding for the G-protein coupled receptor 157 and hexose-6-phos-
phatase dehydrogenase [34]. Recent miRNA profiling analysis did not find differences in over-
all miR-34a expression in somatotropinomas compared to normal pituitary [11, 35]. This is in
line with our findings that showed that miR-34a was overexpressed in tumors with low AIP ex-
pression, but not in all somatotropinomas. There were a few cases with high miR-34a level and
high AIP expression. We have not identified sequence variants in the 3’UTR of the AIP gene in
these samples. Therefore as high miR-34 expression does not always correlate with a low AIP
protein level, other factors could also influence AIP expression. To elucidate the complex regu-
lation of AIP expression will need future studies.

miRNAs have unique tissue-specific patterns and the same miRNA can behave as an onco-
gene or tumor suppressor gene depending on their target mRNAs in that particular organ [13,
36]. miR-34a has been shown to behave as a tumor suppressor miRNA by reducing proliferation
and enhancing apoptosis in many human neoplasias, including osteosarcoma, colorectal, pan-
creatic and ovarian cancer [37, 38]. In contrast, miR-34a has also been shown to have oncomiR
properties in other studies, including a pro-proliferative role in follicular lymphoma cell lines
and an anti-apoptotic effect in B-lymphoid cells [39, 40]. It has also been shown to antagonize
the anti-tumoral effects of docetaxel in human breast cancer cells [41]. Our data show higher
miR-34a levels in human adenomas with low AIP protein levels. In addition, we demonstrated
that miR-34a can bind to AIP and decrease its expression in vitro. Interestingly, miR-34a over-
expression in HCT116 human colon carcinoma cells also showed down-regulation of AIP ex-
pression [42] (http://www.ncbi.nlm.nih.gov/geoprofiles/39833130), suggesting that the putative
role of miR-34a in regulating AIP expression may also be present in other tumors. Patients with
loss-of-function AIPmutations usually harbor large and invasive somatotropinomas [4, 5]. In
the absence of mutations, low AIP protein level is associated with a similar phenotype [8, 9]. In
this study we postulated that miR-34a acts as an oncomiR in somatotropinomas, being an inhib-
itor of AIP, a tumor suppressor gene, and therefore miR-34a might be implicated in the patho-
genesis of these tumors. On the other hand, as miR-34 is involved in a wide range of
tumorigenesis, the role of miR-34 on somatotropinomas may not solely rely on AIP.

The involvement of miR-34a in the pathogenesis of sporadic somatotropinomas may allow
the development of new therapeutic strategies for the treatment of these tumors. The
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therapeutic inhibition of miR-34 has previously been attempted in the context of heart disease.
This resulted in the attenuation of pathological cardiac remodeling and improvement in heart
function in a mouse myocardial infarct model [43]. In the same study, the authors used a 15-
mer locked nucleic acid (LNA) anti-miR-34a and observed that a single dose in three consecu-
tive days inhibited the miR-34a as early as day one and that the inhibition persisted for two
months after the last dose [43]. Therefore, future studies addressing the use of LNA anti-miR-
34a in the setting of invasive somatotropinomas with low AIP protein levels may provide a
new approach for the treatment of these tumors. The use of anti-miRNAs has been previously
described in other tumor cell lines, for example, in an orthotopic xenograft breast cancer
model with systemically injected liposomes that delivered 2’-O-Me anti-miRNAs against miR-
132, resulting in delayed tumor growth and suppressed angiogenesis [44].

In conclusion, we have demonstrated that miR-34a is overexpressed in sporadic somatotro-
pinomas with low AIP protein levels in the absence of mutations in this gene and that this over-
expression is inversely correlated to the response to SSA. Functional studies confirmed that
miR-34a down-regulates AIP expression, suggesting the possible involvement of miR-34a in
the pathogenesis of sporadic somatotropinomas.

Author Contributions
Conceived and designed the experiments: MRGMK. Performed the experiments: JD LK GT
LMC CES SB. Analyzed the data: JD LK GT LMC CMTMC. Wrote the paper: JD LKMRG
MK.

References
1. Vierimaa O, Georgitsi M, Lehtonen R, Vahteristo P, Kokko A, et al. (2006) Pituitary adenoma predispo-

sition caused by germline mutations in the AIP gene. Science 312: 1228–1230. PMID: 16728643

2. Beckers A, Aaltonen LA, Daly AF, Karhu A (2013) Familial isolated pituitary adenomas (FIPA) and the
pituitary adenoma predisposition due to mutations in the aryl hydrocarbon receptor interacting protein
(AIP) gene. Endocr Rev 34: 239–277. doi: 10.1210/er.2012-1013 PMID: 23371967

3. Gadelha MR, Kasuki L, Korbonits M (2013) Novel pathway for somatostatin analogs in patients with ac-
romegaly. Trends Endocrinol Metab 24: 238–246. doi: 10.1016/j.tem.2012.11.007 PMID: 23270713

4. Leontiou CA, Gueorguiev M, van der Spuy J, Quinton R, Lolli F, et al. (2008) The role of the aryl hydro-
carbon receptor-interacting protein gene in familial and sporadic pituitary adenomas. J Clin Endocrinol
Metab 93: 2390–2401. doi: 10.1210/jc.2007-2611 PMID: 18381572

5. Daly AF, Tichomirowa MA, Petrossians P, Heliovaara E, Jaffrain-Rea ML, et al. (2010) Clinical charac-
teristics and therapeutic responses in patients with germ-line AIP mutations and pituitary adenomas: an
international collaborative study. J Clin Endocrinol Metab 95: E373–383. doi: 10.1210/jc.2009-2556
PMID: 20685857

6. Raitila A, Georgitsi M, Karhu A, Tuppurainen K, Makinen MJ, et al. (2007) No evidence of somatic aryl
hydrocarbon receptor interacting protein mutations in sporadic endocrine neoplasia. Endocr Relat Can-
cer 14: 901–906. PMID: 17914118

7. Kasuki L, Vieira Neto L, Wildemberg LE, Colli LM, de Castro M, et al. (2012) AIP expression in sporadic
somatotropinomas is a predictor of the response to octreotide LAR therapy independent of SSTR2 ex-
pression. Endocr Relat Cancer 19: L25–29. doi: 10.1530/ERC-12-0020 PMID: 22420004

8. Kasuki Jomori de Pinho L, Vieira Neto L, Armondi Wildemberg LE, Gasparetto EL, Marcondes J, et al.
(2011) Low aryl hydrocarbon receptor-interacting protein expression is a better marker of invasiveness
in somatotropinomas than Ki-67 and p53. Neuroendocrinology 94: 39–48. doi: 10.1159/000322787
PMID: 21178332

9. Jaffrain-Rea ML, Angelini M, Gargano D, TichomirowaMA, Daly AF, et al. (2009) Expression of aryl hy-
drocarbon receptor (AHR) and AHR-interacting protein in pituitary adenomas: pathological and clinical
implications. Endocr Relat Cancer 16: 1029–1043. doi: 10.1677/ERC-09-0094 PMID: 19556287

10. Palumbo T, Faucz FR, Azevedo M, Xekouki P, Iliopoulos D, et al. (2013) Functional screen analysis re-
veals miR-26b and miR-128 as central regulators of pituitary somatomammotrophic tumor growth
through activation of the PTEN-AKT pathway. Oncogene 32: 1651–1659. doi: 10.1038/onc.2012.190
PMID: 22614013

MiR-34a in Somatotropinomas

PLOSONE | DOI:10.1371/journal.pone.0117107 February 6, 2015 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/16728643
http://dx.doi.org/10.1210/er.2012-1013
http://www.ncbi.nlm.nih.gov/pubmed/23371967
http://dx.doi.org/10.1016/j.tem.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23270713
http://dx.doi.org/10.1210/jc.2007-2611
http://www.ncbi.nlm.nih.gov/pubmed/18381572
http://dx.doi.org/10.1210/jc.2009-2556
http://www.ncbi.nlm.nih.gov/pubmed/20685857
http://www.ncbi.nlm.nih.gov/pubmed/17914118
http://dx.doi.org/10.1530/ERC-12-0020
http://www.ncbi.nlm.nih.gov/pubmed/22420004
http://dx.doi.org/10.1159/000322787
http://www.ncbi.nlm.nih.gov/pubmed/21178332
http://dx.doi.org/10.1677/ERC-09-0094
http://www.ncbi.nlm.nih.gov/pubmed/19556287
http://dx.doi.org/10.1038/onc.2012.190
http://www.ncbi.nlm.nih.gov/pubmed/22614013


11. D'Angelo D, Palmieri D, Mussnich P, Roche M, Wierinckx A, et al. (2012) Altered microRNA expression
profile in human pituitary GH adenomas: down-regulation of miRNA targeting HMGA1, HMGA2, and
E2F1. J Clin Endocrinol Metab 97: E1128–1138. doi: 10.1210/jc.2011-3482 PMID: 22564666

12. Bottoni A, Zatelli MC, Ferracin M, Tagliati F, Piccin D, et al. (2007) Identification of differentially express-
ed microRNAs by microarray: a possible role for microRNA genes in pituitary adenomas. J Cell Physiol
210: 370–377. PMID: 17111382

13. Carthew RW, Sontheimer EJ (2009) Origins and Mechanisms of miRNAs and siRNAs. Cell 136: 642–
655. doi: 10.1016/j.cell.2009.01.035 PMID: 19239886

14. Farazi TA, Spitzer JI, Morozov P, Tuschl T (2011) miRNAs in human cancer. J Pathol 223: 102–115.
doi: 10.1002/path.2806 PMID: 21125669

15. Giustina A, Chanson P, Bronstein MD, Klibanski A, Lamberts S, et al. (2010) A consensus on criteria
for cure of acromegaly. J Clin Endocrinol Metab 95: 3141–3148. doi: 10.1210/jc.2009-2670 PMID:
20410227

16. Vieira Neto L, Abucham J, Araujo LA, Boguszewski CL, Bronstein MD, et al. (2011) [Recommendations
of Neuroendocrinology Department from Brazilian Society of Endocrinology andMetabolism for diagno-
sis and treatment of acromegaly in Brazil]. Arq Bras Endocrinol Metabol 55: 91–105. doi: 10.1590/
S0004-27302011000200001 PMID: 21584426

17. Chahal HS, Trivellin G, Leontiou CA, Alband N, Fowkes RC, et al. (2012) Somatostatin analogs modu-
late AIP in somatotroph adenomas: the role of the ZAC1 pathway. J Clin Endocrinol Metab 97: E1411–
1420. doi: 10.1210/jc.2012-1111 PMID: 22659247

18. Knosp E, Steiner E, Kitz K, Matula C (1993) Pituitary adenomas with invasion of the cavernous sinus
space: a magnetic resonance imaging classification compared with surgical findings. Neurosurgery
33: 610–617. PMID: 8232800

19. Kasuki L, Wildemberg LE, Neto LV, Marcondes J, Takiya CM, et al. (2013) Ki-67 is a predictor of acro-
megaly control with octreotide LAR independent of SSTR2 status and relates to cytokeratin pattern.
Eur J Endocrinol 169: 217–223. doi: 10.1530/EJE-13-0349 PMID: 23749849

20. Obari A, Sano T, Ohyama K, Kudo E, Qian ZR, et al. (2008) Clinicopathological features of growth hor-
mone-producing pituitary adenomas: difference among various types defined by cytokeratin distribution
pattern including a transitional form. Endocr Pathol 19: 82–91. doi: 10.1007/s12022-008-9029-z PMID:
18629656

21. Pabinger S, Thallinger GG, Snajder R, Eichhorn H, Rader R, et al. (2009) QPCR: Application for real-
time PCR data management and analysis. BMC Bioinformatics 10: 268. doi: 10.1186/1471-2105-10-
268 PMID: 19712446

22. Hsu SD, Chu CH, Tsou AP, Chen SJ, Chen HC, et al. (2008) miRNAMap 2.0: genomic maps of micro-
RNAs in metazoan genomes. Nucleic Acids Res 36: D165–169. PMID: 18029362

23. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, et al. (2005) MicroRNA expression profiles clas-
sify human cancers. Nature 435: 834–838. PMID: 15944708

24. Bancroft FC, Levine L, Tashjian AH Jr. (1969) Control of growth hormone production by a clonal strain
of rat pituitary cells. Stimulation by hydrocortisone. J Cell Biol 43: 432–441. PMID: 5389137

25. Tashjian AH Jr., Yasumura Y, Levine L, Sato GH, Parker ML (1968) Establishment of clonal strains of
rat pituitary tumor cells that secrete growth hormone. Endocrinology 82: 342–352. PMID: 4951281

26. Graham FL, Smiley J, Russell WC, Nairn R (1977) Characteristics of a human cell line transformed by
DNA from human adenovirus type 5. J Gen Virol 36: 59–74. PMID: 886304

27. Trivellin G, Butz H, Delhove J, Igreja S, Chahal HS, et al. (2012) MicroRNAmiR-107 is overexpressed
in pituitary adenomas and in vitro inhibits the expression of aryl hydrocarbon receptor-interacting pro-
tein (AIP). Am J Physiol Endocrinol Metab 303: E708–719. doi: 10.1152/ajpendo.00546.2011 PMID:
22811466

28. Patel MI, Tuckerman R, Dong Q (2005) A Pitfall of the 3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymetho-
nyphenol)-2-(4-sulfophenyl)-2H-tetra zolium (MTS) assay due to evaporation in wells on the edge of a
96 well plate. Biotechnol Lett 27: 805–808. PMID: 16086264

29. Nanzer AM, Khalaf S, Mozid AM, Fowkes RC, Patel MV, et al. (2004) Ghrelin exerts a proliferative ef-
fect on a rat pituitary somatotroph cell line via the mitogen-activated protein kinase pathway. Eur J
Endocrinol 151: 233–240. PMID: 15296479

30. Daly AF, Vanbellinghen JF, Khoo SK, Jaffrain-Rea ML, Naves LA, et al. (2007) Aryl hydrocarbon recep-
tor-interacting protein gene mutations in familial isolated pituitary adenomas: analysis in 73 families. J
Clin Endocrinol Metab 92: 1891–1896. PMID: 17244780

31. Igreja S, Chahal HS, King P, Bolger GB, Srirangalingam U, et al. (2010) Characterization of aryl hydro-
carbon receptor interacting protein (AIP) mutations in familial isolated pituitary adenoma families. Hum
Mutat 31: 950–960. doi: 10.1002/humu.21292 PMID: 20506337

MiR-34a in Somatotropinomas

PLOSONE | DOI:10.1371/journal.pone.0117107 February 6, 2015 16 / 17

http://dx.doi.org/10.1210/jc.2011-3482
http://www.ncbi.nlm.nih.gov/pubmed/22564666
http://www.ncbi.nlm.nih.gov/pubmed/17111382
http://dx.doi.org/10.1016/j.cell.2009.01.035
http://www.ncbi.nlm.nih.gov/pubmed/19239886
http://dx.doi.org/10.1002/path.2806
http://www.ncbi.nlm.nih.gov/pubmed/21125669
http://dx.doi.org/10.1210/jc.2009-2670
http://www.ncbi.nlm.nih.gov/pubmed/20410227
http://dx.doi.org/10.1590/S0004-27302011000200001
http://dx.doi.org/10.1590/S0004-27302011000200001
http://www.ncbi.nlm.nih.gov/pubmed/21584426
http://dx.doi.org/10.1210/jc.2012-1111
http://www.ncbi.nlm.nih.gov/pubmed/22659247
http://www.ncbi.nlm.nih.gov/pubmed/8232800
http://dx.doi.org/10.1530/EJE-13-0349
http://www.ncbi.nlm.nih.gov/pubmed/23749849
http://dx.doi.org/10.1007/s12022-008-9029-z
http://www.ncbi.nlm.nih.gov/pubmed/18629656
http://dx.doi.org/10.1186/1471-2105-10-268
http://dx.doi.org/10.1186/1471-2105-10-268
http://www.ncbi.nlm.nih.gov/pubmed/19712446
http://www.ncbi.nlm.nih.gov/pubmed/18029362
http://www.ncbi.nlm.nih.gov/pubmed/15944708
http://www.ncbi.nlm.nih.gov/pubmed/5389137
http://www.ncbi.nlm.nih.gov/pubmed/4951281
http://www.ncbi.nlm.nih.gov/pubmed/886304
http://dx.doi.org/10.1152/ajpendo.00546.2011
http://www.ncbi.nlm.nih.gov/pubmed/22811466
http://www.ncbi.nlm.nih.gov/pubmed/16086264
http://www.ncbi.nlm.nih.gov/pubmed/15296479
http://www.ncbi.nlm.nih.gov/pubmed/17244780
http://dx.doi.org/10.1002/humu.21292
http://www.ncbi.nlm.nih.gov/pubmed/20506337


32. Zatelli MC, Torre ML, Rossi R, Ragonese M, Trimarchi F, et al. (2013) Should aip gene screening be
recommended in family members of FIPA patients with R16H variant? Pituitary 16: 238–244. doi: 10.
1007/s11102-012-0409-5 PMID: 22915287

33. Fougner SL, Casar-Borota O, Heck A, Berg JP, Bollerslev J (2012) Adenoma granulation pattern corre-
lates to clinical variables and effect of somatostatin analogue treatment in a large series of patients with
acromegaly. Clin Endocrinol (Oxf) 76: 96–102. doi: 10.1111/j.1365-2265.2011.04163.x PMID:
21722151

34. Hermeking H (2010) The miR-34 family in cancer and apoptosis. Cell Death Differ 17: 193–199. doi:
10.1038/cdd.2009.56 PMID: 19461653

35. Mao ZG, He DS, Zhou J, Yao B, XiaoWW, et al. (2010) Differential expression of microRNAs in GH-se-
creting pituitary adenomas. Diagn Pathol 5: 79. doi: 10.1186/1746-1596-5-79 PMID: 21138567

36. Fabian MR, Sonenberg N, Filipowicz W (2010) Regulation of mRNA translation and stability by micro-
RNAs. Annu Rev Biochem 79: 351–379. doi: 10.1146/annurev-biochem-060308-103103 PMID:
20533884

37. Vogt M, Munding J, Gruner M, Liffers ST, Verdoodt B, et al. (2011) Frequent concomitant inactivation of
miR-34a and miR-34b/c by CpGmethylation in colorectal, pancreatic, mammary, ovarian, urothelial,
and renal cell carcinomas and soft tissue sarcomas. Virchows Arch 458: 313–322. doi: 10.1007/
s00428-010-1030-5 PMID: 21225432

38. Yan K, Gao J, Yang T, Ma Q, Qiu X, et al. (2012) MicroRNA-34a inhibits the proliferation and metastasis
of osteosarcoma cells both in vitro and in vivo. PLoS One 7: e33778. doi: 10.1371/journal.pone.
0033778 PMID: 22457788

39. Rizzo M, Mariani L, Cavallini S, Simili M, Rainaldi G (2012) The over-expression of miR-34a fails to
block DoHH2 lymphoma cell proliferation by reducing p53 via c-MYC down-regulation. Nucleic Acid
Ther 22: 283–288. doi: 10.1089/nat.2012.0343 PMID: 22830357

40. Sotillo E, Laver T, Mellert H, Schelter JM, Cleary MA, et al. (2011) Myc overexpression brings out unex-
pected antiapoptotic effects of miR-34a. Oncogene 30: 2587–2594. doi: 10.1038/onc.2010.634 PMID:
21297663

41. Kastl L, Brown I, Schofield AC (2012) miRNA-34a is associated with docetaxel resistance in human
breast cancer cells. Breast Cancer Res Treat 131: 445–454. doi: 10.1007/s10549-011-1424-3 PMID:
21399894

42. Chang TC, Wentzel EA, Kent OA, Ramachandran K, Mullendore M, et al. (2007) Transactivation of
miR-34a by p53 broadly influences gene expression and promotes apoptosis. Mol Cell 26: 745–752.
PMID: 17540599

43. Bernardo BC, Gao XM, Winbanks CE, Boey EJ, Tham YK, et al. (2012) Therapeutic inhibition of the
miR-34 family attenuates pathological cardiac remodeling and improves heart function. Proc Natl Acad
Sci U S A 109: 17615–17620. doi: 10.1073/pnas.1206432109 PMID: 23047694

44. Anand S, Majeti BK, Acevedo LM, Murphy EA, Mukthavaram R, et al. (2010) MicroRNA-132-mediated
loss of p120RasGAP activates the endothelium to facilitate pathological angiogenesis. Nat Med 16:
909–914. doi: 10.1038/nm.2186 PMID: 20676106

MiR-34a in Somatotropinomas

PLOSONE | DOI:10.1371/journal.pone.0117107 February 6, 2015 17 / 17

http://dx.doi.org/10.1007/s11102-012-0409-5
http://dx.doi.org/10.1007/s11102-012-0409-5
http://www.ncbi.nlm.nih.gov/pubmed/22915287
http://dx.doi.org/10.1111/j.1365-2265.2011.04163.x
http://www.ncbi.nlm.nih.gov/pubmed/21722151
http://dx.doi.org/10.1038/cdd.2009.56
http://www.ncbi.nlm.nih.gov/pubmed/19461653
http://dx.doi.org/10.1186/1746-1596-5-79
http://www.ncbi.nlm.nih.gov/pubmed/21138567
http://dx.doi.org/10.1146/annurev-biochem-060308-103103
http://www.ncbi.nlm.nih.gov/pubmed/20533884
http://dx.doi.org/10.1007/s00428-010-1030-5
http://dx.doi.org/10.1007/s00428-010-1030-5
http://www.ncbi.nlm.nih.gov/pubmed/21225432
http://dx.doi.org/10.1371/journal.pone.0033778
http://dx.doi.org/10.1371/journal.pone.0033778
http://www.ncbi.nlm.nih.gov/pubmed/22457788
http://dx.doi.org/10.1089/nat.2012.0343
http://www.ncbi.nlm.nih.gov/pubmed/22830357
http://dx.doi.org/10.1038/onc.2010.634
http://www.ncbi.nlm.nih.gov/pubmed/21297663
http://dx.doi.org/10.1007/s10549-011-1424-3
http://www.ncbi.nlm.nih.gov/pubmed/21399894
http://www.ncbi.nlm.nih.gov/pubmed/17540599
http://dx.doi.org/10.1073/pnas.1206432109
http://www.ncbi.nlm.nih.gov/pubmed/23047694
http://dx.doi.org/10.1038/nm.2186
http://www.ncbi.nlm.nih.gov/pubmed/20676106


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


