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Context: MicroRNA (miRNA) are an important class of regulators of gene expression. Altered
miRNA expression has been constantly found in human neoplasias and plays an important role in
the process of carcinogenesis.

Objective: The aim of this study was to identify specific miRNA whose expression is altered in
GH-secreting pituitary adenomas.

Design: Using a miRNACHIP microarray, we have analyzed the miRNA expression profile of human
GH adenomas vs. normal pituitary gland.

Results: We report the identification of a set of miRNA, including miR-34b, miR-326, miR-432,
miR-548c-3p, miR-570, and miR-603, drastically and constantly down-regulated in GH adenomas.
We demonstrate that these miRNA target genes such as high-mobility group A1 (HMGAT), HMGA2,
and E2F1, whose overexpression and/or activation plays a critical role in pituitary tumorigenesis.
We also show that the enforced expression of the down-regulated miRNA has a negative role on
the growth regulation of pituitary adenoma cells. Finally, an inverse correlation is found between
the expression of these miRNA and HMGA1 and HMGAZ2 protein levels in GH adenomas.

Conclusion: Our study identifies a specific subset of miRNA, whose down-regulation might con-
tribute to pituitary tumorigenesis. (J Clin Endocrinol Metab 97: E1128-E1138, 2012)

ituitary tumors are in most cases monoclonal adenomas
P arising from adenohypophyseal cells and represent
about 15% of intracranial tumors (1, 2). GH adenomas (so-
matotrophic adenomas) correspond to about 20% of all pi-
tuitary adenomas. In 30-50% of the GH adenomas, they are
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histologically mixed GH/prolactin (PRL) cell adenomas co-
secreting PRL and GH (3). Pituitary adenomas appear to
result from a multistep and multicausal process in which
hereditary genetic predisposition, endocrine factors, and spe-
cific somatic mutations may serve as contributing factors.

Abbreviations: E2F1, E2 transcription factor 1; HMGA, high-mobility group A; miRNA,
microRNA; PRL, prolactin; gqRT, quantitative real-time; UTR, untranslated region.
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The high-mobility group A (HMGA) protein family
consists of four members, HMGA1la, HMGA1b, and
HMGAT1c (encoded through alternative splicing by the
HMGAT1 gene) and HMGA2 (encoded by the HMGA2
gene) (4, 5). The HMGA proteins interacting with the
transcriptional machinery can regulate, positively or neg-
atively, the expression of several genes (6 —8). HMGA pro-
tein expression is abundant during embryogenesis,
whereas itis absent or detected at very low levels in normal
adult tissue. Conversely, HMGA overexpression is a con-
stant feature of human malignant neoplasms (9).

We have previously shown that transgenic mice over-
expressing Hmgal or Hmga2 genes develop mixed GH/
PRL-secreting pituitary adenomas (10, 11) and that the
HMGA2 gene is amplified and overexpressed in several
pituitary adenomas (8, 12). The overexpression of the
HMGA genes would induce pituitary adenomas by en-
hancing the activity of the E2 transcription factor 1,
E2F1, by up-regulating the expression of cyclin B2 and,
likely, other genes mainly involved in the regulation of
the cell cycle (8, 13).

MicroRNA (miRNA) are a class of small noncoding
RNA that regulate gene expression at the posttranscrip-
tional level. They bind to 3’-untranslated regions (3’'-
UTR) of target mRNA, causing block of translation or
mRNA degradation (14). They play important roles in
essential processes such as differentiation, cell growth, and
cell death (15, 16). Several studies have demonstrated al-
tered expression of specific miRNA in different types of
human neoplasias, suggesting that they play a key role in
tumorigenesis (17). It has been previously demonstrated
that miR-15a and miR16-1 are expressed at low levels in
pituitary adenomas. Their expression correlates inversely
with tumor diameter and directly with the secretion of the
antineoplastic cytokine p43 (18). Other studies have
shown alterations of miRNA expression in pituitary ad-
enomas (19-21). In particular, it has been recently re-
ported that 52 miRNA were differentially expressed in
GH adenomas and normal pituitaries. Several of these
miRNA may be involved in cell proliferation, apoptosis,
and cancer development and progression (22).

To identify miRNA potentially involved in the patho-
genesis of GH adenomas, we have analyzed the miRNA
expression profile of 12 human GH adenomas vs. normal
pituitary gland. Interestingly, five of the most down-
regulated miRNA have as targets E2F, HMGAI1, and
HMGA2 genes, all of which are already known to play a
critical role in pituitary tumorigenesis.

Materials and Methods

Tissue collection and RNA isolation
Pituitary adenomas were obtained from patients operated at
E Jouanneau Service de Neurochirurgie U300, Groupement
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Hospitalier Est Hospices Civils de Lyon. For each tumor, some
fragments were frozen in liquid nitrogen and stored at —80 C
until RNA extraction. Other fragments were fixed in Bouin-
Holland fluid and embedded in paraffin for pathological diag-
nosis, including immunocytochemistry. Tumors were classified
according to the 2004 World Health Organization classification
into sparsely or densely granulated adenomas and GH or GH-
PRL adenomas. Age, sex, and clinical and hormonal data of the
patients and the pathological characteristic of GH adenomas
analyzed for miRNACHIP are summarized in Supplemental Ta-
ble 1 (published on The Endocrine Society’s Journals Online web
site at http://jcem.endojournals.org). We declare that informed
consent for the scientific use of biological material was obtained
from all patients.

Total RNA isolation from human pulverized tumors was per-
formed with TRIzol reagent (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s instructions. RNA from human normal
pituitary glands were used as control. Normal pituitaries were
obtained from autopsies of two females and one male, aged from
40-50 yr, and devoid of endocrine diseases.

miRNACHIP microarray

RNA labeling, hybridization on miRNA microarray chip,
and microarray analysis were performed as previously described
(23). Differentially expressed miRNA in pituitary adenoma tis-
sue samples were analyzed by class comparison using Student’s
t test procedure. Microarray data were analyzed also by signif-
icance analysis of microarray test (for more details see Supple-
mental Information). Each sample was analyzed for miRNA ex-
pression profile in triplicate (24).

Bioinformatic prediction of miRNA target genes

Genes potentially targeted by the selected miRNA were iden-
tified by using different tools available online such as TargetScan
(www.targetscan.org) and miRanda (www.microrna.org). For
more details see Supplemental Information.

Reverse transcription and quantitative real-time
(qRT)-PCR

Reverse transcription and QRT-PCR for mature miRNA were
performed according to manufacturer’s instructions of miScript
system kits (QIAGEN, Valencia, CA) (for more details see Sup-
plemental Information). qRT-PCR analyses for HMGAI,
HMGA2, and E2F1 were performed as previously described
(13). To calculate the relative expression levels we used the
2722T method (25). Primers for glucose-6-phosphate dehydro-
genase (G6PD) were used for normalization. The primers used
to amplify the above mentioned genes are reported in Supple-
mental Information.

Cell lines and transfection
GH3, HP75, MEGO01, and HEK-293 and transfection meth-
ods are described in Supplemental Information.

Western blotting and antibodies

Western blot analysis was performed as previously described
(8), and the membranes were incubated with antibodies against
E2F1 (C-20; Santa Cruz Biotechnology, Santa Cruz, CA), a-tu-
bulin (SC-8035; Santa Cruz), B-actin (SC-1615; Santa Cruz), and
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anti-HMGA1 and anti-HMGA2 antibodies, all previously de-
scribed (13, 26).

Luciferase target assays

Cells were cotransfected with the modified firefly luciferase
vectors described in Supplemental Information, along with the
renilla luciferase reporter plasmid and the miRNA oligonucleo-
tides. Firefly and renilla luciferase activities were measured 24 h
after transfection with the dual-luciferase reporter assay system
(Promega, Madison, WI). Firefly activity was normalized to re-
nilla activity as control of transfection efficiency.

Growth curve assay

Cells were plated in six-well plates and transfected with 50
nmol/ml pre-miR miRNA precursor or scrambled oligonucleo-
tide using siPORT neoFX. Cells were counted in triplicate at
daily intervals with a Burker hemocytometer chamber.

Colony-forming assay

Cells were transfected with the pMIRNA expression vectors or
the backbone vector, along with the pBABE-puro construct ex-
pressing the puromycin-resistance gene. Transfected cells were se-
lected by using 1 mg/ml puromycin diluted in the medium used for
culture. After 15 d, cells were fixed and stained with 0.1% crystal
violet in 20% methanol, and resulting colonies were counted.

Flow cytometry

After trypsinization, cells were washed in PBS and fixed in
70% ethanol. Staining for DNA content was performed with 2
pg/ml propidium iodide and 20 ug/ml ribonuclease A for 30 min.
For each measure, 30,000 events have been analyzed. We used a
FACScan flow cytometer (Becton Dickinson, San Jose, CA) that
was interfaced with a Hewlett-Packard computer (Palo Alto,
CA). Cell cycle data were analyzed with the CELL-FIT program
(Becton Dickinson).

Altered miRNA Expression in GH Adenomas
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Statistical analysis

Student’s ¢ test was used to determine the significance for all
the quantitative experiments. All error bars represent the SEM.
Statistical significance for all the tests, assessed by calculating the
P value, was <0.05.

Results

miRNA expression profile of GH-secreting pituitary
adenomas

We used a miRNACHIP microarray (23) to evaluate
the miRNA expression profile of 12 GH adenomas vs. that
of three normal pituitary glands. Eleven patients presented
with a GH-secreting adenoma with clinical and hormonal
signs of acromegaly, one with a silent GH adenoma. The
clinical and hormonal data and the histological features of
the tumors are summarized in Supplemental Table 1. By
applying biostatistical analysis (see Materials and Meth-
ods), we obtained a list of miRNA differentially expressed
(P < 0.05) between normal pituitary and GH adenomas
(Table 1). Eighteen miRNA were down-regulated with
at least a 2-fold change in the neoplastic tissues com-
pared with the normal gland. Conversely, only one
miRNA, the miR-320, was overexpressed (with a 13.3-
fold change) in GH adenomas, compared with normal
pituitary. To validate the results obtained by microar-
ray Chip, we analyzed the expression of eight down-
regulated miRNA (miR-34b, miR-326, miR-374b,
miR-432, miR-548c-3p, miR-570, miR-603, and miR-
633) and the only one up-regulated (miR-320) by qRT-

TABLE 1. miRNA expression profile of GH-secreting pituitary adenomas vs. normal pituitary

Geometric mean of intensities Geometric mean of intensities Fold
in pituitary adenomas in normal pituitary change miRNA unique ID

1 1339.7274209 100.6376509 13.3123876 hsa-miR-320

2 61.0039988 923.4445835 0.0660614 hsa-miR-633

3 554.5981341 4446.917357 0.1247152 hsa-miR-657

4 77.3976401 835.2207126 0.0926673 hsa-miR-663

5 60.6623332 360.2462431 0.1683913 hsa-miR-432

6 93.443452 1320.8216198 0.0707465 hsa-miR-801

7 182.2341266 2893.0851269 0.0629895 hsa-miR-326

8 75.8028902 510.8846675 0.1483757 hsa-miR-585

9 217.0307216 2713.6989391 0.079976 hsa-miR-374b
10 101.5571388 617.4486958 0.1644787 hsa-miR-548b-3p
11 88.1968279 574.4133742 0.1535424 hsa-miR-603
12 9485.5552871 46998.85725 0.2018252 hsa-miR-483-3p
13 74.4222971 331.8440313 0.2242689 hsa-miR-592
14 58.8817238 202.0629337 0.2914029 hsa-miR-561
15 102.7756863 520.9925122 0.197269 hsa-miR-26b
16 230.1809093 1728.076057 0.1332007 hsa-miR-548c-3p
17 4629.3477853 17850.1685191 0.2593448 hsa-miR-636:
18 1259.1293869 4979.3184131 0.2528718 hsa-miR-570
19 71.5553155 228.773205 0.3127784 hsa-miR-34b

The microarray experiment was performed twice using the same RNA samples. The threshold value used to screen up- and down-regulated miRNA
was more than 2-fold or less than 0.5-fold change.
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PCR on a larger set of tumoral samples (18 GH adeno-
mas, 12 of which were already used for the microarray).
As shown in Fig. 1A, a drastic down-regulation of miR-
34b, miR-326, miR-374b, miR-432, miR-548c-3p,

jcem.endojournals.org E1131

miR-570, miR-603, and miR-633 was observed in GH
adenomas in comparison with normal pituitary tissues.
As far as the miR-320 expression is concerned, it was
highly up-regulated in nine of 18 samples, whereas no
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FIG. 1. Analysis of miR-326, miR-374b, miR-432, miR-548c-3p, miR-570, miR-603, miR-633, and miR-320 expression in pituitary adenomas by
gRT-PCR. The relative expression values indicate the relative change in the expression levels between GH adenoma (A), PRL adenoma (B), or
gonadotroph adenoma (C) samples vs. three normal pituitary samples, assuming that the mean value of the normal samples was equal to 1. The
range of variability of the expression of these miRNA in normal pituitary tissues is less than 10%. Each bar represents the mean value * st from

three independent experiments performed in triplicate.
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or a weak up-regulation was observed in the other ad-
enoma samples.

Next, we investigated whether the altered expression of
these miRNA was specific for GH histotype or a more
general event in pituitary tumors. Therefore, we examined
their expression in six PRL adenoma and in 10 gonado-
troph adenoma samples by qRT-PCR. As shown in Fig. 1,
B and C, almost all of the analyzed miRNA showed the
same expression pattern both in PRL and gonadotroph
adenomas with the exception of a few cases. Surprisingly,
miR-320 was drastically down-regulated in PRL and go-
nadotroph adenomas, whereas it was highly up-regulated
in GH adenomas.

Identification of the target genes for the miRNA
down-regulated in GH adenomas

Using bioinformatic tools (miRanda and Target-
Scan) to search for potential targets of the above iden-
tified miRNA, we identified several genes that could be
targeted by them. Interestingly, we found that three of
these miRNA (miR-326, miR-432, and miR-570) po-
tentially target the HMGA2 gene, two miRNA (miR-
34b and miR-548¢-3p) have both the HMGA1 and
HMGA2 genes as predicted targets, and the other two
(miR-326 and miR-603) are predicted to regulate E2F1
(Supplemental Table 2). We focused on these targets
because it has been previously demonstrated that
HMGAT1 and HMGA 2 are overexpressed in most of the
human pituitary adenomas (8, 12) and that transgenic
mice overexpressing these genes developed mixed
PRL/GH pituitary adenomas (11). It is also well known
that increased E2F1 activity or expression can lead to
pituitary tumorigenesis (13, 27, 28).

In Fig. 2, A and B, we report the miRNA-targeting
siteson HMGAT1and HMGA?2 3'-UTR, respectively. To
validate the influence of the identified miRNA on the
expression of HMGA genes, we transfected them into
MEG-01 and HEK-293 cells, which express significant
levels of both HMGA1 and HMGA?2, searching for
changes in HMGA1/2 protein levels. The expression
levels of the transfected miRNA are reported in Sup-
plemental Fig. 1. Transfection of miR-34b and miR-
548¢-3p decreased both HMGA1 and HMGA2 protein
levels, whereas miR-326, miR-432, and miR-570 over-
expression resulted in the decrease of HMGA2 protein
levels only (Fig. 2C and Supplemental Fig. 2A) com-
pared with the scrambled-transfected cells. Interest-
ingly, changes in HMGA1 and/or HMGA2 mRNA lev-
els, even though quite moderate, were observed in cells
transfected with miR-548¢-3p, miR-432, and miR-570 (Fig.
2D and Supplemental Fig. 2B), suggesting that these miRNA
act, atleast in part, through HMGA1/2 mRNA degradation.

Altered miRNA Expression in GH Adenomas
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Conversely, no changes in HMGA1 and HMGA2 mRNA
levels were detected after transfection with miR-34b and
miR-326, thus excluding their role in HMGA1/2 mRNA
degradation.

To demonstrate that the direct interaction between
the analyzed miRNA and the HMGA1 and HMGA?2
mRNA was responsible for protein level decrease, we
inserted the 3'-UTR of HMGA1 and HMGA2 mRNA
downstream of the luciferase open reading frame, either
in sense (Luc-HMGA1-3'-UTR and Luc-HMGA2-3’-
UTR) or in antisense (Luc-HMGAT1rev-3’-UTR and
Luc-HMGA2rev-3'-UTR) orientation. These reporter
vectors were transfected in MEG-01 cells together with
miRNA oligonucleotide precursors or a scrambled oli-
gonucleotide. As shown in Fig. 2E, the luciferase activ-
ity of the Luc-sense-3'-UTR constructs was markedly
diminished after transfection of each analyzed miRNA
compared with the scrambled, whereas the luciferase
activity of Luc-antisense-3'-UTR constructs did not
vary, indicating that these miRNA interfere with
HMGAT1 and HMGA?2 translation through direct inter-
action with their 3'-UTR. Moreover, we also performed
luciferase assays using 3’-UTR constructs of HMGA1
and HMGA?2 in which we deleted the seed sequence of
miR-548c-3p and miR-326, respectively. Our results
show that both HMGA1 and HMGA2 3’-UTR deletion
mutants were not affected by miR-548¢-3p or miR-326
transfection (Supplemental Fig. 2C).

As described above, E2F1 was one of the predicted
targets for miR-326 and mir-603. The miRNA-target-
ing sites on E2F1 3'-UTR are represented in Fig. 3A. To
validate E2F1 as target for miR-326 and miR-603, we
transfected these miRNA into MEG-01 cells, and quan-
tification of E2F1 protein and mRNA levels was per-
formed by Western blot and qRT-PCR, respectively. As
shown in Fig. 3B, transfection of miR-326 and miR-603
decreased E2F1 protein levels with respect to the scram-
bled-transfected cells. A reduction of mRNA levels was
also observed indicating that miR-326 and miR-603
regulate E2F1 protein levels also through E2F1 mRNA
degradation (Fig. 3C). Similar results were obtained by
transfecting HEK-293 cells (Supplemental Fig. 3, A and
B). To validate the direct inhibition of E2F1 protein by
these miRNA, we inserted 3’-UTR of the E2F1 mRNA
either in sense or in antisense orientation (Luc-E2F1-
3’-UTR and Luc-E2F1rev-3’-UTR) downstream of the
luciferase open reading frame, and reporter vectors
were transfected into MEG-01 cells along with oligo-
nucleotide precursors of miR-326 and miR-603. As
shown in Fig. 3D, overexpression of the predicted E2F1-
targeting miRNA significantly reduced luciferase activ-
ity of the Luc sense construct, but not Luc antisense
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FIG. 2. miR-34b, miR-326, miR-432, miR-548c-3p, and miR-570 target HMGAT and HMGA2. A
and B, Schematic representation of human HMGAT and HMGA2 3'-UTR and the relative position
of the predicted miRNA-binding sites. C, Western blot analysis of HMGA1 (left panel) and HMGA2
(right panel) protein levels in MEG-01 cells transfected with indicated miRNA precursors or
scramble oligonucleotide. a-Tubulin was analyzed as loading control. A representative experiment
is shown. The mean = st of densitometric analysis performed on three different experiments,
using ImageJ software and normalizing to the a-tubulin, is reported on the bottom. D, qRT-PCR
analysis of HMGAT (left panel) and HMGAZ (right panel) mRNA in the same samples shown in C.
Relative expression values indicate the relative change in HMGAT and HMGA2 mRNA expression
levels between miR-treated and scrambled oligonucleotide-treated cells, normalized with G6PD.
The error bars represent the mean =+ st of three independent experiments performed in triplicate.
E, Relative luciferase activity in MEG-01 cells transiently transfected with Luc-HMGA1-3’-UTR and
Luc-HMGA1-rev-3'-UTR (left panel) or Luc-HMGA2-3’-UTR and Luc-HMGAZ2rev-3'-UTR (right
panel) along with the indicated miRNA oligonucleotides or with a no-targeting scrambled
oligonucleotide. The relative activity of firefly luciferase expression was standardized to a transfection
control, using renilla luciferase. The scale bars represent the mean = st of three independent
experiments performed in triplicate. *, P < 0.05 compared with scrambled transfected cells.
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construct, indicating that the inhibi-
tion of E2F1 protein expression by
these miRNA was dependent on their
direct binding to its 3'-UTR. These
results were further supported by sim-
ilar experiments, in which we used the
Luc-E2F1-3'-UTR-carrying deletion
in the seed sequences of miR-326 and
miR-603. These reporter vectors were
not affected by miR-326 and miR-603
transfection, demonstrating that the
inhibitory activity of these miRNA on
E2F1 expression is dependent on their
direct interaction with their binding
sites on E2F1 3'-UTR (Supplemental
Fig. 3, C and D).

The miRNA down-regulated in GH
adenomas inhibit cell proliferation
To understand the role of miRNA
down-regulation in pituitary tumorigen-
esis, we analyzed their effects on cell pro-
liferation, performing cell growth curves
using HP75 pituitary adenoma cells tran-
siently transfected with miR-34b, miR-
326, miR-432, miR-548c-3p, miR-570,
miR-603, or scrambled oligonucleotide.
As shown in Fig. 4A, a significant reduc-
tion of cell number was observed 96 h
after transfection with the selected
miRNA compared with scrambled-
transfected cells. Similar results were also
obtained when rat GH3 pituitary tumor
cells were transfected with miR-326,
miR-432, miR-548c-3p, miR-570, or
scrambled oligonucleotide (Fig. 4B). Be-
cause miR-34b and miR-603 targeting
sitess on HMGA and E2F1 3'-UTR are
not conserved in rat, their effects were not
analyzed in these cells. Moreover, the in-
hibitory role of the analyzed miRNA on
cell growth was also demonstrated by a
growth curve performed on human
HEK-293 cells (Supplemental Fig. 4A).
Next, we performed a colony-
forming assay on GH3 cells (Fig. 4C)
after transfection with pMIRNA ex-
pression vector carrying miR-326 pre-
cursor and on MEG-01 cells (Fig. 4D)
after transfection with pMIRNA ex-
pression vectors carrying miR-34b and
miR-326  precursors along with
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FIG. 3. miR-326 and miR-603 target E2F1. A, Schematic representation of the 3'-UTR sites of the E2F1 gene targeted by miR-326 and miR-603. B,
Western blots of the E2F1 protein expression in MEG-01 cells transfected with miR-326, miR-603, and a scrambled oligonucleotide. a-Tubulin was
analyzed as loading control. A representative experiment is shown. The mean = st of densitometric analysis performed on three different
experiments, using ImageJ software and normalizing to the a-tubulin, is reported on the bottom. C, qRT-PCR analysis of E2F7 mRNA in the same
samples shown in B. Relative expression values indicate the relative change in E2F7 mRNA expression levels between miRNA-treated and scrambled
oligonucleotide-treated cells, normalized with G6PD. The error bars represent the mean = se. *, P < 0.05 compared with scrambled transfected
cells. D, Relative luciferase activity in MEG-01 cells transiently transfected with Luc-E2F1-3’-UTR and Luc-E2F1rev-3’-UTR along with miR-326 and
miR-603 oligonucleotide. A no-targeting scrambled oligonucleotide was used as a control. The relative activity of firefly luciferase expression was
standardized to a transfection control, using renilla luciferase. The scale bars represent the mean = st of three independent experiments
performed in triplicate. *, P < 0.05 compared with scrambled transfected cells.

pBABE-puro-expressing gene for the resistance to puro-
mycin. We focused our attention on these miRNA because
miR-34b was predicted to down-regulate both HMGA1
and HMGA2 mRNA, and miR-326 was predicted to tar-
get both HMGA2 and E2F1 mRNA. As control of the
pBABE-puro transfection efficiency in the presence of
pMIRNA or backbone vectors, we also transfected cells
with pMIRNA expression vector carrying miR-887 that
does not have matching sequences in the 3’-UTR of
HMGA1, HMGA2, and E2F1 and does not have as pre-
dicted target genes coding for protein involved in cell

growth regulation. As shown in Fig. 4, C and D, cells
transfected with miR-34b and miR-326 generated a lower
number of colonies in comparison with the same cells
transfected with the backbone vector or the pMIRNA-
887, thus confirming the negative role of these miRNA in
the regulation of cell growth.

Finally, to better characterize the effects of the ana-
lyzed miRNA on cell cycle progression, miRNA precur-
sors or scrambled oligonucleotide were transfected on
GH3 (Fig. 4E), MEG-01 (Fig. 4F), and HEK-293 cells
(Supplemental Fig. 4B) and analyzed by flow cytometry.
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FIG. 4. miR-34b, miR-326, miR-432, miR-548c-3p, miR-570, and miR-603 inhibit cell proliferation. A and B, Cell growth curves of HP75 (A) and
GH3 (B) cells transfected with miR-34b, miR-326, miR-432, miR-548c-3p, miR-570, and miR-603 and counted each 24 h for 96 h after plating. The
y-axis represents absolute viable cell count. The mean * st of three independent experiments is reported. *, P < 0.05 at 96 h compared with
scrambled transfected cells. C and D, Colony-forming assay performed on GH3 (C) and MEG-01 (D) cells transfected with a vector expressing miR-
34b, miR-326, or miR-887 under the transcriptional control of the CMV promoter. The empty vector was used as a control. Reported results are
the mean of two independent experiments performed in triplicate, and error bars show st. *, P < 0.05 compared with empty vector-transfected
cells. E and F, Flow cytometric analysis of GH3 (E) and MEG-01 (F) cells transfected with the indicated miRNA precursors or scrambled
oligonucleotide. After transfection, the DNA of the transfected cells was analyzed 72 h later by flow cytometry after propidium iodide staining. The
percentage of cells in G1 and S phase is also reported. Each bar represents the mean =+ st from three independent experiments performed in

triplicate. *, P < 0.05 compared with scrambled transfected cells.

Interestingly, miRNA-transfected cells displayed an in-  miRNA affects the G1-S transition of the cell cycle pro-
crease in the G1-phase population and a decrease inthe  gression, as expected by their targets (HMGAI,
S-phase compared with scrambled-transfected cells. HMGA2, and E2F1), known to be involved in the reg-
These results indicate that the overexpression of these  ulation of this phase of the cell cycle.
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FIG. 5. HMGA1 and HMGA2 protein expression is inversely correlated
with miRNA expression in GH adenomas compared with normal
pituitary (NP), as shown by Western blot analysis of HMGA1 and
HMGA?2 protein expression. The level of B-actin was used as loading
control.

Inverse correlation between miRNA expression
and HMGA1/2 expression

To verify whether miRNA down-regulation might have
arole also in vivo in the process of pituitary tumorigenesis,
we analyzed HMGA1 and HMGA2 expression in some
GH adenomas by Western blot. As shown in Fig. 3, in-
creased HMGA1 and HMGA2 protein levels, in compari-
son with normal pituitary, were observed in all GH ade-
nomas analyzed, all of which showed a decreased miRNA
expression (Fig. 1A) in comparison with normal pituitary
tissue. These data suggest that there may be an inverse
correlation between miRNA down-regulation and
HMGAT1/2 expression.

Discussion

To investigate the possible role of alterations of miRNA
expression in GH adenomas, we analyzed the miRNA ex-
pression profile of 12 GH adenomas in comparison with
the normal pituitary gland by microarray analysis. Nine-
teen miRNA were identified as differentially expressed
between pituitary adenomas and normal pituitary with a
significant (>2-fold) change. We focused our attention on
eight of the down-regulated miRNA because they were
predicted to target HMGA1, HMGA2, and/or E2F1
genes. Interestingly, these miRNA were also down-regu-
lated in another six GH adenoma samples and in a large
majority of PRL and gonadotroph adenomas tested, sug-
gesting that their down-regulation might represent a gen-
eral event in pituitary tumorigenesis. However, the vali-
dation of this hypothesis requires the analysis of a higher
number of PRL and gonadotroph adenoma samples, be-
cause only a limited number of these tumors were analyzed
in our study. Subsequently, we focused on the miRNA that
had as target genes HMGA1, HMGA2, and E2F1, whose
role in pituitary tumorigenesis has been already demon-
strated. Interestingly, three of these miRNA (miR-326,
miR-432, and miR-570) have HMGA?2 as a target, two
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miRNA (miR-34b and miR-548c-3p) have both the
HMGAT and HMGA?2 genes as targets, and the other two
miRNA (miR-326 and miR-603) have E2F1 as a target.
Therefore, the down-regulation of these miRNA may ac-
count for the increased HMGA and E2F1 protein levels
observed in pituitary adenomas. This appears extremely
interesting because HMGA2 overexpression, after ampli-
fication and/or rearrangement of the HMGA2 gene asso-
ciated with trisomy of chromosome 12, where the
HMGA2 gene is located, has been frequently observed in
PRL adenomas (12). Moreover, high protein levels of
HMGAZ2 have been correlated with invasion, tumor size,
and higher Ki-67 index in PRL, silent ACTH, and gonado-
tropin adenomas (29). Consequently, the down-regula-
tion of the miRNA targeting HMGA2 might synergize
with HMGA2 gene alterations in the induction of high
expression levels of HMGA2 protein in pituitary adeno-
mas. Accordingly, we report an inverse correlation be-
tween HMGA1/2 protein levels and the expression of the
analyzed miRNA in GH adenomas. This down-regulation
could, at least partially, account for the HMGA?2 overex-
pression in pituitary adenomas where no genomic
HMGA?2 alterations have been observed, because it occurs
for most of the human nonfunctioning pituitary adeno-
mas, which rarely harbor trisomy of chromosome 12 (30).
Certainly, the down-regulation of miR-34b and miR-
548¢-3p, both targeting HMGA1, could account for the
overexpression of HMGAT1 protein detected in most hu-
man pituitary adenomas (13) in the absence of any altera-
tion of the HMGAT1 gene locus.

Among the miRNA down-regulated in GH adenomas,
two target E2F1. Also in this case, the increased E2F1 levels
could have a role in pituitary tumorigenesis. Indeed, mice
carrying a germline mutation of one Rb allele, causing an
increase in the E2F1 activity, are highly predisposed to de-
velop pituitary tumors (31), and this occurs also in mice with
impaired function of p27 or p18, which both converge on
pRB (32, 33). Moreover, the induction of the E2F1 activity
plays a critical role also in the pituitary adenomas induced in
transgenic mice overexpressing Hmgal or Hmga2 (13).

Functional studies validated a role for the down-regu-
lation of these miRNA in tumorigenesis. Indeed, the over-
expression of the selected miRNA inhibited cell growth.
Moreover, fluorescence-activated cell sorting analysis
demonstrated that, consistent with the identified targets,
these miRNA retain the cells in the G1 phase of the cell
cycle. Theresults reported here are consistent with a recent
study of our group showing that five miRNA targeting the
HMGA1 and HMGA?2 genes are down-regulated in hu-
man pituitary adenomas (34).

As mentioned in the introductory section, the miRNA
expression profile of GH adenoma has been already re-
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ported (19, 22). These studies reveal different down-reg-
ulated miRNA but do not show conflicting results. The
differences between these studies may depend on 1) a dif-
ferent miRNA platform used for miRNA screening and 2)
pharmacological treatment preceding the surgical inter-
vention. Our microarray data were analyzed also by sig-
nificance analysis of microarray test, a more stringent sta-
tistical technique for determining whether changes in gene
or miRNA expression are statistically significant (for more
details see Supplemental Information). Therefore, it is
likely that, given the selectivity of our statistic analysis, our
system has excluded some miRNA that have been previ-
ously identified as altered in GH adenomas. Of interest is
the finding, in the study of Mao et al. (22) that miR-126
and miR-381 are down-regulated in GH adenomas. The
target of these miRNA is the PTTG gene, which is over-
expressed in most pituitary adenomas and is involved in
multiple cellular pathways including proliferation, trans-
formation, and angiogenesis (35, 36). Nevertheless, there
are some common findings between our data and the ones
previously published; miR-801 appears down-regulated
in GH adenomas also in the work by Mao et al. (22),
whereas miR-26 is reported as down-regulated in the
study of Bottoni et al. (19).

It is worth noting that our study, as other ones an-
alyzing RNA and miRNA expression profile in pituitary
adenomas, do not use, for technical reasons, the appro-
priate control that should be represented by normal
somatotrophs. However, the validity of our findings is
supported by the demonstration that our selected down-
regulated miRNA seem to have a role in pituitary tu-
morigenesis because they are able to regulate the growth
of pituitary adenoma cells.

In conclusion, we report the identification of miRNA
drastically and constantly down-regulated in GH adeno-
mas. Because these miRNA target genes, suchas HMGA1,
HMGA2, and E2F1, whose overexpression and/or acti-
vation plays a critical role in pituitary tumorigenesis, it is
reasonable to conclude that their down-regulation might
contribute to this process, suggesting an approach to the
therapy of pituitary adenomas based on the restoration of
the down-regulated miRNA.

Acknowledgments

We thank Mario Berardone for the artwork.

Address all correspondence and requests for reprints to:
Alfredo Fusco, Istituto di Endocrinologia ed Oncologia Speri-
mentale del CNR, via Pansini 5, 80131 Napoli, Italy. E-mail:
alfusco@unina.it; or Jacqueline Trouillas, INSERM U1028, Fac-
ulté de Médecine Lyon-Est, rue G. Paradin F-69372 Lyon ce-
dex08, France. E-mail: jacqueline.trouillas@univ-lyon1.fr.

jcem.endojournals.org E1137

This work was supported by grants from AIRC (Associazione
Italiana per la Ricerca sul Cancro) (IG 5346) and the Ministero
dell’Universita e della Ricerca Scientifica e Tecnologica (PRIN
2008). The French team was supported by grants from le
Ministére de la Santé (Program Hospitalier de Recherche Clin-
ique National no. 27-43) and la ligue contre le Cancer Rhone-
Alpes. D.D. is a recipient of a fellowship from Fondazione Itali-
ana per la Ricerca sul Cancro.

Disclosure Summary: The authors declare no conflict of
interest.

References

1. Kovacs K, Horvath E 1986 Pathology of growth hormone-produc-
ing tumors of the human pituitary. Semin Diagn Pathol 3:18-33
2. Monson JP 2000 The epidemiology of endocrine tumours. Endocr
Relat Cancer 7:29-36
3. Lopes MB 2010 Growth hormone-secreting adenomas: pathology
and cell biology. Neurosurg Focus 29:E2
4. Johnson KR, Lehn DA, Reeves R 1989 Alternative processing of
mRNA encoding mammalian chromosomal high-mobility-group
proteins HMG-T and HMG-Y. Mol Cell Biol 9:2114-2123
5. Nagpal S, Ghosn C, DiSepio D, Molina Y, Sutter M, Klein ES, Chan-
draratna RA 1999 Retinoid-dependent recruitment of a histone H1
displacement activity by retinoic acid receptor. J Biol Chem 274:
22563-22568
6. Thanos D, Maniatis T 1992 The high mobility group protein HMG
I(Y) is required for NF-«B-dependent virus induction of the human
IFN-B gene. Cell 71:777-789
7. Thanos D, Du W, Maniatis T 1993 The high mobility group protein
HMG I(Y) is an essential structural component of a virus-inducible
enhancer complex. Cold Spring Harb Symp Quant Biol 58:73-81
8. De Martino I, Visone R, Wierinckx A, Palmieri D, Ferraro A, Cap-
pabianca P, Chiappetta G, Forzati F, Lombardi G, Colao A, Trouil-
las J, Fedele M, Fusco A 2009 HMGA proteins up-regulate CCNB2
gene in mouse and human pituitary adenomas. Cancer Res 69:
1844-1850
9. Fusco A,Fedele M 2007 Roles of HMGA proteins in cancer. Nat Rev
Cancer 7:899-910
10. Fedele M, Battista S, Kenyon L, Baldassarre G, Fidanza V, Klein-
Szanto AJ, Parlow AF, Visone R, Pierantoni GM, Outwater E, San-
toro M, Croce CM, Fusco A 2002 Overexpression of the HMGA2
gene in transgenic mice leads to the onset of pituitary adenomas.
Oncogene 21:3190-3198
11. Fedele M, Pentimalli F, Baldassarre G, Battista S, Klein-Szanto AJ,
Kenyon L, Visone R, De Martino I, Ciarmiello A, Arra C, Viglietto
G, Croce CM, Fusco A 2005 Transgenic mice overexpressing the
wild-type form of the HMGAT1 gene develop mixed growth hor-
mone/prolactin cell pituitary adenomas and natural killer cell lym-
phomas. Oncogene 24:3427-3435
12. Finelli P, Pierantoni GM, Giardino D, Losa M, Rodeschini O, Fedele
M, Valtorta E, Mortini P, Croce CM, Larizza L, Fusco A 2002 The
high mobility group A2 gene is amplified and overexpressed in hu-
man prolactinomas. Cancer Res 62:2398-2405
13. Fedele M, Visone R, De Martino I, Troncone G, Palmieri D, Battista
S, Ciarmiello A, Pallante P, Arra C, Melillo RM, Helin K, Croce CM,
Fusco A 2006 HMGA2 induces pituitary tumorigenesis by enhanc-
ing E2F1 activity. Cancer Cell 9:459-471
14. Bartel DP 2004 MicroRNA: genomics, biogenesis, mechanism, and
function. Cell 116:281-297
15. Miska EA 2005 How microRNA control cell division, differentia-
tion and death. Curr Opin Genet Dev 15:563-568
16. Zamore PD, Haley B 2005 Ribo-gnome: the big world of small
RNA. Science 309:1519-1524
17. Fabbri M, Croce CM, Calin GA 2008 MicroRNA. Cancer J 14:1-6

220z 1snBny /1 uo Jasn sopsnr Jo Juswpedaq 'S'N Aq 682€£E82/8Z L L 3/L/26/2191E/Wsd(/woo"dno olwapede/:sdiy woly papeojumod



E1138

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

D’Angelo et al.

Bottoni A, Piccin D, Tagliati F, Luchin A, Zatelli MC, degli Uberti
EC 2005 miR-15a and miR-16-1 down-regulation in pituitary ad-
enomas. | Cell Physiol 204:280-285

Bottoni A, Zatelli MC, Ferracin M, Tagliati F, Piccin D, Vignali C,
Calin GA, Negrini M, Croce CM, Degli Uberti EC 2007 Identifi-
cation of differentially espresse microRNA by microarray: a possible
role for microRNA genes in pituitary adenomas. J Cell Physiol 210:
370-377

Amaral FC, Torres N, Saggioro F, Neder L, Machado HR, Silva
Jr WA, Moreira AC, Castro M 2009 MicroRNA differentially ex-
pressed in ACTH-secreting pituitary tumors. J Clin Endocrinol
Metab 94:320-323

Butz H, Liko I, Czirjak S, Igaz P, Korbonits M, Racz K, Patocs A
2011 MicroRNA profile indicates downregulation of the TGFp
pathway in sporadic non-functioning pituitary adenomas. Pituitary
14:112-124

Mao ZG, He DS, Zhou J, Yao B, Xiao WW, Chen CH, Zhu YH,
Wang H]J 2010 Differential expression of microRNA in GH-secret-
ing pituitary adenomas. Diagn Pathol 5:79

Liu CG, Calin GA, Meloon B, Gamliel N, Sevignani C, Ferracin M,
Dumitru CD, Shimizu M, Zupo S, Dono M, Alder H, Bullrich F,
Negrini M, Croce CM 2004 An oligonucleotide microchip for ge-
nome-wide microRNA profiling in human and mouse tissues. Proc
Natl Acad Sci USA 101:9740-9744

Pichiorri F, Suh SS, Rocci A, De Luca L, Taccioli C, Santhanam R,
Zhou W, Benson Jr DM, Hofmainster C, Alder H, Garofalo M, Di
Leva G, Volinia S, Lin H]J, Perrotti D, Kuehl M, Ageilan RI, Palumbo
A, Croce CM 2010 Downregulation of p53-inducible microRNA
192,194, and 215 impairs the pS3/MDM2 autoregulatory loop in
multiple myeloma development. Cancer Cell 18:367-381

Livak KJ, Schmittgen TD 2001 Analysis of relative gene expression
data using real-time quantitative PCR and the 22T method.
Methods 25:402-408

Pierantoni GM, Fedele M, Pentimalli F, Benvenuto G, Pero R, Vigli-
etto G, Santoro M, Chiariotti L, Fusco A 2001 High mobility group
I (Y) proteins bind HIPK2, a serine-threonine kinase protein which
inhibits cell growth. Oncogene 20:6132-6141

Pei L, Melmed S, Scheithauer B, Kovacs K, Benedict WF, Prager D
1995 Frequent loss of heterozygosity at the retinoblastoma suscep-

Altered miRNA Expression in GH Adenomas

28.

29.

30.

31.

32.

33.

34.

35.

36.

J Clin Endocrinol Metab, July 2012, 97(7):E1128-E1138

tibility gene (RB) locus in aggressive pituitary tumors: evidence for
achromosome 13 tumor suppressor gene other than RB. Cancer Res
55:1613-1616

Yamasaki L, Bronson R, Williams BO, Dyson NJ, Harlow E, Jacks
T 1998 Loss of E2F-1 reduces tumorigenesis and extends the lifes-
pan of Rb1*/~ mice. Nat Genet 18:360-364

Qian ZR, Asa SL, Siomi H, Siomi MC, Yoshimoto K, Yamada S,
Wang EL, Rahman MM, Inoue H, Itakura M, Kudo E, Sano T 2009
Overexpression of HMGAZ2 relates to reduction of the let-7 and its
relationship to clinicopathological features in pituitary adenomas.
Mod Pathol 22:431-441

Pierantoni GM, Finelli P, Valtorta E, Giardino D, Rodeschini O,
Esposito F, Losa M, Fusco A, Larizza L 2005 High-mobility group
A2 gene expression is frequently induced in non-functioning pitu-
itary adenomas (NFPAs), even in the absence of chromosome 12
polysomy. Endocr Relat Cancer 12:867-874

Jacks T, Fazeli A, Schmitt EM, Bronson RT, Goodell MA, Weinberg
RA 1992 Effects of an Rb mutation in the mouse. Nature 359:295-
300

Fero ML, Rivkin M, Tasch M, Porter P, Carow CE, Firpo E, Polyak
K, Tsai LH, Broudy V, Perlmutter RM, Kaushansky K, Roberts JM
1996 A syndrome of multiorgan hyperplasia with features of gigan-
tism, tumorigenesis, and female sterility in p27(Kip1)-deficient
mice. Cell 85:733-744

Franklin DS, Godfrey VL, Lee H, Kovalev GI, Schoonhoven R,
Chen-Kiang S, SuL, Xiong Y 1998 CDK inhibitors p18(INK4c) and
p27(Kip1) mediate two separate pathways to collaboratively sup-
press pituitary tumorigenesis. Genes Dev 12:2899-2911

Palmieri D, D’Angelo D, Valentino T, De Martino I, Ferraro A,
Wierinckx A, Fedele M, Trouillas J, Fusco A 5 December 2011
Downregulation of HMGA-targeting microRNA has a critical
role in human pituitary tumorigenesis. Oncogene 10.1038/
onc.2011.557

Heaney AP, Horwitz GA, Wang Z, Singson R, Melmed S 1999 Early
involvement of estrogen-induced pituitary tumor transforming gene
and fibroblast growth factor expression in prolactinoma pathogen-
esis. Nat Med 5:1317-1321

Ishikawa H, Heaney AP, Yu R, Horwitz GA, Melmed S 2001 Hu-
man pituitary tumor-transforming gene induces angiogenesis. J Clin
Endocrinol Metab 86:867-874

220z 1snBny /1 uo Jasn sopsnr Jo Juswpedaq 'S'N Aq 682€£E82/8Z L L 3/L/26/2191E/Wsd(/woo"dno olwapede/:sdiy woly papeojumod



