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Numerous studies have established that High Mobility Group A (HMGA) proteins play a pivotal role on the onset of
human pituitary tumors. They are overexpressed in pituitary tumors, and, consistently, transgenic mice overexpressing
either the Hmga1 or the Hmga2 gene develop pituitary tumors. In contrast with HMGA2, HMGA1 overexpression is not
related to any rearrangement or amplification of the HMGA1 locus in these tumors. We have recently identified 2
HMGA1 pseudogenes, HMGA1P6 and HMGA1P7, acting as competitive endogenous RNA decoys for HMGA1 and other
cancer related genes. Here, we show that HMGA1 pseudogene expression significantly correlates with HMGA1 mRNA
levels in growth hormone and nonfunctioning pituitary adenomas likely inhibiting the repression of HMGA1 through
microRNAs action. According to our functional studies, these HMGA1 pseudogenes enhance the proliferation and
migration of the mouse pituitary tumor cell line, at least in part, through their upregulation. Our results point out that
the overexpression of HMGA1P6 and HMGA1P7 could contribute to increase HMGA1 levels in human pituitary tumors,
and then to pituitary tumorigenesis.

Introduction

The High Mobility Group A (HMGA) proteins are non-his-
tone chromatinic proteins involved in transcriptional regulation
of gene expression.1 The HMGA protein family consists of 3
proteins: HMGA1a, HMGA1b, and HMGA2 encoded by 2 dif-
ferent genes, with the HMGA1 proteins being products of the
same gene generated through alternative splicing.1 HMGA over-
expression is a feature of malignant neoplasias and its causal role
in cell transformation and cancer progression is supported by
many studies.1-3

We have already reported several evidences that HMGA pro-
teins act as drivers of human pituitary tumors (PT),4-8 with both
the HMGA proteins overexpressed. However, in these tumors,
only the overexpression of HMGA2 is associated to gene rear-
rangement and amplification following trisomy of chromosome
12.4 Consistently, it is well known that transgenic mice overex-
pressing either hmga1 or hmga2 develop PT,5-7 and that the
HMGA overexpression is associated to the downregulation of
several miRNAs able to target both HMGA1 and HMGA2
mRNAs in PT (miR-15, miR-16, miR-23b, miR-26a, miR-34b,
miR-130b, miR-196a2, miR-326, miR-432, miR-548c-3p,
miR-570, miR-603, and Let-7a).9-11

We have recently identified 2 HMGA1 non-coding pseudo-
genes, HMGA1P6 and HMGA1P7, having conserved seed
matches for miRNAs targeting the HMGA1 gene. The overex-
pression of HMGA1 pseudogene (HMGA1Ps) increases HMGA1
protein levels, working as competitive endogenous RNA
(ceRNA), thereby inhibiting the suppression of HMGA1 protein
synthesis by miRNAs.12,13 Since the HMGA1Ps untranslated
regions (UTRs) contain also seed sequences for miRNAs able to
target HMGA2, their overexpression leads also to increased
HMGA2 protein levels. HMGA1Ps also show oncogenic activity
by inhibiting apoptosis and increasing cell proliferation and
migration.12,13

The aim of this study has been to investigate the expression
and the role of HMGA1Ps in PT.

HMGA1 andHMGA1Ps expression positively correlates
in pituitary tumors

Briefly, we analyzed the expression of HMGA1Ps by qRT-
PCR in a panel of 41 human PT, including 14 growth hormone
(GH) tumors with acromegaly and 27 nonfunctioning pituitary
adenomas (NFPA) or gonadotroph FSH-LH tumors detected by
immunohistochemistry (IHC). As shown in Fig. 1 (Panels A and
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B), HMGA1P6 and HMGA1P7 were differently expressed with
regard to the IHC type, when compared with the normal pitui-
tary gland. To verify whether the 2 HMGA1Ps may also function
as ceRNAs in the regulation of HMGA1 mRNA levels in PT, we
analyzed HMGA1 expression in these same samples (Fig. 1C).

As indicated in Figure 1, Panel D, a significant linear correla-
tion was found between HMGA1 and HMGA1P6 expression (r
D 0.5952, P < 0.0001), suggesting that these genes are co-regu-
lated, while there is no correlation between HMGA1 and
HMGA1P7 expression in the whole tumor series. However, fur-
ther analysis of HMGA1 and HMGA1Ps co-regulation disclosed
some differences according to tumor type. Indeed, in the subset
of GH tumors, HMGA1 strongly correlated with HMGA1P6
expression (r D 0.8593, P < 0 .0001), and also with HMGA1P7
expression (r D 0.6772, P < 0.0001) (Fig. 1E). Taken together,
these data strongly support the hypothesis that HMGA1Ps could
act as ceRNAs in PT and represent a novel potential mechanism
of HMGA1 upregulation in these tumors, in particular in GH
tumors with acromegaly.

HMGA1Ps expression increases AtT20 cell proliferation and
migration acting as ceRNAs for HMGA1

Subsequently, we examined the ability of HMGA1P6 and
HMGA1P7 to function as a decoy forHMGA1-targeting miRNAs
in the pituitary cell line AtT20. Figure 2, Panel A, confirms suc-
cessful transfection of both genes. As shown in Figure 2, Panel B,
overexpression of either HMGA1P6 or HMGA1P7 was associated
with HMGA1 protein overexpression. As expected from our

previously results,12 overexpression of HMGA1P6 or HMGA1P7
reduced the effects exerted by miRNA on the HMGA1 levels
(Fig. 2B). Then, to evaluate the functional consequences of
HMGA1P6 andHMGA1P7 overexpression in PT, we investigated
their role in cellular proliferation, and migration in AtT20 cells.
To this aim, AtT20 cells were transfected with the HMGA1P6,
HMGA1P7, and the control vector, and counted each day for 9 d.
Figure 2C, shows that the growth rate of AtT20 following the
transfection of the HMGA1Ps was higher compared with the cells
transfected with the control vector. Finally, we carried out cell
migration assays in the same HMGA1Ps overexpressing cells espe-
cially considering that HMGA1 promotes cell migration.1 As
expected from the increased HMGA1 protein levels in the pseudo-
gene-transfected cells,12 cell migration was significantly higher in
AtT20 cells overexpressing HMGA1P6 or HMGA1P7 than in
control cells (Fig. 2D).

Discussion

The critical role of High Mobility Group A proteins on the
onset of human PT has been widely accepted. In fact, the overex-
pression of both HMGA genes in PT has been reported by
numerous studies,4-8 and consistently the development of GH-
PRL tumors is a feature of transgenic mice overexpressing either
the Hmga1 or the Hmga2 gene.5, 6

The results reported here indicate that HMGA1Ps, which act
as miRNA sponges for HMGA1 genes, also contribute to

Figure 1. HMGA1 and HMGA1Ps expression positively correlates in pituitary tumors. (A) HMGA1P6, (B) HMGA1P7 and (C) HMGA1 qRT-PCR analysis in nor-
mal pituitary gland (N), GH, FSH/LH and null cell tumors. (D, E) The obtained values were then combined for correlation analysis. (D) Linear regression of
HMGA1 versus HMGA1P6 in the whole series of PT. (E) Linear regressions of HMGA1 vs. HMGA1P6 (left panel) and HMGA1 (right panel) versus HMGA1P7 in
GH tumors.
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pituitary tumorigenesis by enhancing pituitary cell proliferation
and migration.

Since no rearrangement or amplification of the HMGA1 locus
have been detected in PT, where HMGA1 is overexpressed,4-8

HMGA1Ps overexpression contributes to high HMGA1 protein
levels detected in PT together with tumor downregulation of
miRNAs targeting HMGA1 (miR-15, miR-16, miR-23b, miR-
26a, miR-34b, miR-130b, miR-196a2, miR-326, miR-432, miR-
548c-3p, miR-570, miR-603, and Let-7a).9-11

Indeed, we found a direct correlation between HMGA1 and
HMGA1Ps expression in a series of human PT, in particular in
the somatotroph ones. Then, functional assays revealed that
HMGA1P6 and HMGA1P7 increase cell proliferation and migra-
tion in pituitary cell line AtT20. This is in agreement with effects
of HMGA1, which accelerates the G1-S transition by increasing
E2F1 activity, and enhances cell migration in pituitary cell lines.

Noteworthy, HMGA1P6, HMGA1P7, as well as HMGA1 3’
UTR are potential ceRNAs for other cancer-related genes such as
High Mobility Group A2 (HMGA2) and Vascular Endothelial
Growth Factor (VEGF) which may further contribute to pituitary
tumorigenesis.

In conclusion, the results reported here clearly evidence
that HMGA1 pseudogene overexpression contributes to

pituitary tumor behavior, thereby disclosing an additional
mechanism accounting for the high expression of HMGA1
(and likely HMGA2) in PT. Consequently, these results fur-
ther support the perspective of an innovative molecular ther-
apy of PT by restoring the expression of miRNAs able to
target the HMGA genes and/or blocking that of the HMGA1
pseudogenes.

Methods

Cell culture and transfections
AtT20 cells were maintained in DMEM supplemented with

10% foetal calf serum (Euroclone; Milan, Italy), glutamine and
antibiotics. Cells were repeatedly tested with MycoAlert (Lonza;
Slough, UK) to ensure that cells were not infected with myco-
plasma. Cells were transfected using Lipofectamine plus reagent
(Life Technologies Italia; Monza, Italy) according to the man-
ufacturer’s instructions. The transfected cells were selected in a
medium containing geneticin (Sigma; St. Louis, USA). For each
transfection, several geneticin-resistant mass cell populations
were isolated and expanded for additional analysis. Transfection
efficiency was established for each experiment by evaluating GFP

Figure 2. HMGA1Ps expression increases AtT20 cell proliferation and migration acting as ceRNAs for HMGA1. (A) qRT-PCR analysis of HMGAP6 and
HMGA1P7mRNA levels in AtT20 cells transfected with the empty, HMGA1P6 or HMGA1P7 vectors. (B) Western blot analysis of HMGA1 protein levels from
the same samples shown in A. (C) AtT20 cell proliferation in HMGA1P6- and HMGA1P7-transfected cells. (D) Cell migration assays of AtT20 cells trans-
fected with HMGA1P6, HMGA1P7 or with a control vector (Upper panel). Migrated cells were quantified and expressed as mean § SD *, P < 0.05 (t test)
(Lower panel).
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expression. HMGA1P6 and HMGA1P7 expression vectors have
been previously described.12

Tissue collection and RNA isolation
Surgical samples of PT were obtained from patients operated

in 2 centers: Lyon, France (29 tumors - n�1 to n�29) and at the
Neuromed Institute, Pozzilli, Italy (12 tumors - n�30 to n�41).
Among these, 14 presented with acromegaly and 27 with clini-
cally non-functioning tumors, respectively. According to diag-
nostic immunohistochemistry with pituitary hormones,
immunostaining for GH was confirmed in tumors from acrome-
galic patients whereas the large majority of clinically non-func-
tioning tumors showed some degree of immunopositivity for
FSH and/or LH and the few immunonegative samples were
assimilated to gonadotroph tumors. For each tumor, fragments
were fixed in the Bouin-Holland fluid or formol and embedded
in paraffin for pathological diagnosis, including IHC. Other frag-
ments were immediately frozen and stored at ¡80�C. We declare
that informed consent for the scientific use of biological material
was obtained from all patients.

RNA extraction and quantitative reverse transcription PCR
Total RNA was extracted from tissues with Trizol (Life Tech-

nologies Italia; Monza, Italy) according to the manufacturer’s
instructions. For mRNA detection, total RNA was reverse tran-
scribed by using the QuantiTect Reverse Transcription Kit (Qia-
gen; Valencia, USA), and then Real-time PCR was performed by
using Power SYBR Green PCR Master Mix (Applied Biosys-
tems-Life Technologies Italia; Monza, Italy) and the following
primers:

HMGA1-Fw 50-aaggggcagacccaaaaa-30

HMGA1-Rev 50-tccagtcccagaaggaagc-30

HMGA1P6-Fw 50-gcagacccacaaaactgga-30

HMGA1P6-Rev 50-gagcaaagctgtcccatcc-30

HMGA1P7-Fw 50-gctccttctcggctcctc-30

HMGA1P7-Rev 50-gcttgggcctcttttatgg-30

G6PD-Fw 50-acagagtgagcccttcttcaa-30

G6PD-Rev 50-ataggagttgcgggcaaag-30

The 2¡DDCt formula was used to calculate the differential gene
expression.

Protein extraction, western blotting and antibodies
Protein extraction and Western blotting were performed as

before described.14 Antibodies against the HMGA1 proteins are
described elsewhere.15 Blots were visualized by using the Western
blotting detection reagents (Thermo Scientific, Waltham, USA).

Cell migration assay
Cell migration experiments were performed as previously

described.16

Statistical analysis
Data were analyzed using a 2-sided unpaired Student’s t test

(GraphPad Prism, GraphPad Software, Inc.). Values of P < 0.05
were considered statistically significant. Regression analyses and
correlation coefficients were generated using GraphPad Prism,
GraphPad Software, Inc.
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