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A B S T R A C T

The overexpression of the HMGA1 proteins is a feature of humanmalignant neoplasias and

has a causal role in cell transformation. The aim of our study has been to investigate themi-

croRNAs (miRNAs or miRs) regulated by the HMGA1 proteins in the process of cell transfor-

mation analyzing the miRNA expression profile of v-ras-Ki oncogene-transformed thyroid

cells expressing or not HMGA1 proteins.Wedemonstrate that, among themiRNAs regulated

by cell transformation, there are miR-10b, miR-21, miR-125b, miR-221 and miR-222 that are

positively and miR-34a and miR-603 that are negatively regulated by HMGA1 expression.

Then, we focused our attention on the miR-10b and miR-603 whose expression was depen-

dent on the presence of HMGA1 also in other cell systems. We found that miR-10b is able to

target the PTEN gene, whereas miR-603 targets the CCND1 and CCND2 genes coding for the

cyclin D1 and cyclin D2 proteins, respectively. Moreover, functional studies showed that

miR-10b and miR-603 regulate positively and negatively, respectively, cell proliferation

and migration suggesting a role of their dysregulation in thyroid cell transformation.

ª 2013 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction transcriptional activity per se; however, they alter chromatin
The High Mobility Group A (HMGA) family is composed of four

proteins, HMGA1a, HMGA1b, HMGA1c, encoded by HMGA1

gene through alternative splicing, and HMGA2, encoded by

the homonymous gene. The HMGA proteins bind the minor

groove of AT-rich sequences. Their DNA-binding domain is lo-

cated in the amino-terminal region of the protein and con-

tains three short basic repeats, so-called AT-hooks (Reeves

and Nissen, 1990). The HMGA proteins do not have
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structure by interacting with the transcription machinery

and, thereby, regulate, negatively or positively, the transcrip-

tional activity of several genes (Abdulkadir at al., 1995;

Lehming et al., 1994; Thanos et al., 1993; Thanos and

Maniatis, 1992).

Overexpression of both the HMGA genes is a feature of ma-

lignant tumours. Indeed, they are widely expressed during

embryogenesis and in malignant tumors (including pancreas,

thyroid, colon, breast, lung, ovary, uterine cervix, prostate,
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gastric carcinomas, squamous carcinomas of the oral cavity,

head and neck tumors), whereas their expression is absent

or very low in adult tissues (Fedele and Fusco, 2010; Fusco

and Fedele, 2007). HMGA1 and HMGA2 protein expression is

associatedwith ahighlymalignant phenotype. In fact, a signif-

icant correlation was detected between high levels of HMGA1

protein expression and the presence of lymph node metasta-

sis and advanced clinical stage in colon carcinomas (Fusco

and Fedele, 2007). The correlation between the levels of

HMGA1 proteins and the malignant phenotype stimulated

studies aimed to determine their role in the process of cell

transformation and, in particular, to investigate whether their

increase is a phenomenon peripherally associated with cell

transformation or has a causal relationship with the malig-

nant phenotype. Several studies indicate that both HMGA1

and HMGA2 proteins have oncogenic activities, being causally

involved in neoplastic transformation. Indeed, blockage of

hmga1 synthesis prevents rat thyroid cell transformation by

murine transforming retroviruses (Berlingieri et al., 1995,

2002), and an adenovirus carrying the HMGA1 gene in the an-

tisense orientation induces apoptotic cell death in anaplastic

human thyroid carcinoma cell lines, but not in normal thyroid

cells (Scala et al., 2000). Moreover, the block of HMGA1 protein

synthesis by antisense methodology or by shRNA reduces

anchorage-independent proliferation in soft agar and in-

creases the susceptibility to anoikis of lung and pancreatic

carcinoma cells (Liau et al., 2007). Consistently, increased ex-

pression of both HMGA1 and HMGA2 proteins in several cell

types induces anchorage-independent cell growth and ability

to form both primary and metastatic tumors in athymic mice

(Wood et al., 2000). Finally, transgenic mice overexpressing

these proteins develop lipomas, NK-T/NK cell lymphomas

and mixed growth hormone/prolactin pituitary adenomas at

high frequency (Arlotta et al., 2000; Baldassarre et al., 2001;

Fedele et al., 2002, 2005, 2011; Xu et al., 2004).

Recently,microRNAshave emerged as an important class of

short endogenousRNAs that act as post-transcriptional regula-

torsof geneexpression.MiRNAsare small RNAmoleculesof 19-

22-nt long deriving from double-stranded RNAs (dsRNAs). Cur-

rently,miRNAs are one of themost important regulatorymole-

cules that modulate gene expression at post-transcriptional

level by targeting mRNAs for direct cleavage or translation re-

pression (Bartel, 2004). Since eachmiRNA is thought to regulate

multiple genes, and hundreds ofmiRNA genes are predicted to

be present in higher eukaryotes (Fabbri et al., 2008;Miska, 2005;

Zamore and Haley, 2005), the potential regulatory circuitry

afforded bymiRNAs is enormous.Moreover, a large body of ev-

idence suggests that miRNAs play a role in the etiology and

pathogenesis of cancer by targeting oncogenes or tumor sup-

pressor genes (Vandenboom et al., 2008).

Therefore, it is reasonable that HMGA1 proteins might af-

fect cancer pathogenesis also by regulating themiRNA expres-

sion pattern to promote cell transformation. Then, we

analyzed the miRNA expression profile of FRTL5, FRTL5-

KiMSV and FRTL5-KiMSV-HMGA1as cells (Berlingieri et al.,

2002). The FRTL5 are normal thyroid cells that do not express

HMGA1 protein (Fusco et al., 1987). The FRTL5-KiMSV cells

are FRTL5 transformed by the Kirsten murine sarcoma virus

that induces, following cell transformation, the expression of

the HMGA1 proteins and show a highly malignant phenotype
(Fusco et al., 1987; Giancotti et al., 1987). The FRTL5-KiMSV-

HMGA1as are FRTL5 transfected with a vector carrying the

HMGA1 gene in an antisense orientation before being infected

with the Kirsten murine sarcoma virus. These cells do not ex-

press the HMGA1 proteins, whereas they express significant

levels of the retroviral transforming oncogene v-ras-Ki and do

not depend on thyroid-stimulating hormone for the growth,

but, in contrast with untransfected cells, do not grow in soft

agar or form tumors in athymic mice (Berlingieri et al., 2002).

The miRNA expression profile of these cells showed that

thirty miRNAs are upregulated with a fold-change higher

than two, whereas eleven are downregulated, with the same

fold-change as above, in the FRTL5-KiMSV cell line with re-

spect to the normal FRTL5 cells. Among these miRNAs regu-

lated by cell transformation, there are miR-10b, miR-21, miR-

125b, miR-221 and miR-222, that are positively and miR-34a

andmiR-603, that are negatively regulated, by HMGA1 expres-

sion. We demonstrate that miR-10b targets the PTEN gene,

whereas miR-603 targets the CCND1 and CCND2 genes, and

that thesemiRNAs regulate, in opposite way, cell proliferation

and migration.
2. Material and methods

2.1. miRNACHIP microarray

RNA labeling, hybridization on miRNA microarray chips and

microarray analyses were performed as previously described.

miRNAs were analyzed by class comparison using Student’s t

test procedure. Each sample was analyzed for miRNA expres-

sion profile in triplicate (Liu et al., 2004).

2.2. RNA extraction, reverse transcription and
quantitative real time (qRT)-PCR

Total RNA was isolated from cells with Trizol (Invitrogen,

Carlsbad, California, USA), according to manufacturer’s in-

structions. 1 mg of RNA from each sample was reverse-

transcribed with miScript reverse transcription Kit (Qiagen).

The qRT-PCR for mature miRNA was performed according to

miScript System Kits (Qiagen) instructions, a specific kit for

miRNA quantification and profiling. Reactions contained miS-

cript Primer Sets (Qiagen), specific for each analyzed miRNA

and U6 (used to normalize RNA levels). qRT-PCR analyses for

CCND1, CCND2 and PTEN were performed using the primers

reported in Supplementary Material (Supplementary

Information). Each reaction was carried out three times in

triplicate. To calculate the relative expression levels, we

used the 2�DDCT method (Livak and Schmittgen, 2001).

2.3. Cells lines and transfection

FRTL5, FRTL5-KiMSV and FRTL5-KiMSV-HMGA1as cells

(Berlingieri et al., 2002) were cultured in Coon’s modified F12

medium supplemented with 5% of calf serum and six growth

factors. FRO human anaplastic thyroid cancer cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma)

supplemented with 10% fetal bovine serum (FBS) (Invitrogen).

MCF7 is a breast cancer cell line isolated from a 69-year-old

http://dx.doi.org/10.1016/j.molonc.2013.01.002
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Caucasian woman (Soule et al., 1973). MCF7-HMGA1 and

MCF7-EV are MCF7 cells transfected with a HMGA1 expression

vector or the backbone vector, respectively (Baldassarre et al.,

2003; Mansueto et al., 2010). They were cultured as described

for the FRO cells.

MEFs from wild type (wt) and Hmga1 null mice were ob-

tained from 12.5-day-old embryos. Cells were cultured in

DMEM (Sigma) supplemented with 10% fetal bovine serum

(FBS) (Invitrogen) (Fedele et al., 2006a,b). For oligonucleotide

transfection cells were transfected with 50 nmol/mL pre-

miRNA precursor, inhibitor, or a control no-targeting scram-

bled oligonucleotides (Ambion, Austin, TX) using siPORT

Neo-FX� transfecting reagent (Ambion), according to the

manufacturer’s protocol.

For the transfection of the p-miRNA constructs, cells were

transfected with 5 mg of the p-miRNA precursors expressing

vectors carrying miR-10b and miR-603 or the backbone vector

(SBI System Biosciences, Mountain View, CA), using Lipofect-

amine 2000 (Invitrogen), according to the manufacturer’s

instructions.

2.4. Chromatin immunoprecipitation assay

FRTL5-KiMSV cells were processed for ChIP experiments as re-

ported (Pierantoni et al., 2006). The chromatin of FRTL5-KiMSV

cells was cross-linked and immunoprecipitated with the spe-

cific HMGA1 (Pierantoni et al., 2001) and HMGA2 (Fedele et al.,

2006a,b) antibodies. The sequence of the primers are de-

scribed in Supplementary Material.

2.5. Plasmids and constructs

The 30-UTR regions of CCND1 and CCND2, including binding

sites for miR-603 and the 30-UTR region of PTEN, including

binding sites for miR-10b, were amplified by PCR by using

the primers described in Supplementary Material. The ampli-

fied fragments were cloned into pGL3-Control Firefly lucifer-

ase vector (Promega, Madison, WI, USA) at the XbaI site

immediately downstream the stop codon of the luciferase

gene. The Renilla luciferase vector (pRL-CMV) was purchased

by Promega. Deletion of miR10b-binding site in the PTEN-30-
UTR was introduced by using QuikChange Site-directed Muta-

genesis Kit (Stratagene) following the manufacturer’s instruc-

tions. The primers used are reported in Supplementary

Material. p-miRNA vectors expressing miR-10b and miR-603

under the transcriptional control of the CMV promoter were

purchased from SBI System Biosciences.

2.6. Protein extraction, western blotting and antibodies

Western blot analyses were performed as previously de-

scribed (Palmieri et al., 2012) and the membranes were incu-

bated with antibodies against cyclin D1 (sc-F18, Santa Cruz),

cyclin D2 (sc-181 Santa Cruz), PTEN (sc-7974, Santa Cruz)

and g-tubulin (sc-8035, Santa Cruz).

2.7. Luciferase target assay

For luciferase reporter experiments, FRTL5 cells were co-

transfected using siPORT with the modified Firefly luciferase
vector (200 ng), the Renilla luciferase reporter plasmid (pRL-

CMV; Promega) (20 ng) and the miRNA oligonucleotideos

(50 nmol/ml). Firefly and Renilla luciferase activities weremea-

sured 48 h after transfectionwith theDual-Luciferase Reporter

Assay System (Promega). Firefly activity was normalized to

Renilla activity as control of transfection efficiency.

2.8. Growth curve assay

FRTL5 and FRO cells were plated in 24-well and transfected

with 50 nmol/ml pre-miR miRNA precursor or scrambled oli-

gonucleotide (Ambion), using siPORT neoFX. Cells were

counted after 24, 48, 72 and 96 h.

2.9. Colony-forming assay

FRTL5 cells were transfectedwith 5 mg ofmiR-10b andmiR-603

precursors (SBI System Biosciences) or the backbone vector,

along with a construct expressing the neomycin-resistance

gene. Transfected cells were selected by using 1 mg/ml neomy-

cin diluted in themedium used for culture. After 15 days, cells

were fixed and stained with 0.1% crystal violet in 20% metha-

nol and colonies were counted.

2.10. Flow cytometry

After trypsinization, cells were washed once in phosphate-

buffered saline and fixed in 70% ethanol overnight. Staining

for DNA content was performed with 2 mg/ml propidium io-

dide and 20 mg/ml RNase A for 30 min. We used a FACScan

flow cytometer (Becton Dickinson, San Jose, CA) that was

interfaced with a HewlettePackard computer (Palo Alto, CA).

Cell cycle results were analysed with the CELL-FIT program

(Becton Dickinson).

2.11. Scratch wound healing assay

Cells were plated at equal density in six-well plates. After con-

fluence, the cells were treated with mytomicin C for 3 h and

wounds were generated with a sterile pipette. Then, cells

were washed twice with PBS, and fresh culture medium was

added. The wound areas were marked and the cultures were

maintained in DMEM medium (including 10% FBS) at 37 �C in

a humidified incubator with 5% CO2. At different time points

the migratory distance of the cells was assessed under an

inverted phase-contrast microscope.

2.12. Soft agar colony assay

Cells were mixed in DMEM 2 (Sigma), tryptose phosphate

buffer, and 1.25% of Noble Agar (Difco Laboratories Inc.,

Detroit, MI) and plated in 60-mm dishes on the top of 1%

agar base. The colonies were counted after two weeks.

2.13. Statistical analysis

Student’s t-test was used to determine the significance for all

the quantitative experiments. All error bars represent the

standard error (s.e.). Statistical significance, assessed for all

the tests by calculating the p-value, was <0.05.

http://dx.doi.org/10.1016/j.molonc.2013.01.002
http://dx.doi.org/10.1016/j.molonc.2013.01.002
http://dx.doi.org/10.1016/j.molonc.2013.01.002


Table 1 e a) miRNAs upregulated in FRTL5-Ki vs FRTL5 cells. b)
miRNAs downregulated in FRTL5-Ki vs FRTL 5 cells.

FRTL5-Ki vs
FRTL5a

FRTL5-Ki-HMGA1as
vs FRTL5a

Unique id

a)

1 5.697651549 0.208987416 miR-211

2 26.44651332 0.795418737 miR-221

3 5.264432083 0.573778937 miR-222

4 1.265228455 0.844394214 miR-135a

5 14.55630099 1.297759935 miR-10b

6 1.258664206 0.699995641 miR-125a-5p

7 9.464898863 6.260278691 miR-181c

8 7.105168512 0.368761397 miR-125b

9 4.896899836 4.368751686 miR-296-3p

10 2.358407465 1.868430445 miR-139-3p

11 2.826323567 1.129499769 miR-181a-2*

12 2.893767415 2.160719366 miR-136

13 1.785567148 0.960286886 miR-24

14 2.891293676 2.495793443 miR-30c-1*

15 1.996377498 0.321989938 miR-23a

16 4.512756223 1 miR-21

17 3.342764364 2.652455609 miR-99a

18 2.527050609 0.377153025 miR-25

19 7.384708811 3.386067312 miR-10a

20 1.454997404 1.068759859 miR-31

21 3.443864288 0.937230018 miR-29b

22 5.040132014 3.525231566 miR-345

23 1.213669855 0.298127602 miR-191*

24 3.744986798 1.212977885 miR-19a

25 2.145461955 1.350767822 miR-92a

26 2.984606791 2.113836493 miR-154

27 1.435303772 1.001108842 miR-219-2-3p

28 7.599428473 6.343859975 miR-548a-3p

29 5.583175923 0.512242463 miR-563

30 2.157043158 1.609210135 let-7e

b)

1 0.417806325 0.457007065 miR-129-3p

2 0.584183688 0.816260924 miR-595

3 0.557292828 0.721803412 miR-191

4 0.67287794 1.121527038 miR-589

5 0.573515486 2.216145637 miR-583

6 0.718765203 0.929192034 miR-370

7 0.755058475 1.276243767 miR-766

8 0.475213322 0.576507942 miR-133b

9 0.644385477 1.000823991 miR-660

10 0.39080976 1.068527273 miR-603

11 0.312565682 0.354068984 miR-34a

Note:

* Signifies the miR Unique ID which is reported according with the

conventional nomenclature of miRBAS (www.mirbase.org).

a The values indicate the fold-change compared with FRTL5 cells.
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3. Results

3.1. miRNA expression profile of normal and KiMSV-
infected rat thyroid cells

We analyzed amiRNACHIPmicroarray (Liu et al., 2004) to eval-

uate themiRNAexpressionprofile of theFRTL5 (normal rat thy-

roid cell line), FRTL5-KiMSV (KiMSV-infected FRTL5 cells

expressing the HMGA1 proteins) and FRTL5-KiMSV-HMGA1as

(KiMSV-infected FRTL5 cells where the expression of HMGA1

has been silenced by antisense methodology). By applying the

statistical analysis (see Materials and Methods), we obtained

a list of differentially expressedmiRNAs ( p< 0.05) in the differ-

ent cell lines analyzed. Thirty miRNAs were overexpressed

with a fold-change equal or higher than two in the FRTL5-

KiMSV (FRTL5-Ki) cells versus the normal rat thyroid cells

(FRTL5). Conversely, elevenmiRNAs showed an evident reduc-

tion in their expression in the KiMSV-transformed cells com-

pared with the uninfected cells (Table 1). Among these genes

regulated by cell transformation, there are miR-10b, miR-21,

miR-125b, miR-221 and miR-222 that are positively and miR-

34a and miR-603 that are negatively regulated, by HMGA1 ex-

pression. Indeed, their expression is drastically reduced or in-

creased, respectively, in the FRTL5-KiMSV-HMGA1as with

respect the FRTL5-KiMSV cells. Subsequently, we validated

the results obtained by miRNACHIP array analysis by evaluat-

ing the expression of miR-10b, miR-21, miR-125b, miR- 221,

miR-222, miR-603 and mir-34a by real-time PCR (Figure 1A).

Next, we investigated whether the dependency on HMGA1

expression of somemiRNAswas restricted to the transformed

thyroid cells or a more general event analyzing their expres-

sion in a breast cancer cell line, MCF7, transfected with

HMGA1 (MCF7-HMGA1) (Baldassarre et al., 2003) and mouse

embryonic fibroblasts (MEFs) null for Hmga1 and relative

wild-type (wt) counterparts (Fedele et al., 2006a, b). As shown

in Figure 1B, miR-10b was much more expressed in MCF7-

HMGA1 with respect to the MCF7 cells transfected with the

empty vector, whereas it was downregulated in Hmga1 null

MEFs with respect to the wt ones. Conversely, miR-603

showed an opposite behavior being less expressed in MCF7-

HMGA1 and wt MEFs in comparison with MCF7-empty vector

and Hmga1 null MEFs (Figure 1C). The expression of miR-21,

miR-125b, miR-222 and miR-34a did not show significant dif-

ferences in MCF7 expressing or not the HMGA1 proteins.

Moreover, the expression of miR-21, miR-125b, miR-221 and

miR-222 was, in contrast with the results observed in FRTL5

cells, higher in the Hmga1 null MEFs than in the wt ones

whereas no significant differences in miR-34a expression

were observed in these cells (Supplementary Figure 1 in

Supplementary Information). Therefore, we decided to focus

on miR-10b and miR-603 since their expression was depend-

ing on HMGA1 in more than one cell system.
3.2. HMGA1 protein binds to a region upstream of the
miR-10b and miR-603 loci

Next,we investigatedwhetherHMGA1directly binds to the reg-

ulatory regions of miR-10b and miR-603. We searched for re-

gions rich in AT sequences since it is known that the HMGA
proteins bind DNA in AT-rich regions through three basic do-

mains called “AT-hooks” (Reeves and Nissen, 1990). Then, we

found putative (AT-rich) HMGA-binding sequences in three re-

gions located 2000 bp upstream the miR-10b and miR-603

genes. We performed chromatin immunoprecipitation (ChIP)

assays to determine whether the HMGA proteins could bind

to these sequences. To this aim, the chromatin of FRTL5-

KiMSV cells was cross-linked and immunoprecipitated with

anti-HMGA1 and anti-HMGA2 antibodies. Immunoprecipitated

DNA was then analyzed by semiquantitative and quantitative

PCR using primers covering the putative HMGA-binding sites.

http://www.mirbase.org
http://dx.doi.org/10.1016/j.molonc.2013.01.002
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Figure 1 e (A) Validation of miRNAmicroarray data by qRT-PCR. qRT-PCR analysis of miR-10b, miR-21, miR-125b, miR-221, miR-222, miR-

603 and miR-34a was carried out on FRTL5, FRTL5-KiMSV and FRTL5-KiMSV-HMGA1as. The expression values indicate the relative change

in the expression levels between FRTL5 and FRTL5-KiMSV cells, assuming that the mean value of the FRTL5 cells was equal to 1. Each bar

represents the mean value ± s.e. from three independent experiments performed in triplicate. miR-10b (B) and miR-603 (C) expression in wild type

and Hmga1L/L MEFs and MCF7-EV and MCF7-HMGA1 cells. The relative expression values indicate the relative change in the expression

levels between Hmga1L/L and wt MEFs, MCF7-HMGA1 and MCF7-EV samples, assuming that the mean value of the wt MEFs and MCF7-

EV cells samples was equal to 1. Each bar represents the mean value ± s.e. from three independent experiments performed in triplicate.
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Amplification of all the three analysed sequences upstream the

miR-10b gene was observed in chromatin from FRTL5-KiMSV,

immunoprecipitatedwith anti HMGA1 andHMGA2 antibodies,

while we observed amplification only in two out of the three
Figure 2 e HMGA1 and HMGA2 bind the regions upstream miR-10b an

immunoprecipitated with anti-HMGA1 and anti-HMGA2 antibodies. Inp

PCR (left panel) or qPCR (right panel) using specific primers covering the in

were used as negative control. Error bars indicate confidence intervals of t
analysed sequences upstream the miR-603. No amplification

was observed with anti-IgG precipitates, used as negative con-

trol (Figure 2), which shows that the binding is specific for the

region upstream of themiR-10b andmiR-603. Therefore, these
d miR-603. (AeB) The chromatin of FRTL5-KiMSV cells was

ut and immunoprecipitated DNA were analyzed by semiquantitative

dicated miR-10b and miR-603 upstream regions. Normal rabbit IgGs

hree independent experiments performed in triplicate.

http://dx.doi.org/10.1016/j.molonc.2013.01.002
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Figure 3 e miR-603 targets CCND1 and CCND2. (A) Schematic representation of the 30-UTR sites of the CCND1 and CCND2 gene targeted by

miR-603. (B) Western blot analysis of cyclin D1 (left panel) and cyclin D2 (right panel) protein levels in FRTL5 cells transfected with miR-603

and a scrambled oligonucleotide. g-tubulin expression was analyzed as loading control. The densitometric analysis was performed using ImageJ

software and normalizing to the g-tubulin. (C) qRTePCR analysis of CCND1 (left panel) and CCND2 (right panel) mRNA. Relative expression

values indicate the relative change in CCND1 and CCND2 mRNA expression levels between miR-treated or untreated compared with scrambled

oligonucleotide-treated cells, normalized with G6PD, assuming that value of the scrambled oligonucleotide-treated samples was equal to 1. Each

bar represents the mean value ± s.e. from three independent experiments performed in triplicate. (D) Relative luciferase activity in FRTL5 cells

transiently transfected with Luc-CCND1-30UTR (left panel) or Luc-CCND2-30UTR (right panel) either in sense or antisense orientation along

with the indicated miRNA oligonucleotide or untreated cells compared with a scrambled oligonucleotide. The relative activity of firefly luciferase

expression was standardized to a transfection control, using Renilla luciferase. The scale bars represent the mean ± s.e. of three independent

experiments performed in triplicate. (E) Western blot analysis of Cyclin D1 and Cyclin D2 protein levels in FRTL5, FRTL5-KiMSV and FRTL5-

KiMSV-HMGA1as cells. g-tubulin expression was analyzed as loading control.
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results indicate that the HMGA1 and HMGA2 proteins are able

to bind in vivo a region located upstream the miR-10b and

miR-603 that has likely regulatory functions.

3.3. CCND1 and CCND2 are targets of miR-603

SincemiRNAs are capable tomodulate gene expression by tar-

geting mRNA, we used bioinformatic tools (Target Scan, mir-

Gen and miRanda) to search for mRNA targets of miR-603.

We found several predicted targets involved inmany different

biological processes, but we focused our attention on CCND1

(cyclin D1) which has beenmentioned as a key gene in cell cy-

cle control and it is frequently overexpressed in cancer cells,

contributing to cell proliferation and migration (Li et al.,

2006), and CCND2 (cyclin D2) which has a very important
Figure 4 e miR-10b targets PTEN. (A) Schematic representation of the 30-U
the PTEN protein expression in FRTL5 cells transfected with miR-10b or

loading control. The densitometric analysis was performed using ImageJ sof

mRNA. Relative expression values indicate the relative change in PTEN m

compared with the scrambled oligonucleotide-treated ones, normalized with

sample was equal to 1. Each bar represents the mean value ± s.e. from thre

luciferase activity in FRTL5 cells transiently transfected with Luc-PTEN-

oligonucleotide or untransfected in comparision with a scrambled oligonuc

standardized to a transfection control, using Renilla luciferase. The scale b

performed in triplicate. The right panel shows the 30-UTR site of the PTE

UTR site of the PTEN gene carrying a deletion in the miR-10b recognitio

FRTL5-KiMSV and FRTL5-KiMSV-HMGA1as cells. g-tubulin expressio
role in G1/S transition of the cell cycle (Sicinski et al., 1996).

The sites that match the miR-603 seed sequence were pre-

dicted in both 30-UTR sequences of these genes (Figure 3A).

To validate the influence of miR-603 on these targets, we

transfected the miR-603 oligonucleotide precursor into

FRTL5 cells and we searched for changes in cyclin D1 and D2

protein levels by western blot analysis. After the transfection

ofmiR-603, we found an evident reduction in cyclin D1 and D2

protein levels as compared with the scrambled oligonucleo-

tide (Figure 3B). No changes in CCND1 and CCND2mRNA levels

were detected after transfection with miR-603 in comparison

with the scrambled oligonucleotide or untransfected cells

(Figure 3C). This result validates a post-transcriptional regula-

tion of cyclin D1 and D2 proteins by miR-603, and excludes its

role in CCND1 and CCND2 mRNA degradation.
TR site of the PTEN gene targeted by miR-10b. (B) Western blots of

a scrambled oligonucleotide. g-tubulin expression was analyzed as

tware and normalizing to g-tubulin. (C) qRT-PCR analysis of PTEN

RNA expression levels between miRNA-treated or untreated cells

G6PD, assuming that value of the scrambled oligonucleotide-treated

e independent experiments performed in triplicate. (D) Relative

30UTR or with Luc-PTEN-30UTR-mut10b along with miR-10b

leotide. The relative activity of firefly luciferase expression was

ars represent the mean ± s.e. of three independent experiments

N gene targeted by miR-10b, the miR-10b seed sequence and the 30-
n site. (E) Western blot analysis of PTEN protein levels in FRTL5,

n was analyzed as loading control.
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Figure 5 e miR-10B and miR-603 effects on cell proliferation and migration. (A) Cell growth curves of FRTL5 cells transfected with miR-10b

(left panel) and miR-603 (right panel) compared with the untransfected or scrambled oligonucleotide-transfected cells. The cells were seeded in 24-

well plates at 1 3 104 cells/well. The cells were counted each 24 h for 96 h after plating. Y-axis represents absolute viable cell count. The mean

values ± s.e. derive from three independent experiments performed in triplicate. (B) Cell growth curve of FRO cells transfected with miR-10b and

miR-603 in comparison with the untransfected or scrambled oligonucleotide-transfected cells. The mean values ± s.e. derive from three

independent experiments performed in triplicate. (CeD) Cell growth assays on FRTL5 and FRTL5-KiMSV cells: untransfected or transfected

FRTL5 cells with miR-10b precursor, miR-603 inhibitor or a scrambled oligonucleotide (C), and untransfected or transfected FRTL5-KiMSV

cells with miR-10b inhibitor, miR-603 precursor or a scrambled oligonucleotide. (D) The cells were seeded in 24-well plates at 1 3 104 cells/well
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To demonstrate that the direct interaction between the an-

alyzed miRNAs and the CCND1 and CCND2 mRNAs was re-

sponsible for protein level decrease, we inserted the 30-UTR

of CCND1 and CCND2, including the miR-603 seed sites, down-

stream the luciferase ORF, either in sense (Luc-CCND1-30UTR

and Luc-CCND2-30UTR) or in antisense (Luc-CCND1rev-30UTR

and Luc-CCND2rev-30UTR) orientation. The luciferase activity

of the Luc-sense-30UTR constructs was markedly diminished

after transfection of miR-603, compared with the scrambled

oligonucleotide-transfected or untransfected cells, while the

luciferase activity of Luc-antisense-30UTR constructs did not

change, indicating that the reduction of cyclin D1 and D2 pro-

tein expression by miR-603 was dependent on their direct

binding to its 30-UTR (Figure 3D).

Consistently with the ability of miR-603 to target CCND1

and CCND2, the levels of the proteins coded for by these genes

are inversely correlated with miR-603 expression in FRTL5,

FRTL5-KiMSV and FRTL5-KiMSV-HMGA1as (Figure 3E).
3.4. miR-10b targets PTEN

Bioinformatic analysis predicted also for miR-10b several tar-

gets, some of them already validated in previous studies (Jo

et al., 2011; Kim et al., 2011; Liu et al., 2012). Among the pre-

dicted target genes we focused on the PTEN gene. Indeed,

PTEN is an important tumor suppressor, whose expression is

frequently altered in a wide spectrum of human cancers

(Hollander et al., 2011) including thyroid malignancies (Bruni

et al., 2000). Moreover, recent findings demonstrate that subtle

changes in PTEN expression levels dictate critical outcomes in

tumor initiation and progression in vivo (Alimonti et al., 2010;

Berger et al., 2011; Trotman et al., 2003). The sites that match

the miR-10b seed sequence were predicted in the 30-UTR se-

quence of this gene (Figure 4A). To validate the influence of

miR-10b on PTEN protein expression, we transfected miR-

10b oligonucleotide precursor in FRTL5 cells and searched

for changes in PTEN protein levels by western blot analysis.

The introduction of miR-10b into FRTL5 cells decreased

PTEN protein levels as compared to the scrambled

oligonucleotide-transfected cells (Figure 4B). The analysis of

the PTEN specific mRNA levels after transfection with miR-

10b did not show significant changes in comparison with the

scrambled oligonucleotide-transfected or untransfected

FRTL5 cells indicating that miR-10b regulates PTEN protein

levels acting at post-transcriptional level (Figure 4C). Finally,

to demonstrate that the direct interaction between the miR-

10b and the PTEN mRNA was responsible for the decrease in

PTEN protein levels, we inserted the 30-UTR of PTEN, including

themiR-10b seed sites, downstream of the luciferase ORF. The
and counted 96 h after plating. The reported results are the mean ± s.e. of

cells. (E) Colony-forming assay performed on FRTL5 cells transfected with

cytometric analysis of FRTL5 cells transfected with miR-10b and miR-603

value ± s.e. of three independent experiments performed in triplicate. The

Scratch wound migration assay of FRO cells untransfected or stably transf

were plated at equal density in six-well plates and grown to confluence. Un

wound closure was monitored under a phase-contrast microscope, and phot

cells untransfected or stably transfected with p-miR-10b, p-miR-603 or the

of 1% agar base. The colonies were counted after 2 weeks. Representative
luciferase activity, measured after 48h, was significantly re-

duced after transfection with miR-10b compared with scram-

bled oligonucleotide transfected- or untransfected cells,

indicating that the reduction of PTEN protein expression by

miR-10b was dependent on its direct binding to its 30-UTR.

Conversely, no effect was observed by miR-10b on the lucifer-

ase activity whenwe assayed a reporter vector carrying a dele-

tion in the seed sequence for miR-10b (Figure 4D).

Consistently with the ability of miR-10b to target PTEN, the

levels of this protein are inversely correlated withmiR-10b ex-

pression in FRTL5, FRTL5-KiMSV and FRTL5-KiMSV-HMGA1as

(Figure 4E).
3.5. miR-10b and miR-603 expression affects cell
proliferation in opposite ways

To understand the role of the miR-10b and miR-603 in thyroid

cell transformation we analyzed their effects on cell prolifera-

tion. Therefore, we performed a growth curve assay on FRTL5

cells untransfected or transiently transfected with miR-10b,

miR-603, or a scrambled oligonucleotide. As shown in

Figure 5A, a clear reduction in cell number was observed at 72

and 96 h after transfection with miR-603 compared with the

control cells. Conversely, a significantly increased cell number

was observed after transfection of miR-10b with respect to the

scrambled oligonucleotide-transfected cells. Similar results

were observed when human anaplastic thyroid carcinoma

cells, FRO, were transfected with the same miRNAs

(Figure5B).Subsequently,wetransfected theFRTL5cells,which

express low levels of miR-10b and high levels of miR-603, with

the miR-10b oligonucleotide precursor and miR-603 inhibitor.

In both the cases we observed an increased growth rate of the

transfected cells, compared with that of the untransfected or

scrambled oligonucleotide-transfected cells (Figure 5C). Con-

versely,whenwe transfected the FRTL5-KiMSV cells, which ex-

press high levels ofmiR-10b and low levels ofmiR-603,with the

miR-10b inhibitor andmiR-603 precursor,we observed a reduc-

tionof thegrowth rate (Figure 5D)with respect to the scrambled

oligonucleotide-transfected cells.

Then, we carried out a colony-forming assay on FRTL5 cells

after transfection with p-miRNA-expression vectors carrying

miR-10b andmiR-603 precursors, or with the backbone vector,

along with a construct expressing the gene for the resistance

to neomycin. As shown in Figure 5E, consistently with the re-

sults of the growth curve assay, the cells transfected with

miR-10b-expression vector generated a higher number of col-

onies, whereas a lower number of colonies was produced by

the cells transfected with miR-603 in comparison with the

same cells transfected with the backbone vector.
three experiments compared to scrambled oligonucleotide-transfected

vectors expressing miR-10b or miR-603 or the empty vector. (F) Flow

or the scrambled oligonucleotide. Each bar represents the mean

percentage of cells in each phase is reported in the Table below. (G)

ected with p-miR-10b, p-miR-603 or the backbone vector. The cells

iform scratch was made in each confluent layer culture, the extent of

ographs were taken at 0 and 15 h. (H) Soft agar colony assay of FRO

backbone vector. 1 3 105 cells were plated in 60-mm dishes on the top

colonies are shown.
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Finally, to better characterize the effects of the analyzed

miRNAs on cell cycle progression, FRTL5 cells were trans-

fected with miRNA precursors or the scrambled oligonucleo-

tide, and then analyzed by flow cytometry. As shown in

Figure 5F, miR-10b-transfected cells displayed a decrease in

the G1-phase population and an increase in the S-phase, com-

pared with the scrambled oligonucleotide-transfected or

untransfected cells, while miR-603-transfected cells displayed

an increase in the G1-phase population and a decrease in the

S-phase. These results indicate that the overexpression of

these miRNAs affects the G1-S transition of the cell cycle pro-

gression in opposite ways.

3.6. miR-10b and miR-603 expression affects cell
migration and invasiveness

To assess the role of miR-10b and miR-603 on cell migration

we performed a scratch wound migration assay, which was

carried out in FRO cells stably transfected with p-miR-10b

and p-miR-603. The cells were incubated for 3 h with

mitomycin-C to inhibit cell proliferation. The cell motility

wasmonitored under amicroscope at different time points af-

ter generation of the wound. As shown in Figure 5G, the clo-

sure of the wound was observed within 15 h in the FRO p-

miR-10b cells, whereas the cells transfected with the back-

bone vector showed the wound closure after 20 h. Conversely,

the closure of thewound occurred only after 24 h in the FRO p-

miR-603 cells.

Furthermore, to investigate the role of miR-10b and miR-

603 in the expression on the malignant phenotype we per-

forming a soft agar assay. As shown in Figure 5H, the number

of colonies shown by the FRO-miR-603 is lower with respect to

the untransfected FRO cells or carrying the empty vector,

whereas the FRO cells expressing themiR-10b show a number

of colonies quite similar to the FRO-EV cells. However, the size

of the colonies induced by the FRO-miR-10b cells is larger with

respect to the size shown by the FRO cells untransfected or

transfected with the backbone vector. Conversely, the FRO-

miR-603 cells showed a smaller size.

Therefore, these results demonstrate that miR-603 reduces

the migration and invasiveness of thyroid cancer cells while

miR-10b has an opposite effect.
4. Discussion

HMGA1 andHMGA2 protein overexpression is a feature ofma-

lignant neoplasias playing a casual role in cell transformation

modulating the transcription of a number of genes that have

a critical role in the progression step of carcinogenesis. Both

HMGA1 and HMGA2 exert their oncogenic activity through

several mechanisms: induction of E2F1 (Fedele et al.,

2006a,b) and AP-1 activity (Vallone et al., 1997), induction of

cyclin A expression (Tessari et al., 2003), inactivation of p53-

induced apoptosis (Frasca et al., 2006; Pierantoni et al., 2006),

enhancement of the expression of proteins involved in in-

flammation (Baron et al., 2010; Resar, 2010), and modulation

of genes involved in epithelialemesenchymal transition

(Tan et al., 2012; Wu et al., 2011). Since miRNAs have recently

emerged as important regulators of gene expression and
several studies demonstrate that the deregulation of their ex-

pression is involved in the process of carcinogenesis, we

aimed at the identification of the miRNAs whose expression

is dependent on the HMGA1 expression and, then, the defini-

tion of their role in cell transformation. For this purpose we

could take advantage of the availability in our laboratory of

an epithelial (representing the cell type from have origin the

large majority of human malignant neoplasias) cell system

where the malignant transformation is inhibited by the sup-

pression of the HMGA expression by antisense methodology.

Therefore, we analyzed the miRNA expression profile of nor-

mal thyroid cells and the same cells transformed by the v-

ras-Ki oncogene transfected or not with an antisense HMGA1

construct. The analysis of this experiment revealed the pres-

ence of several miRNAs whose expression depended on the

expression of v-ras-Ki oncogene. Among these miRNAs, seven

were modulated were by the expression of the HMGA1 pro-

teins. It is noteworthy that among the miRNAs overexpressed

in the v-ras-Ki-transformed cells we found miR-221 and miR-

21 that have been described as upregulated in several human

carcinomas (Garofalo et al., 2012; Volinia et al., 2006). Then,

among the HMGA1-dependent miRNAs we decided to focus

on the miR-10b and 603 since we found that their expression

was dependent on HMGA1 expression also in wild type and

Hmga1 null MEFs, and breast carcinoma cells, MCF7, overex-

pressing or not HMGA1. We, first, demonstrated that the reg-

ulation of miR-10b and miR-603 by the HMGA1 proteins is

direct, because the ChIP revealed that HMGA1 is able to bind

a region upstream these miRNAs. Then, we identified the tar-

gets of these miRNAs: CCND1 and CCND2 were the targets of

miR-603 and PTEN target of miR-10b. Indeed, these miRs

have amatched sequence in the 30-UTR sequences of the iden-

tified target genes, and their enforced expression decreases

levels of the proteins encoded by the target genes. This effect

seems due to an inhibition of the translation process since no

significant changes are observed in the CCND1 and CCND2 and

PTEN mRNA levels after miR-603 and miR-10b treatment. The

regulation of PTEN and cyclin D1/2 proteins by these miRNAs

certainly account for a role ofmiR-10b andmiR-603 dysregula-

tion in cell transformation. Indeed, PTEN has been identified

as a tumour suppressor gene that is mutated in a large num-

ber of cancers at high frequency (Li et al., 1997; Liaw et al.,

1997). CCND1 and CCND2 code for proteins belonging to the

highly conserved cyclin family that function as regulatory

subunits of CDK4 and CDK6, whose activity is required for

cell cycle G1/S transition that is frequently altered in cancer

(Li et al., 2006; Sicinski et al., 1996). Functional studies support

the role of the regulation of these mRNAs in cell transforma-

tion. Indeed, enforced expression of miR-10b promotes cell

proliferation with a decreased cell population in the G1 phase

of the cell cycle and enhances cell migration. Conversely, an

opposite effect is achieved when miR-603 is transfected.

Therefore, this studyprovides anovelmechanismbywhich

HMGA1 contributes tomalignant cell transformation, and sug-

gests different approaches to a cancer therapy based on the

block of the HMGA1 protein function. Indeed, this would be

possible by: a) directly acting on theseproteins; or b) increasing

the level of the miRNAs that have HMGA1 as target (D’Angelo

et al., 2012; Palmieri et al., 2012) or c)modifying themisexpres-

sion of the miRNAs that are modulated by HMGA1.
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