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A B S T R A C T

The IGF-I receptor (IGF-IR) is often overexpressed in cancer and is believed to play a crucial

role in cancer progression. High Mobility Group A1 (HMGA1) is a non-histone chromatin

protein that has the ability to regulate gene expression through DNA binding and involve-

ment in enhanceosome complexes. HMGA1 is expressed at low level in adult differentiated

cells, whereas it is expressed at high level in embryonic and malignant cells.

We evaluated whether the HMGA1 aberrant expression has a role in IGF-IR overexpres-

sion in cancer. We found that HMGA1 silencing induces a marked decrease in IGF-IR

expression in various human cancer cell lines. Conversely, forced HMGA1 overexpression

in cells with low endogenous HMGA1 levels was associated with IGF-IR upregulation.

HMGA1 silencing reduced igf-ir promoter activity whereas forced HMGA1 expression

increased it. Using the chromatin immunoprecipitation assay, HMGA1 protein was found

to bind to the igf-ir promoter. Moreover, HMGA1 was found to associate with both p53

and Sp1, two major regulators of igf-ir gene transcription and to antagonise the p53 inhib-

itory activity while enhancing the Sp1 stimulatory activity.

Our data indicate, therefore, that HMGA1 protein is a positive regulator of IGF-IR expres-

sion and that HMGA1 overexpression may contribute to IGF-IR dysregulation in cancer

cells.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Various lines of evidence indicate that the insulin-like growth

factor-I receptor (IGF-IR) plays a crucial role both in the regu-

lation of normal growth and development and in carcinogen-

esis.1 The IGF-IR role in development is exemplified by studies

carried out in transgenic igf-ir–/– mice, which show a markedly

reduced size at birth and die soon afterwards.2 Moreover, the
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IGF-IR plays a permissive role on cell transformation: igf-ir

knock-out mouse fibroblasts become unable to undergo

transformation by several oncogenes.3 In these fibroblasts

IGF-IR re-expression not only restores the ability to undergo

transformation in response to oncogenes but also induces li-

gand-dependent transformation if IGF-IR level exceeds a

threshold value.4 In agreement with these findings, malignant

cells often overexpress the IGF-IR.5 Finally, epidemiological
.
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studies indicate that circulating levels of bioactive IGF-I above

normal levels or just at the upper quartile of the normal range

are associated with an increased risk of developing various

common malignancies.6 Taken together, these studies indi-

cate that the IGF-IR plays a crucial role in cancer biology5

and justify the fact that the IGF-IR has become an important

target for anticancer therapies.7,8

The mechanisms causing deregulated IGF-IR expression in

cancer are incompletely understood.9,10 In both physiological

and pathological conditions the level of IGF-IR expression is

primarily determined at the transcriptional level.9 The igf-ir

promoter region belongs to the class of TATA-less promoters

and contains multiple GC boxes, potential binding sites for

Sp1 and a transcription factor involved in igf-ir promoter con-

stitutive activity. In addition, the promoter region includes

binding sequences for the Wilms’ tumour suppressor,

WT1.11 Finally, nuclear factors, such as p53 and Breast Cancer

1 (BRCA1), negatively regulate igf-ir transcription, in part

through a functional interaction with Sp1.11,12 Oncogenic

counterparts of these nuclear factors may represent possible

mechanisms for IGF-IR dysregulation in cancer.9

The High Mobility Group A (HMGA, i.e. HMGA1 and

HMGA2) proteins are non-histone chromatin proteins that

function as both positive and negative regulators of gene

transcription.13 These proteins may regulate gene transcrip-

tion not only by direct binding to the minor groove of DNA

and affecting DNA structure but also by binding to a variety

of transcription factors and participating to the formation of

multiprotein enhanceosome complexes.13,14 Several lines of

evidence led us to postulate that the HMGA proteins could

be involved in igf-ir regulation. HMGA proteins are expressed

at low level in differentiated adult cells but at very high level

in embryonic and cancer cells,13–15 and have been causally re-

lated to cell growth and to the malignant/metastatic pheno-

type. HMGA expression increases when cells are induced to

proliferate.13 In MCF-7 breast cancer cells forced overexpres-

sion of HMGA1 induced a gene expression programme com-

patible with dedifferentiation and epithelial-mesenchymal

transition,16 while HMGA1 silencing reverted the malignant

phenotype in thyroid cancer cells.17 Finally, HMGA1 has been

implicated in the regulation of the insulin receptor gene (ir),18

which is closely related to the igf-ir gene, although subjected

to different regulation and expression patterns.19–21

In the present study we show that HMGA1 protein is a po-

sitive regulator of igf-ir gene expression and that it may con-

tribute to IGF-IR overexpression in cancer cells.

2. Materials and methods

2.1. Cell cultures

The human hepatoblastoma cells HepG2 and the human

embryonic kidney cells, HEK293 and HEK293T, were from

ATCC (Manassas, VA). HepG2 were grown in MEM, while

HEK293 and HEK293T were grown in Dulbecco’s modified Ea-

gle’s medium (DMEM). Papillary thyroid cancer cells TPC-1

were provided by Drs. A. Fusco and M. Santoro (Naples, Italy)

and anaplastic thyroid cancer cells SW1736 were provided by

Dr. N.E. Heldin (Uppsala, Sweden). Both these cell lines were

grown in RPMI 1640. The human osteosarcoma cell line Saos2
was provided by Dr. J.Y. Wang (La Jolla, CA) and was cultured

in DMEM. Media were supplemented with 10% (v/v) FBS.

2.2. Gene silencing by siRNA

Cells plated onto six-well plates were transiently transfected

with either scramble small interfering RNA (siRNA) or a mix-

ture of four HMGA1 siRNAs at 100 nM final concentration

(Dharmacon Research, Inc., Lafayette, CO), using Lipofect-

amine 2000 (Invitrogen, Pasley, UK). Forty-eight hours after

transfection, the cells were lysated and analysed by Western

blot.

2.3. Western blotting analysis

Cell lysates prepared from either untransfected or transiently

transfected cells were subjected to SDS–PAGE. The resolved

proteins were transferred to nitrocellulose membranes and

were subjected to Western blot. Results were revealed by the

ECL method (Amersham, Little Chalfont, UK), and analysed

by densitometry. The following antibodies were used: anti-

p53 monoclonal antibody DO-1, anti-Sp1 polyclonal antibody

and anti-IGF-IR b-subunit polyclonal antibody (Santa Cruz Bio-

technology, Santa Cruz, CA), anti-IR b-subunit polyclonal anti-

body (Transduction Laboratories, Lexington, KY, USA) and

anti-b-actin antibody (Sigma, St. Louis, MO). Anti-HMGA1

polyclonal antibodies were obtained as previously described.22

For immunoprecipitation experiments, 1 mg of cell lysate

was incubated for 2 h with 2 lg of antibody and protein G-Se-

pharose (GE Healthcare, Buckinghamshire, UK). Anti-p53 anti-

body DO-1, anti-Sp1 and anti-HMGA1 antibodies were used

for immunoprecipitation.

2.4. Transient transfection and reporter assays

To assess the effect of HMGA1 on igf-ir promoter activity,

HEK293 and Saos2 cells were transiently transfected with a

HA-HMGA1 construct (in pcDNA3), as previously described.23

The concomitant effect of p53 and Sp1 was studied by trans-

fecting cells with constructs encoding for the human p53 (HA-

pcDNA-p53) and human Sp1. We used two different igf-ir pro-

moter reporters: one including 476 bp of 5 0-flanking and

640 bp of 5 0-untranslated regions of the igf-ir gene [p(–476/

+640) luciferase] (representing the proximal igf-ir promoter)

and a second one containing a minimal igf-ir promoter frag-

ment, p(–40/+640) Luc.24

Cells seeded in 24-well plates were cotransfected with

0.3 lg of the igf-ir promoter reporter along with 0.2 lg of the

HA-HMGA1 expression vector (or empty HA-pcDNA3) unless

otherwise indicated, and with 0.2 lg of the p53 and Sp1

expression plasmids. The cells were lysed and processed

according to the manufacturer’s instructions (Promega Corp.,

Madison, WI). Luciferase activity was normalised for transfec-

tion efficiency using a vector coding for the Renilla gene.

2.5. Chromatin immunoprecipitation (ChIP) studies

HEK293T cells were transfected with a HMGA1 expression

vector (HA-HMGA1, 6 lg) (or with empty HA-pcDNA3 vector,

for control purposes), using the Jet-PEI transfection reagent



Fig. 1 – HMGA1 silencing and overexpression regulate IGF-IR

expression in cells with wild-type p53. (A) HepG2 and TPC-1

cells were transfected with HMGA1 siRNAs (Si); (B) HEK293

cells were transfected with either HMGA1 siRNAs (Si) or

a HMGA1 expression plasmid (HMG), as described in

Section 2. Cells left untransfected (wt) or transfected with

scramble siRNAs (Sr) were used as controls. Forty-eight

hours after transfection, the cells were lysed and analysed

by Western blot for the expression of HMGA1, IGF-IR and IR.

The same blots were probed with an anti-b-actin antibody to

check for protein loading. Blots are representative of three

independent experiments.
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(Polyplus, Illkirch, France). Forty-eight hours after transfec-

tion the cells were incubated with formaldehyde (1% final

concentration) for 10 min at room temperature. At the end

of the incubation period, the cells were washed twice and har-

vested using ice-cold phosphate-buffered saline. Pelleted cells

were resuspended in 1% SDS (w/v) containing buffer, incu-

bated on ice for 10 min and sonicated for 6 min (pulse time:

30 s and rest time: 30 s). The cell extracts were then immuno-

precipitated with anti-HA for 18 h at 4 �C. For PCR analysis of

HA-immunoprecipitated chromatin, a set of primers encom-

passing the IGF-IR proximal promoter region (nt –486 to

+287) was employed: sense, CCAGCCGCGCTGTTGTTG and

anti-sense, GGCTCGCTGAAGGTCACAG. PCR was performed

using the TermalAce� DNA polymerase reagent (Invitrogen).

As a positive control (input DNA), the PCR was performed

using lysates of transfected cells that were not immunopre-

cipitated with HA. As a negative control, the PCR was per-

formed in the absence of DNA.

2.6. Cell growth studies

TPC-1 cells transfected with siRNAs against HMGA1 or scram-

ble siRNAs or untransfected were seeded in 96-well plates.

After 12 h of serum starvation, insulin or IGF-I (10 nM) was

added. Cell growth was measured after 48 h by the MTT assay

(Amersham Pharmacia Biotech). Cell proliferation was also

evaluated using a time-resolved fluorometric immunoassay

based on the incorporation of 5-bromo-2-deoxyuridine (BrdU)

into newly synthesised DNA. BrdU (10 lM) was added during

the last 6 h of ligand incubation. Incorporated BrdU was de-

tected using europium-labelled monoclonal antibody and

fluorescence activity was measured by the multilabel counter

Wallac 1420 VICTOR3 (Perkin–Elmer).

2.7. Statistical analysis

Differences between means were analysed by the Student’s t-

test for paired samples. A P-value < 0.05 was considered sta-

tistically significant. Statistical analysis was performed with

GraphPad Prism 4 software (GraphPad Software, Inc., La Jolla,

CA).

3. Results

3.1. HMGA1 regulates IGF-IR expression in cultured
human cancer cells

To avoid the possible interference of mutated p53 which

might cause IGF-IR overexpression in cancer cells, we first

studied HMGA1 silencing in HepG2 and TPC-1 cells, both

expressing wild-type p53 and characterised by relatively high

IGF-IR and IR content25,26 and by the ability to respond to IGF-I

with biological effects.

HepG2 and TPC-1 cells were transfected either with specific

siRNAs against HMGA1 or with scramble control siRNA. The

expression of HMGA1, IGF-IR and IR proteins was then evalu-

ated in transfected cells by immunoblotting. In both HepG2

and TPC-1, cell transfection with HMGA1 siRNAs induced a

marked reduction of HMGA1 protein (to 28 ± 4% and 33 ± 6%

of control values, in HepG2 and TPC-1, respectively) (Fig. 1A).
HMGA1 silencing was associated with a parallel decrease of

IGF-IR expression (to 61 ± 4% and 56 ± 7% of control values,

respectively; P < 0.001) (Fig. 1A) and with a similar reduction

of IR expression (to 64.4 ± 5% and 56.6 ± 4% of control values,

in HepG2 and in TPC-1, respectively; P < 0.001) (Fig. 1A).

We then evaluated whether HMGA1 regulates IGF-IR

expression both negatively and positively. To this aim we

studied HEK293 cells, which express HMGA1 protein at a low-

er level than HepG2 or TPC-1, thus allowing us to evaluate not

only the effect of HMGA1 silencing but also the effect of

HMGA1 overexpression. HEK293 cells were transfected with

either HMGA1 siRNA or a HMGA1 expression vector and

IGF-IR and IR content was evaluated by immunoblotting. As

shown in Fig. 1B, IGF-IR expression was substantially reduced

(to 80 ± 6% of control values, P < 0.004) by HMGA1 silencing

while it was markedly increased (to 216 ± 14% of control val-

ues, P < 0.001) by HMGA1 overexpression. IR expression fol-

lowed a similar pattern than IGF-IR: it was reduced to

46 ± 7% (P < 0.001) after HMGA1 silencing and increased to

184 ± 12% (P < 0.002) after HMGA1 overexpression.
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3.2. HMGA1 regulates IGF-IR expression also in human
cancer cells bearing a null p53 mutation

In order to evaluate whether HMGA1 regulates IGF-IR expres-

sion independently of the presence of p53, we studied two

human cancer cell lines null for p53. SW1736 cells, which

express a high level of HMGA1, were transfected with

HMGA1 siRNA. HMGA1 silencing caused a significant de-

crease of the IGF-IR protein expression (to 65 ± 8 of control

values; P < 0.05). A similar, more marked effect was observed

on the IR (decreased to 11 ± 4% of control values, P < 0.001)

(Fig. 2).

In contrast to SW1736 cells, Saos2 cells are characterised

by low endogenous levels of HMGA1. These cells were then

transfected with increasing doses of a HMGA1 expression

plasmid. Forced expression of HMGA1 resulted in a dose-

dependent IGF-IR upregulation with a maximal increase to

198 ± 22% of control values (P < 0.001) (Fig. 2). IR expression

followed a similar pattern with a more marked maximal in-

crease to 281 ± 27% of control values (P < 0.001) (Fig. 2).

These results indicate that HMGA1 may modulate IGF-IR

expression also independently of p53.

3.3. Mechanisms of IGF-IR expression regulation by
HMGA1 protein

We then studied the mechanisms of IGF-IR regulation by

HMGA1. First, HEK293 cells were transfected with either the

proximal IGF-IR promoter, p(–476/+640) Luc or a minimal igf-

ir promoter fragment, p(–40/+640) Luc, both fused to the lucif-

erase reporter gene in the presence or absence of HMGA1 siR-

NA (either 25 or 100 nM). HMGA1 silencing reduced the igf-ir

promoter activity in a dose-dependent manner. The effect of
Fig. 2 – HMGA1 silencing and overexpression regulates IGF-

IR expression in cells null for p53. SW1736 (left panel) were

transfected with HMGA1 siRNAs (Si), whereas Saos2 cells

(right panel) were transfected with increasing doses of

HMGA1 expression plasmid, as described in Section 2. Cells

left untransfected (wt) or transfected with scramble siRNAs

(Sr) were used as controls. Forty-eight hours after transfec-

tion, the cells were lysed and analysed by Western blot for

HMGA1, IGF-IR and IR expressions. The same blots were

probed with an anti-b-actin antibody to check for protein

loading. Blots are representative of three independent

experiments.
HMGA1 transfection was more marked when using the prox-

imal promoter (approximately 50% decrease after 100 nM siR-

NA) with respect to cells transfected with the –40/+640

promoter fragment (approximately 20% reduction after

100 nM siRNA) (Fig. 3A).

Second, we studied whether HMGA1 protein may modu-

late the p53 negative regulatory activity on igf-ir promoter.

To this aim we used p53 null Saos2 cells, which have a low le-

vel of endogenous HMGA1. Saos2 cells were transfected with

the proximal igf-ir promoter reporter and promoter activity

was then evaluated in cells cotransfected with either HMGA1

alone or in combination with p53. Transfection with HMGA1

alone increased igf-ir promoter activity by approximately

25%, while transfection with p53 alone reduced the promoter

activity to less than 50%. When p53 was cotransfected with

increasing HMGA1 concentrations, HMGA1 titrated the inhib-

itory effect of p53 up to the dose of 0.2 lg/dish, when it abol-

ished the effect of p53 (Fig. 3B).

We then evaluated whether increasing HMGA1 protein

could also affect the positive regulatory activity of Sp1 on

igf-ir promoter. Sp1 stimulated igf-ir promoter activity by

+62 ± 15%. Sp1 activity was blocked by cotransfection with

wild-type p53, while it was enhanced by the cotransfection

with HMGA1 (Fig. 3C). In the same set of experiments, p53-

mediated inhibition of igf-ir promoter activity was antagon-

ised by both Sp1 and HMGA1 to a similar extent (Fig. 3C). Ta-

ken together, these data suggest that HMGA1 may enhance

igf-ir promoter activity by both antagonising p53 and potenti-

ating Sp1 activity.

3.4. HMGA1 interacts with both Sp1 and p53

We then studied whether HMGA1 protein physically inter-

acts with either Sp1 or p53 or both. To this aim, we cotrans-

fected HEK293 cells with HMGA1, Sp1 and p53 expression

vectors. The cells were then lysed, immunoprecipitated with

either anti-p53 or anti-Sp1 and immunoblotted with an anti-

HMGA1 antibody. As shown in Fig. 4A, HMGA1 protein spe-

cifically coimmunoprecipitated with both p53 and Sp1. Data

were confirmed by immunoprecipitating cell lysates with

either an anti-HMGA1 or an anti-p53 antibody and immuno-

blotting with an anti-Sp1 antibody (Fig. 4B), and by immuno-

precipitating cell lysates with either an anti-Sp1 or an anti-

HMGA1 antibody and immunoblotting with an anti-p53 anti-

body (Fig. 4C).

3.5. HMGA1 interacts with the igf-ir promoter

To provide direct evidence that the HMGA1 protein interacts

with the igf-ir promoter, we used the chromatin immunopre-

cipitation analysis (ChIP). HEK293T cells were transfected

with either a HMGA1-encoding expression vector (HA-

HMGA1) or the corresponding empty vector (HA-pcDNA3).

The cells were then cross-linked with formaldehyde, lysed,

sonicated and immunoprecipitated with a HA antibody, fol-

lowed by PCR amplification of the IGF-IR promoter DNA

(773 bp). As shown in Fig. 5, a specific signal was clearly pres-

ent in the immunoprecipitated material of HMGA1-transfec-

ted, but not of pcDNA3-transfected cells, indicating that

HMGA1 binds in vivo to the IGF-IR promoter.



Fig. 3 – IGF-IR promoter activity in Saos2 cells transfected with either HMGA1 or p53 or Sp1 or with different combinations of

the transfectants. (A) HEK293 cells were transfected either with the proximal igf-ir promoter, p(–476/+640) Luc, or with the

minimal igf-ir promoter fragment, p(–40/+640) Luc, both fused to the luciferase reporter gene in the presence or absence of

HMGA1 siRNA (25 or 100 nM). HMGA1 silencing caused a dose-dependent reduction of igf-ir promoter activity, which was

more marked when using the proximal promoter than when using the minimal promoter fragment. (B) p53 null Saos2 cells,

characterised by low levels of endogenous HMGA1, were transfected with a proximal igf-ir promoter construct in the presence

or absence of a HMGA1 expression vector and of a wild-type p53 construct, as indicated. Transfection with HMGA1 increased

igf-ir promoter activity while transfection with p53 decreased it. The inhibitory effect of p53 was progressively impaired by

cotransfection with increasing HMGA1 concentrations. (C) Saos2 cells were transfected with constructs encoding for the

proximal igf-ir promoter, wild-type p53 and Sp1, separately or in combination. Transfection with either HMGA1 or Sp1 alone

increased IGF-IR promoter activity, while p53 antagonised it. Cotransfection with HMGA1 increased the stimulating effect of

Sp1 while counteracting the inhibitory effect of p53. Data are the mean ± SE of three separate experiments. *P < 0.01;
**P < 0.002; and ***P < 0.0001.
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3.6. HMGA1 silencing inhibits the growth response to IGF-
I and insulin

In order to evaluate the biological relevance of IGF-IR down-

regulation by HMGA1 silencing, we studied TPC-1 cell growth.

Cells were exposed to 10 nM IGF-I and the growth was mea-

sured by both MTT assay and BrdU incorporation. In control

cells, IGF-I increased cell growth by approximately 50% over

basal. HMGA1 silencing reduced basal cell growth by approx-

imately 30% and abolished the growth response to IGF-I. Fig. 6

shows data obtained by MTT assay. Very similar data were ob-

served by measuring BrdU incorporation (data not shown).

Results similar to IGF-I stimulation were observed with insu-

lin stimulation (Fig. 6).
4. Discussion

Herein we show that HMGA1 protein is a positive regulator

of igf-ir transcription and that HMGA1 silencing markedly re-

duces IGF-IR expression in a variety of cancer cells. HMGA1

protein, present at low level in adult differentiated cells, is

usually expressed at high level in cancer cells, where it con-

tributes to the maintenance of the malignant/metastatic

phenotype.13,15,16 HMGA1 may represent, therefore, one

important factor driving IGF-IR overexpression in cancer

cells.

HMGA1 enhances IGF-IR promoter activity and protein

expression by multiple mechanisms. One mechanism in-

volves p53, which is a major negative regulator of igf-ir



Fig. 4 – HMGA1 protein associates with both p53 and Sp1.

HEK293 cells were cotransfected with HMGA1, p53 and Sp1

expression vectors. Forty-four hours after transfection, the

cells were lysed and immunoprecipitated with either an

anti-p53 or an anti-Sp1 or an anti-HMGA1 antibody and

analysed by Western blot. Control samples were immuno-

precipitated with an unrelated antibody (C). (A) Filters were

blotted with an anti-HMGA1 antibody; HMGA1 (HMGA)

protein was found to coimmunoprecipitate with both p53

and Sp1. (B) When the filters were blotted with an anti-Sp1

antibody, Sp1 was found to associate with both HMGA1 and

p53. (C) The filters were blotted with an anti-p53 antibody;

p53 were found to coimmunoprecipitate with both Sp1 and

HMGA1. Blots are representative of three independent

experiments.

Fig. 5 – ChIP analysis of HMGA1 interaction with the igf-ir

promoter. ChIP analysis of HMGA1 protein binding to the

igf-ir promoter DNA. HEK293T cells, transfected with either

HA-HMGA1 or control HA-pcDNA3 plasmids, were cross-

linked with formaldehyde, lysed, sonicated and immuno-

precipitated with a anti-HA antibody, followed by PCR

amplification of precipitated chromatin using primers

encompassing the igf-ir promoter. The position of the

773 bp-amplified fragment is indicated. The input bands

represent the amplified PCR products in the absence of

antibodies.

Fig. 6 – HMGA1 silencing inhibits cell growth response to

both IGF-I and insulin. TPC-1 cells were transfected with

either scramble siRNA or HMGA1 siRNA, as described in

methods. Untransfected (wt) or transfected cells were then

exposed to either IGF-I or insulin (10 nM) for 48 h and their

growth was evaluated by MTT assay. HMGA1 silencing

inhibited basal TPC-1 cell growth by approximately 30% and

abolished cells growth after stimulation by either IGF-I or

insulin. Data are the mean ± SE of three separate experi-

ments. Data are the mean ± SE of three separate experi-

ments. **P < 0.002 and ***P < 0.0001.
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transcription. Indeed, inactivating p53 mutations has been

implicated as a potential mechanism for IGF-IR dysregula-

tion in cancer cells.19 We find that HMGA1 protein associ-

ates with p53 and impairs the p53 inhibiting effect on the

igf-ir promoter in a dose-dependent manner. These findings

are in close agreement with previous studies showing that

HMGA1 protein interacts with the oligomerisation domain

of p53 and inhibits p53 apoptotic activity by impairing its

ability to oligomerise into functionally active tetramers.27,28
These studies also showed that HMGA1 silencing leads to

increased p53 transcriptional activity.27 Therefore, HMGA1

overexpression may enhance igf-ir gene transcription by

causing p53 functional inactivation. Conversely, HMGA1

reduction may cause a parallel decrease of IGF-IR expres-

sion through an increase of p53 transcriptional activity.

HMGA1 protein, however, is also able to increase igf-ir gene

transcription and protein expression in p53 null cancer

cells, such as Saos2 cells. This finding may be explained

by the HMGA1 ability to induce allosteric changes in the

regulated promoter regions, thus facilitating the assembly

of transcriptional multiprotein complexes and stabilising

protein–protein and protein–DNA interactions.13 Indeed,

using the ChIP assay, we found that HMGA1 protein binds

to the igf-ir promoter. We also found that HMGA1 protein

binds Sp1 and enhances its activating effect on the igf-ir

promoter. Therefore, an additional mechanism for en-

hanced IGF-IR gene transcription by HMGA1 may involve

DNA binding and stabilisation of transcriptional complexes

containing Sp1. In keeping with these findings, the enhanc-

ing effect of HMGA1 protein was maximal when using the

proximal igf-ir promoter, containing several Sp1 sites, while

it was lower when using the minimal igf-ir promoter frag-

ment, lacking Sp1 sites.

The IGF-IR is a close homologue of the IR, which has a pre-

dominant role in glucose homeostasis.29 The IR is also overex-

pressed in cancer cells, predominantly as isoform A (IR-A),

which is a high affinity receptor for both insulin and IGF-

II.21,30 Previous work indicates that ir transcription is posi-

tively regulated by HMGA1 protein,18 and although ir tran-

scriptional control is different from that of igf-ir, both genes

share some common regulatory factors, such as p53 and

Sp1.19,20 Now we show that HMGA1 silencing and overexpres-

sion have similar effects on IGF-IR and IR protein expression

in a variety of transformed cells. We also found that HMGA1

silencing slightly reduce growth in unstimulated cells and
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completely abolish cell growth in response to IGF-I and

insulin.

In summary, our data indicate that HMGA1 protein binds

to the igf-ir promoter and regulates igf-ir transcription

through multiple mechanisms. The high levels of HMGA1 pro-

tein in transformed cells may contribute to IGF-IR and IR dys-

regulation in cancer and may become a target for therapies

aimed at reducing malignant cell response to IGFs and

insulin.

Conflict of interest statement

None declared.

Role of funding sources

The funding sources had no role, in the study design; in the

collection, analysis and interpretation of data; in the writing

of the manuscript and in the decision to submit the manu-

script for publication.
Acknowledgements

This work was supported in part by grants from the Associaz-

ione Italiana per la Ricerca sul Cancro (AIRC) to A.B., R.V. and

G.M., and from PRIN-MIUR, grants 2005055874-002 and

2005063915-004.
R E F E R E N C E S
1. Baserga R, Peruzzi F, Reiss K. The IGF-1 receptor in cancer
biology. Int J Cancer 2003;107(6):873–7.

2. Liu JP, Baker J, Perkins AS, Robertson EJ, Efstratiadis A. Mice
carrying null mutations of the genes encoding insulin-like
growth factor I (Igf-1) and type 1 IGF receptor (Igf1r). Cell
1993;75(1):59–72.

3. Sell C, Dumenil G, Deveaud C, et al. Effect of a null mutation
of the insulin-like growth factor I receptor gene on growth
and transformation of mouse embryo fibroblasts. Mol Cell Biol
1994;14(6):3604–12.

4. Rubini M, Hongo A, D’Ambrosio C, Baserga R. The IGF-I
receptor in mitogenesis and transformation of mouse
embryo cells: role of receptor number. Exp Cell Res
1997;230(2):284–92.

5. LeRoith D, Roberts Jr CT. The insulin-like growth factor
system and cancer. Cancer Lett 2003;195(2):127–37.

6. Pollak MN, Schernhammer ES, Hankinson SE. Insulin-like
growth factors and neoplasia. Nat Rev Cancer
2004;4(7):505–18.

7. Hofmann F, Garcia-Echeverria C. Blocking the insulin-like
growth factor-I receptor as a strategy for targeting cancer.
Drug Discov Today 2005;10(15):1041–7.

8. Pandini G, Wurch T, Akla B, et al. Functional responses and
in vivo anti-tumour activity of h7C10: a humanised
monoclonal antibody with neutralising activity against the
insulin-like growth factor-1 (IGF-1) receptor and insulin/IGF-1
hybrid receptors. Eur J Cancer 2007;43(8):1318–27.

9. Werner H, Maor S. The insulin-like growth factor-I
receptor gene: a downstream target for oncogene and
tumor suppressor action. Trends Endocrinol Metab
2006;17(6):236–42.

10. Belfiore A, Frasca F. IGF and insulin receptor signaling in
breast cancer. J Mammary Gland Biol Neoplasia
2008;13(4):381–406.

11. Idelman G, Glaser T, Roberts Jr CT, Werner H. WT1–p53
interactions in insulin-like growth factor-I receptor gene
regulation. J Biol Chem 2003;278(5):3474–82.

12. Maor S, Yosepovich A, Papa MZ, et al. Elevated insulin-like
growth factor-I receptor (IGF-IR) levels in primary breast
tumors associated with BRCA1 mutations. Cancer Lett
2007;257(2):236–43.

13. Cleynen I, Van de Ven WJ. The HMGA proteins: a myriad of
functions (review). Int J Oncol 2008;32(2):289–305.

14. Reeves R. Molecular biology of HMGA proteins: hubs of
nuclear function. Gene 2001;277(1–2):63–81.

15. Fusco A, Fedele M. Roles of HMGA proteins in cancer. Nat Rev
Cancer 2007;7(12):899–910.

16. Reeves R, Edberg DD, Li Y. Architectural transcription factor
HMGI(Y) promotes tumor progression and mesenchymal
transition of human epithelial cells. Mol Cell Biol
2001;21(2):575–94.

17. Scala S, Portella G, Fedele M, Chiappetta G, Fusco A.
Adenovirus-mediated suppression of HMGI(Y) protein
synthesis as potential therapy of human malignant
neoplasias. Proc Natl Acad Sci USA 2000;97(8):4256–61.

18. Foti D, Iuliano R, Chiefari E, Brunetti A. A nucleoprotein
complex containing Sp1, C/EBP beta, and HMGI-Y controls
human insulin receptor gene transcription. Mol Cell Biol
2003;23(8):2720–32.

19. Ohlsson C, Kley N, Werner H, LeRoith D. P53 regulates insulin-
like growth factor-I (IGF-I) receptor expression and IGF-I-
induced tyrosine phosphorylation in an osteosarcoma cell
line: interaction between p53 and Sp1. Endocrinology
1998;139(3):1101–7.

20. Webster NJ, Resnik JL, Reichart DB, et al. Repression of the
insulin receptor promoter by the tumor suppressor gene
product p53: a possible mechanism for receptor
overexpression in breast cancer. Cancer Res
1996;56(12):2781–8.

21. Belfiore A, Frasca F, Pandini G, Sciacca L, Vigneri R. Insulin
receptor isoforms and insulin receptor/insulin-like growth
factor receptor hybrids in physiology and disease. Endocrinol
Rev 2009;30(6):586–623.

22. Chiappetta G, Bandiera A, Berlingieri MT, et al. The
expression of the high mobility group HMGI (Y) proteins
correlates with the malignant phenotype of human thyroid
neoplasias. Oncogene 1995;10(7):1307–14.

23. Sgarra R, Lee J, Tessari MA, et al. The AT-hook of the
chromatin architectural transcription factor high mobility
group A1a is arginine-methylated by protein arginine
methyltransferase 6. J Biol Chem 2006;281(7):3764–72.

24. Werner H, Bach MA, Stannard B, Roberts Jr CT, LeRoith D.
Structural and functional analysis of the insulin-like growth
factor I receptor gene promoter. Mol Endocrinol
1992;6(10):1545–58.

25. Pandini G, Vigneri R, Costantino A, et al. Insulin and insulin-
like growth factor-I (IGF-I) receptor overexpression in breast
cancers leads to insulin/IGF-I hybrid receptor overexpression:
evidence for a second mechanism of IGF-I signaling. Clin
Cancer Res 1999;5(7):1935–44.

26. Vella V, Pandini G, Sciacca L, et al. A novel autocrine loop
involving IGF-II and the insulin receptor isoform-A stimulates
growth of thyroid cancer. J Clin Endocrinol Metab
2002;87(1):245–54.

27. Frasca F, Rustighi A, Malaguarnera R, et al. HMGA1 inhibits
the function of p53 family members in thyroid cancer cells.
Cancer Res 2006;66(6):2980–9.



1926 E U R O P E A N J O U R N A L O F C A N C E R 4 6 ( 2 0 1 0 ) 1 9 1 9 – 1 9 2 6
28. Pierantoni GM, Rinaldo C, Esposito F, et al. High
Mobility Group A1 (HMGA1) proteins interact with p53
and inhibit its apoptotic activity. Cell Death Differ
2006;13(9):1554–63.

29. Ullrich A, Gray A, Tam AW, et al. Insulin-like growth factor I
receptor primary structure: comparison with insulin receptor
suggests structural determinants that define functional
specificity. Embo J 1986;5(10):2503–12.

30. Frasca F, Pandini G, Scalia P, et al. Insulin receptor isoform A,
a newly recognized, high-affinity insulin-like growth factor II
receptor in fetal and cancer cells. Mol Cell Biol
1999;19(5):3278–88.


	HMGA1 protein is a positive regulator of the insulin-like growth factor-I receptor gene
	Introduction
	Materials and methods
	Cell cultures
	Gene silencing by siRNA
	Western blotting analysis
	Transient transfection and reporter assays
	Chromatin immunoprecipitation (ChIP) studies
	Cell growth studies
	Statistical analysis

	Results
	HMGA1 regulates IGF-IR expression in cultured human cancer cells
	HMGA1 regulates IGF-IR expression also in human cancer cells bearing a null p53 mutation
	Mechanisms of IGF-IR expression regulation by HMGA1 protein
	HMGA1 interacts with both Sp1 and p53
	HMGA1 interacts with the igf-ir promoter
	HMGA1 silencing inhibits the growth response to IGF-I and insulin

	Discussion
	Conflict of interest statement
	Role of funding sources
	Acknowledgements
	References


