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Abstract 

High Mobility Group A (HMGA1a, HMGA1b and HMGA2) proteins are architectural nuclear 

factors, physiological expressed during embryonic development and re-expressed at high levels 

following neoplastic transformation, playing essential functions in both these processes thanks to 

their particular plasticity and consequently multifunctionality. HMGA are involved in a wide 

number of cellular processes, including Epithelial-Mesenchymal Transition (EMT), a biologic 

developmental process characterized by the conversion of epithelial cells to motile mesenchymal 

ones, with increased capacity of migration and invasion. EMT plays a key role during the 

progression of different tumours, including breast cancer and also HMGA have been linked to these 

processes in the acquisition of tumourigenic features. Consequently taking advantage of different 

breast cancer cell lines to recreate an "EMT model" we have investigated the role of HMGA 

proteins in EMT and breast carcinoma. We have developed a cellular model, stable for the over-

expression of HMGA1 using the human breast cancer cell line MCF7. We have explored different 

aspects of tumourigenesis, performing transwell migration and invasion assays, demonstrating that 

cells with high levels of HMGA1 migrate and invade at a higher and significant level in comparison 

to control cells. Moreover this data was also confirmed with the development of an inducible cell 

line for HMGA1 over-expression. Therefore we have examined the expression status of different 

genes, including several specific EMT markers at mRNA level with Real Time PCR, observing a 

pre-malignant change towards mesenchymal status. We have investigated the response after DNA 

damage induced by doxorubicin drug, by colony formation assay, demonstrating that HMGA1 over-

expressing cells confer a survival advantage to the cells, being able to survive and form a significant 

higher number of colonies in respect to control cells. Therefore to study deeper the role of HMGA 

in EMT, we have developed other two cellular systems, a human cellular model of EMT in MDA-

MB-468 human breast carcinoma cells treated with Epidermal Growth Factor (EGF) and the well 

known EMT model, elicited by Transforming Growth Factor-β (TGF-β) in murine mammary 

epithelial NMuMG cells, in which HMGA2 is functionally determinant. We have demonstrated by 

Real Time PCR of EMT markers, Western Blot analyses and immunofluorescence the effective 

reliability of these cellular models, confirmed also by a dramatic change in morphology of treated 

cells, towards a mesenchymal phenotype. Concluding we have interestingly observed that over-

expression of HMGA1 could confer some tumourigenic features (i.e. migration, invasion) and 

survival advantage to the cells in the MCF7 model after a cellular DNA damage induction; 

therefore we have different suggestions that HMGA are involved in EMT in other different cellular 

models. 
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1. INTRODUCTION 

 

The eukaryotic nucleus is recognized as a highly organized and orchestrated organelle, which 

structural and functional frameworks are the reflection of the dynamically genome organization. 

Nuclear interactions, in particular inside chromatin between DNA and proteins, could influence 

fundamental cellular processes such as for example transcription, replication and DNA repair. 

Deeper the integrated platform of chromatin functions is able to process a variety of endogenous 

and exogenous signals, which are transformed into operational instructions for the accessibility, 

retrieval and execution of the biological programs, that are stored as four-letter information in the 

genome of eukaryotes (Bianchi and Agresti, 2005). DNA and the core histones (H2A, H2B, H3 and 

H4) make up the basic chromatin unit, the nucleosome, linked together with DNA by histone H1. 

Nucleosomes are modified, "remodelled" and organized into high-order structures by diverse 

protein complexes, histone and non histone-related.  

The High Mobility Group (HMG) proteins are considered one of the most abundant and well 

characterized non-histone chromosomal proteins, and they are defined as "architectural transcription 

factors" (Hock et al., 2007), that organize chromatin by appropriately bending and plasticizing 

DNA, recognizing DNA structure rather than sequence. These proteins, discovered more than 30 

years ago (Goodwin et al., 1973), are acid extractable in 5% perchloric and trichloroacetic acid, 

typically characterized by low molecular weight (< 30kDa) and high content of charged amino 

acids. They bind to chromatin in a dynamic and reversible way and modify the structure of both 

DNA and their partners, facilitating the assembly of DNA-protein complexes; in fact their 

intrinsically disordered status confers them an unusual plasticity in contacting molecular partners 

(Sgarra et al., 2010). HMGs compete with histone H1 for chromatin binding sites and affect its 

dynamics. The HMG-H1-nucleosome web of interactions might provide flexibility to chromatin 

structure and, most importantly, a fine tuning of gene transcription in response to rapid 

environmental changes (Bianchi and Agresti, 2005). HMG proteins have subdivided into three 

subfamilies in respect to the functional sequence motif they contain:  

1. HMGA proteins contain AT-hooks: nine amino acid segments that are unstructured in solution 

but bind AT-rich stretches in the minor groove B-form of DNA; 

2. HMGB proteins contain HMG Boxes: 80 amino acid domains that bind into the minor groove of 

DNA with limited or no sequence specificity; 

3. HMGN proteins bind inside Nucleosomes, between the DNA spires and the histone octamer 

(Bianchi and Agresti, 2005). 

This Thesis work will concentrate on HMGA proteins subfamily 
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1.1 HMGA subfamily: gene structure and proteins 

HMGA proteins were discovered for the first time in Hela cells in 1983 (Lund et al., 1983). HMGA 

proteins occur widespread in nature and homologous for the human have been found in yeast, 

insects, plants and birds, as well as in all mammalian species. The mammalian HMGA family 

consists of two functional members, HMGA1 and HMGA2. Human HMGA1 gene is mapped on 

chromosome 6 (6p21) and mouse gene on chromosome 17. The human HMGA1 gene contains eight 

exons, which are distributed over a region of about 10 kb, whereas the mouse orthologue contains 

six exons spanning about 7 kb. The human HMGA2 gene is located at chromosomal locus 12q14-15 

and contains at least five exons dispersed over a genomic region of more than 160 kb, whereas the 

mouse orthologue is located at the pigmy locus on chromosome 10 and contains five exons 

spanning more than 110 kb (Cleynen and van de Ven, 2008). Alternative splicing of the HMGA1 

gene transcript gives rise to three mRNA encoding HMGA1a (107 amino acids, 11.7 kDa), 

HMGA1b (96 amino acids, 10.6 kDa) and the more recently identified but less characterized 

HMGA1c (179 amino acids, 19.7 kDa), which results by a rare alternative splicing using non 

canonical splice donor and acceptor sites (Johnson et al., 1989). The HMGA1a and HMGA1b 

isoforms differ by 11 amino acids present only in the most abundant A1a isoform. HMGA2 (109 

amino acids, 12 kDa) is the product of a different but highly related gene (HMGA2), which has a 

high homology (about 55%) with HMGA1 protein (Sgarra et al., 2004). HMGA2 differs from 

HMGA1a and HMGA1b mainly for 25 N-terminal amino acid residues and a short peptide of 12 

residues between the third AT-hook and the acidic C-terminal tail called spacer region (Figure 1.1). 

HMGA are characterized by a modular sequence organization, that we could summarized in this 

way: 

- Three highly positive charged DNA binding domains  called "AT-hooks" (except HMGA1c that 

has only two) (Reeves, 2010), since they recognize and bind to the AT-rich sequences in the minor 

groove of B-form DNA. The AT-hook motif is a positively charged stretch of 9 amino acids 

containing the variant repeat Arg-Gly-Arg-Pro (R-G-R-P), flanked by other positively charged 

residues, usually Arg (R) and Lys (K). As mentioned before, they recognize structure rather than 

sequence and free in solution AT-hooks possess little, if any secondary structure. Depending on the 

number and spacing of AT-rich binding sites in DNA, HMGA proteins can influence the 

conformation of bound DNA substrates in different ways, and consequently, affect numerous 

biological effects (Cleynen and Van de Ven, 2008). In fact these proteins do not display direct 

transcriptional activation capacity, but they have a key role in regulating gene expression modifying 

the conformation of chromatin. 

- A protein-protein interaction domain, which partially coincides with the second AT-hook and 
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aminoacidic residues between the second and third AT-hook and that allows interactions with 

transcription factors in a DNA independent manner, by inducing structural changes in the bound 

protein substrates. 

- A highly acidic C-terminal tail  that is constitutively phosphorylated by Casein kinase II (CKII), 

whose function is still not understood. It is believed that the C-terminal tail may be important in 

modulating protein-protein interactions (Sgarra et al., 2008) or could be involved in enhancing 

activation of transcription factors, in addition to the demonstration that it is involved in DNA 

binding (Noro et al., 2003).  

 

 

Figure 1.1 HMGA genes and protein counterparts. a) The human HMGA1 gene consists of 8 exons and 
span for 10 kb. Only exons 5 to 8 are transcribed in mRNA and code (blue boxes) for HMGA1 proteins. 
Each of the exons 5 to 7 encodes a single AT-hook domain (AT, green boxes), whereas the exon 8 encodes 
the acidic C-terminal tail (red box) and contains the 3' untraslated region. The HMGA1a and HMGA1b 
isoforms differ by 11 amino acids (white box) present only in the most abundant A1a isoform and collocated 
between the first and the second AT-hook. b) The human HMGA2 gene consists of 5 exons, all encoding for 
the corresponding protein, spanning more than 140 kb. Exons 1 to 3 encode for each of the three AT-hook 
domains, whereas exon 5 encodes for the acidic C-terminal tail. Exon 4 corresponds to a spacer region that 
does not have any counterpart in HMGA1 proteins (from Fedele and Fusco, 2007). 
 

The intrinsic flexibility, combined with a disordered-to-ordered structural transition following 

substrate binding, is thought to play an important role in allowing the HMGA proteins to participate 

in a wide variety of biological processes (Reeves, 2010).  

 

1.2  Molecular mechanisms of HMGA proteins 

As already mentioned HMGA, thanks to their structural composition and consequently plasticity as 

"intrisically disordered proteins" (IDPs) (Uversky, 2013), participate in a huge number of nuclear 

processes ranging from chromosome and chromatin dynamics to acting as architectural 

transcription factors that regulate the expression of numerous genes. Via protein-DNA and protein-

protein interactions, they influence a diverse array of normal biological processes including cell 

growth, proliferation, differentiation and death. The mechanisms by which HMGA proteins exert 
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their diverse biological functions will be further summarized in three main mechanisms: 

a) Architectural transcription factors: macromolecular complexes formation 

HMGA are classically defined as architectural chromatin factors involved in the assembly of 

stereospecific macromolecular complexes at the level of enhancers/promoters. HMGA proteins do 

not have transcriptional activity per se; however, by interacting with the transcription machinery 

they alter chromatin structure and thereby regulate, negatively or positively, the transcriptional 

activity of several genes (Fusco and Fedele, 2007). They are key actors within enhanceosomes, 

which are complex assemblages of transcription factors and cofactors on nucleosome-free control 

regions of genes. Interferon β (IFN-β) promoter is one of the best enhanceosomes complexes 

studied (Munshi et al., 2001). They demonstrated that by binding to DNA, HMGA1a influences 

DNA bending and facilitates the recruitment of other transcription factors and stabilizes the 

complex formation by direct protein-protein interactions with transcription factors (NF-kB, 

ATF2/cJun and IRF). The IFN-β enhanceosome recruits GCN5 (general control of amino acid 

synthesis 5), which acetylates nucleosomal histones on HMGA1a at Lysine 64, resulting in the 

stabilization of the enhanceosome. It is also recruited the SWI-SNF nucleosome-remodelling 

machine, which slides downstream a positioned nucleosome and unmasks the TATA box, enabling 

the recruitment of TBP (TATA-binding protein) and transcription machinery. Finally CBP (CREB-

binding protein) is recruited to acetylate HMGA1a at Lysine 70, eventually causing the disassembly 

of the enhanceosome (Bianchi and Agresti, 2005). Acting most probably in very similar manner, 

HMGA proteins are involved in the positive regulation of many genes, including those encoding 

interferon γ (Chau et al., 2005), E-selectin (Whitley et al., 1994), Kit-ligand (Treff et al., 2004a), 

interleukin-2 receptor α (IL2-α) (Reeves et al., 2000) and the insulin receptor (IR) (Foti et al., 

2005).  

Summarizing HMGA1 proteins play two important actions as transcriptional architectural factor: 

they distort the DNA slightly, thereby increasing the affinity of the other proteins for their binding 

sites, and they establish protein-protein interactions with the transcription factors.  

b) Protein-protein interactions  

In connection with the role discussed above, protein-protein interactions involve binding between 

HMGA and other nuclear proteins, most of which are transcription factors. Upon binding, HMGA 

proteins induce structural changes in their bound protein substrates. About 40 different TFs interact 

with HMGA proteins and examples of the most characterized are: 

- binding to the tumor suppressor protein p53, via its oligomerization domain, impairing its 

activation and modulation of a specific set of genes, which are mainly involved in cell cycle arrest 

and apoptosis induction (i.e. p21, Mdm2 and Bax) (Frasca et al., 2006); 
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- interaction with pRb, mainly related to cell cycle progression, that normally associates with E2F1 

transcription factor inactivating its function. HMGA2 displaces for competition the histone 

deacetylase HDAC1 from pRb/E2F1, inactivating its repression activity and favoring cell 

proliferation (Fedele et al., 2006b); 

- connection with Smads factors activity, evidencing a critical function for HMGA2 in 

cardiogenesis. Indeed it has been demostrated that HMGA2 interacts with Smads, modulating their 

binding activity in the transcriptional activation of Nkx2.5 gene during carcinogenesis (Monzen et 

al., 2008). Furthermore Smads are downstream effectors of the TGF-β signalling pathway, and it 

has been demonstrated the association of HMGA2 with Smads in Epithelial Mesenchymal 

Transition (EMT) process (Thuault et al., 2006). 

Via direct protein-protein interactions with transcription factors, HMGA proteins can also influence 

gene transcription in a DNA independent manner. For example, HMGA1 enhances binding of 

serum response factor (SRF) to DNA by interacting with SRF, leading to its transcriptional activity 

(Chin et al., 1998). On the other hand, HMGA2 can associate with the E1A-regulated 

transcriptional repressor p120E4F, interfering with its binding to the cyclin A promoter, thus 

activating cyclin A transcription and favoring progression of cell cycle (Tessari et al., 2003). 

c) Action on chromatin structure 

HMGA can also participate in higher-order chromatin structure, by binding to Scaffold/Matrix 

Associated Regions (SARs/MARs), which are specific segments of AT-rich DNA that are part of 

the so-called nuclear matrix, and might define topologically and functionally independent chromatin 

domains. The binding of HMGA proteins to these region de-repress transcription by displacement 

of histone H1 from DNA (Zhao et al., 1993). Surprisingly, although HMGA are well associated 

with transcriptional activation, in living mammalian cells they are localized preferentially in 

heterochromatin and associates to condensed chromosomes during mitosis (Harrer et al., 2004). 

HMGA are highly mobile both in euchromatin and in heterochromatin, but the residence time on 

the chromatin of condensed chromosomes is significantly longer.  Furthermore HMGA proteins are 

essential components of senescence-associated heterochromatic foci (SAHFs), by modulating 

higher-order chromatin structure and limiting its accessibility to transcription factors involved in 

particular with cell proliferation (Narita et al., 2006).  

Concluding HMGA can regulate in different ways transcription and chromatin compactness 

depending on the cellular context and the biochemical modification state of the proteins. Indeed 

HMGA proteins are subjected to a variety of modifications at multiple levels (transcriptional, post-

transcriptional and post-translational), which influence their expression and modulate their multi-

interacting property with both DNA and proteins. 



Introduction 
 

11 
 

 

1.3  HMGA gene expression regulation: transcriptional, post-transcriptional and post-

translational control 

HMGA gene expression can be regulated in response to a large number of cellular stimuli, but little 

is known about transcriptional regulation of HMGA1, probably for extremely complex structure and 

transcription regulation of human (and mouse) HMGA1 gene. It is characterized by four different 

transcription start sites, of which the first two are considered the major ones (Ogram and Reeves, 

1995). 

It has been demonstrated that HMGA1 is a direct target of c-Myc, after serum and growth factor 

somministration in fibroblast (Wood et al., 2000b). Many growth factors are able to induce HMGA 

gene expression through mechanisms common to the delayed early response of gene expression and 

they are induced after a delay of few hours after growth factor addition. Among transcription factors 

also AP-1 via TPA or c-Jun, Sp1 activated by Ras-MAPK pathway, and MYC-N in neuroblastoma 

(Giannini et al., 2005; Cleynen and Van de Ven, 2008) have been described to directly target 

HMGA1 promoter. HMGA expression can be repressed or activated in different ways: for example 

in neuroblastoma and in embryonic carcinoma cells, HMGA1 and HMGA2 can be repressed by 

retinoic acid; IL-1β, endotoxin and INF-β, all mediators of inflammatory process, can instead 

induce HMGA1 expression. 

Also HMGA2 promoter contains multiple transcription start sites, which are differentially utilized 

(Ayoubi et al., 1999). In particular it emerged that HMGA2 could be controlled by negative 

regulatory elements, or could be regulated at the post-transcriptional level. In fact a mechanism 

accounting for these early suggestions, was described recently by microRNA (miRNA) regulation 

of HMGA expression at post-transcriptional level. Multiple target sites for let-7, one of the 

founding members of the miRNA family, were found in the 3' UTR of the HMGA2 transcript 

suggesting a role for this miRNA in the negative regulation of HMGA2. Indeed ectopic expression 

of let-7 reduced HMGA2 expression by promoting degradation of its mRNA (Lee and Dutta, 2007; 

Mayr et al., 2007). Very recently HMGA2 was shown to act as competing endogenous RNA 

(ceRNA), for let7 miRNA family in lung cancer progression. On the basis of ceRNA hypothesis 

(Salmena et al., 2011), RNA molecules could communicate each other through miRNA and in 

particular through miRNA response elements (MRE), that could be shared by different genes. 

HMGA2 can function independently of protein-coding function but dependent upon the presence of 

its seven let-7 binding sites (or MREs), affecting miRNA targeting (Kumar et al., 2013). Moreover, 

HMGA2 was found to be a target for miRNA-98 in head and neck squamous cell carcinomas 

(Hebert et al., 2007). Therefore, chromosomal aberrations occuring in mesenchymal tumors leading 
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to the deletion of HMGA2 3'UTR could activate a misregulation in HMGA2 protein expression, 

normally repressed by the action of miRNA (Fedele and Fusco, 2007). Also HMGA1 gene is 

observed to be post-transcriptionally regulated by miRNA. In fact, it has been demonstrated that 

miR-16 interacts with 3'UTR of HMGA1 transcript downregulating its expression (Kaddar et al., 

2009). More recently it has been estabilished that HMGA1 gene is a novel target of miR-26a in 

bladder cancer (Lin et al., 2013). Furthermore in a miRNA microarray analysis, to investigate the 

possible role of alterations of miRNA expression in pituitary adenomas, it has been discovered that 

miR-326, miR-432, and miR-570 have HMGA2 as a target, and miR-34b and miR-548c-3p have 

both the HMGA1 and HMGA2 genes as targets (D'Angelo et al., 2012). 

Moving to post-translational expression control, HMGA undergo extensive posttranslational 

modifications (PTMs), exhibiting in vitro and in vivo complex patterns of phosphorylations, 

acetylations, methylations and others such as sumoylation and ribosylation. These secondary 

biochemical modifications may alter (together with localization, turnover, stability and 

conformation) the affinity of HMGA proteins to bind to both DNA and proteins and consequently 

affect their biological activities, influenced by intra and extracellular signalling events. HMGA are 

the most extensively modified proteins in the nucleus; furthermore some of the modifications have 

been demonstrated to be transient and to regulate specific processes, others are otherwise 

considered constitutive, such as for example C-terminal phosphorylations which are assumed to 

occur on the whole amount of HMGA proteins independently from the cellular context (Sgarra et 

al., 2008).  

In particular HMGA are among the most highly phosphorylated proteins in the nucleus. The most 

characterized are given by: 

- cdc2 kinase, that phosphorylates  HMGA1 on specific amino acid residues (Threonine 52 and 77), 

in the G2/M phase of the cell cycle, reducing the affinity of binding of the HMGA proteins to DNA 

(Nissen et al, 1991); 

- Casein Kinase II (CK2), that modified constitutively HMGA1 on three serines located in the C-

terminal tail (S98, S101 and S102), and although the function of these phosphorylations has never 

been uncovered, they occur after exposure of B-lymphocytes to cytokine interleukin 4 (IL4) (Wang 

et al., 1995); 

- signalling enzyme Ca2+/phospholipid Protein Kinase C (PKC), that phosphorylates HMGA on 

Threonine 20 and Serines 43 and 63, causing a strong decrease in the DNA binding affinity, in a 

similar manner as cdc2, after treatment with phorbol esters on human mammary epithelial cells 

(Banks et al., 2000). We can conclude that HMGA1 proteins are also downstream targets of a 

number of signalling pathways that originate from receptor molecules on the cell surface. Fewer 
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studies have concentrated on PTMs by phosphorylation of HMGA2 protein, but there are some 

indications that suggest cdc2 kinase, CK2 and Nek2 activity on HMGA2 (Cleynen and Van de Ven, 

2008).  

Besides this, others modifications with specific regulatory functions, are observed. Indeed 

acetylation of Lysine 64 and 70 is involved in stabilization and disassembly, respectively, of the 

IFN-β enhanceosome, by the activity of p300/CBP and PCAF acetil-transferases (Munshi et al., 

2001); it has also recently been demonstrated that HMGA1 in particular can be methylated at 

various residues, given by the activity of Protein Arginine Methyl Transferases (PMRTs). PRMT6 

has been demonstrated to methylate HMGA1a at Arginine 57 and 59 both in vitro and in vivo, 

whereas PRMT1 and PRMT3 modified Arginine residues 25 and 23, respectively in vitro (Sgarra et 

al., 2003 and 2005). Mono-methylation at Lysine 25 is of unknown significance but seems to be 

correlated with apoptosis and tumor progression (Sgarra et al., 2003). More recently Liquid 

Chromatography/Mass Spectrometry (LC/MS) analysis, in several cell lines of different origin and 

phenotype, has permitted to elucidate intrafamily and intercellular type differences in  post-

translational modification: the level of C-terminal phosphorylation is cell-type dependent and 

differs between the two HMGA1 isoforms and HMGA2 (Sgarra et al., 2009); HMGA1a is the only 

HMGA protein heavily methylated in a cell-type dependent manner; furthermore C-terminal 

HMGA2 phosphorylation is involved in modulation of DNA binding properties (Sgarra et al., 

2009). Summarizing it is evident that HMGA, through the particular biochemical features, the huge 

molecular network of interactions and the fine tuning of multiple modifications, could participate in 

a variety of different cellular processes, not only physiological but also pathological one, as some 

examples, aforementioned, suggesting us. Thus which are the biological functions of HMGA 

proteins? 

1.4  Biological functions of HMGA proteins 

HMGA proteins are present in stem cells, and are relatively abundant in undifferentiated and 

proliferating cells of early embryos and undetectable or very low expressed in fully differentiated 

cells, being confined at least for HMGA2 to the staminal compartment. The exceptions to the 

general repression of these genes in adult tissues are linked to a burst of synthesis of HMGA1a 

during immune response and in photoreceptor cells where a constitutive expression of HMGA1a 

proteins is observed (Cleynen and Van de Ven, 2008). Results emerging from studies of human 

disease, genetically modified mice and cells with altered HMGA expression indicate that HMGA 

pattern expression is developmentally regulated and switches, in HMGA protein levels, alter the 

cellular phenotype leading to developmental abnormalities and disease (Hock et al., 2007). 

This gradually regulated expression of HMGA proteins suggests a role in embryogenesis and 
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differentiation processes. Studies of mice models have revealed a crucial role of HMGA in cardiac 

cell growth control and glucose homeostasis, indeed Hmga1-/- mice suffer from cardiac 

hypertrophy, hematological malignancies and myelolymphoproliferative disorders (Fedele et al., 

2006a) and develop type 2 diabetes, due to an HMGA-dependent down-regulation of the insulin 

receptor (Foti et al., 2005). Moving to HMGA2, knockout mice (Hmga2-/-) lead to the classic 

"pigmy" phenotype including reduced birth weight, craniofacial defects and reduced adult body 

weight (Zhou et al., 1995), whereas transgenic mice over-expressing a truncated version of Hmga2 

are giant, obese and develop lymphomas (Baldassare et al., 2001). Hmga2-/- embryonic fibroblasts 

have decreased growth rate and indeed, as aforementioned, HMGA2 associates with E1A-regulated 

transcriptional repressor p120E4F, interfering with its binding to the cyclin A promoter. Moreover, 

HMGA2 itself binds to the cyclin A promoter during S phase, but not in G1 and G0 (Tessari et al., 

2003). Furthermore in Hmga2-deficient mice strains, it was found that the insulin-growth factor II 

mRNA binding protein 2 (Imp2) gene was significantly down-regulated as compared to wild type 

embryos. Imp2 is an mRNA-binding protein that is involved in temporal and spatial control of gene 

expression and it is regulated by HMGA2 via an intronic regulatory element, in cooperation with 

NF-kB (Cleynen et al., 2007). HMGA are so classified as "delayed early response genes", 

consequently to these data and to observations that HMGA are rapidly induced in quiescent normal 

cells following exposure to growth stimulatory factors. This clearly suggests involvement of HMGA 

genes in growth regulation.  

Another fundamental aspect for embryonic development is differentiation, or establishment of the 

correct nature of cell types. For example HMGA2 is required for the later phases of adipocyte 

differentiation and preceding proliferation steps whereas HMGA1 proteins, are involved in different 

hematopoietic lineage commitment checkpoints and in determining the fate of the lymphoid cell 

common precursor (reviewed in Cleynen and Van de Ven, 2008). Together these data strongly 

sustain a role for HMGA proteins in regulation of different fundamental aspects of differentiation. 

Consistent with this, HMGA mutations have been detected in different pathological human diseases 

such as, for example, lipomas, gigantism, dwarfism and diabetes. Furthermore HMGA are strongly 

associated with cancer, since their early identification in rat thyroid cells transformed by 

retroviruses, because their expression level was much higher in the transformed cells compared to 

normal ones, in which they result absent (Giancotti et al., 1985). 
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1.5 HMGA in neoplastic transformation 

As mentioned HMGA proteins, defined also as "oncofetal factors", are hardly detectable in human 

adult tissues and after embryogenesis are re-expressed at high levels in transformed cells and in 

tumors, being directly involved in this process (Fedele and Fusco, 2010). Indeed several evidences 

support their involvement in cancer, promoting also tumour progression and metastasis. Over-

expression of HMGA proteins is a constant feature of human malignant neoplasm. The first 

demonstrations have been observed in cervical carcinoma cells (Lund et al., 1983) and in cultured 

rat thyroid cells transformed by viral oncogenes (Giancotti et al., 1985). Several studies have 

reported elevated HMGA1 and HMGA2 expression in different neoplastic tissues including 

carcinomas derived from almost all types of tissues, comprehending neuroblastomas and 

glioblastomas (Fedele and Fusco, 2010). HMGA2 over-expression has been reported in pancreatic 

and lung carcinomas, squamous carcinomas of the oral cavity, in bladder cancer and colorectal 

cancer (Fedele and Fusco, 2007; Fedele and Fusco 2010 and references therein). In humans, over-

expression of HMGA1 has been described in a large number of different types of cancer, all being 

malignant epithelial tumours (i.e. prostate, colorectum, lung, thyroid and breast). In all these 

tumours, increasing concentrations of HMGA proteins are correlated with increasing degrees of 

malignancy or metastatic potential and reduced survival (Cleynen and Van de Ven, 2008). Very 

recently it has been demonstrated that HMGA1 is required to confer a transformed phenotype to 

breast cancer cells and is critical also for the in vivo metastatic process, suggesting that HMGA1 

could be a key player in sustaining breast cancer, in particular in cooperation with the Wnt/β-

catenin and Pin1/mutant p53 signalling pathways, sustaining stem cell and metastatic properties in 

the more aggressive breast cancer subtypes. Indeed HMGA1 knockdown, using an interfering 

sequence (shRNA) in the inducible metastatic MDA-MB-231 breast cancer cell line, induces the 

reduction of malignant features as migration and invasion in vitro and the formation of metastases 

in vivo. Moreover, combining microarray analyses with clinical information regarding primary 

breast tumours it has been found that HMGA1 regulates a set of genes that may potentially be used 

as an independent predictor of poor clinical outcomes in breast cancer (Pegoraro et al., 2013).    

Important is to determine if the correlation between increase of HMGA proteins levels and 

malignant phenotype is causative for neoplastic manifestation or is only a peripherally associated 

phenomenon with cell transformation. In the last years a lot of evidences, produced by in vitro and 

in vivo, demonstrate a causal role of the HMGA proteins in neoplastic progression, some of them 

are hereafter summarized. It has been demonstrated a causative role for HMGA, by using an 

antisense technology to suppress HMGA1 or 2 expressions, in regulating the neoplastic 
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transformation in rat thyroid cells induced by retroviral transforming oncogenes (Berlingieri et al., 

1995). Another direct evidence came from a study in which the induction of the two isoforms of 

HMGA1 or HMGA2 transform Rat1a fibroblast and human lymphoid CB33 cells, leading to 

anchorage-independent cell growth. Fibroblasts with ectopic over-expression of HMGA1a and 

HMGA2 (but not those over-expressing HMGA1b) led to distant metastases when injected into 

athymic nude mice (Wood et al., 2000a). Another study showed that human breast epithelial cells 

MCF7, harbouring a tetracycline-regulated HMGA1 transgene, form both primary and metastatic 

nude mice only when transgenes are actively expressed; in particular HMGA1b isoform, in contrast 

with previous data, seems to be more effective in neoplastic transformation and metastatic 

progression (Reeves et al., 2001). Furthermore HMGA1 suppression, through a recombinant 

adenovirus, carrying HMGA1 sequences in an antisense orientation, was able to induce cell death in 

two human thyroid anaplastic carcinoma cell lines, but not in normal thyroid cells (Scala et al., 

2000). Also in human pancreatic adenocarcinoma cell lines, RNA interference-mediated HMGA1 

silencing revealed that cells depleted in HMGA1 are more susceptible to anoikis, considered by the 

authors as an in vitro correlate of metastatic potential; on the other hand they demonstrated that 

HMGA1 over-expression confers anoikis resistance to pancreatic adenocarcinoma cells, by 

activating the prosurvival PI3-K/Akt signalling pathway (Liau et al., 2007). Other two examples 

regard HMGA2 over-expression in human cultured lung cells and pancreatic cancer cells, leading to 

a transformed phenotype (Di Cello et al, 2008; Watanabe et al., 2009). Authors demonstrated that 

inhibition of HMGA2 expression, lead to a conversion of the transformed phenotype in metastatic 

human non-small cell lung cancer cells and inhibition of cell proliferation and restoring of cell-cell 

contact consequently to E-cadherin up-regulation in human pancreatic cancer cells, respectively. 

Moreover transgenic mouse models that overexpress the Hmga genes develop different types of 

neoplasias, further substaining the oncogenic properties of Hmga in vivo.  For example transgenic 

mice over-expressing Hmga1 flanked by the H-2K promoter and immunoglobulin intronic 

enhancer, succumb to aggressive T-cell lymphoid malignancy by 2-10 months with 100% 

penetrance (Xu et al., 2004) whereas Hmga1 null mice are less susceptible to chemically induced 

skin carcinogenesis. Indeed, Hmga1-/- mice exhibited a decreased number and a delayed onset of 

skin papillomas in comparison with wild-type mice after exposure to carcinogenic agents (Visone et 

al., 2008). Transgenic mice that misexpressed full lenght or truncated form of human HMGA2 

transcript could lead to fibroadenomas of the breast and salivary gland adenomas, under control of 

the differentiated mesenchymal cell (adipocyte)-specific promoter of the adypocyte P2 (Fabp4) 

gene (Zaidi et al., 2006). Transgenic mice over-expressing either wild type or a truncated Hmga2 

cDNA, develop, under control of two strong and essentially ubiquitous promoters, different 
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neoplasms: abdominal/pelvic lipomatosis and/or an abnormally high incidence of lipomas, NK-

T/NK cell lymphomas and mixed growth hormone/prolactin cell pituitary adenomas (Fedele and 

Fusco, 2010 and references therein).  

What is evident from these latter examples on HMGA2 is that in addition of over-expression, also 

HMGA disregulation, as a result of specific chromosomal rearrangements, could be causally related 

to the development of many tumors types, mainly benign tumors. In particular rearrangements in 

the HMGA genes  (mainly HMGA2 but also HMGA1 genes) are found in various benign 

mesenchymal tumors, such as lipomas, pleiomorphic adenomas of the salivary glands, uterine 

leiomyomas, angiomyoxomas, pulmonary chondroid hamartomas, endometrial polyps and 

fibroadenomas of the breast (Cleynen and Van de Ven, 2008) and pituitary adenomas with or 

without HMGA genes chromosomal rearrangements (Fedele et al., 2010). For HMGA2, these 

translocations involve, in particular chromosome region 12q13-15. The chromosome breakpoints 

often occur in the large third intron of HMGA2, which separates the DNA-binding domains from 

the acidic domain. This leads to deregulation of protein expression, truncation or, more frequently, 

generation of fusion genes encoding chimeric transcripts containing the first three exons of HMGA2 

(corresponding to the three AT-hooks) and ectopic sequences from other genes. As a consequence 

rearranged HMGA2 gene encodes for a chimeric or a truncated protein that maintains its capacity to 

bind DNA and interact with several proteins, but loses its C-terminal tail including the 3'UTR. For 

example the preferred chromosomal rearrangement in lipomas gives rise to a translocation in which 

HMGA2 is fused to the LIM domain of lipoma-preferred partner (LPP) gene. Instead in uterine 

leiomyomas, the recombinational repair gene RAD51B on chromosome 14q23-24 is identified as 

the preferential translocation partner of HMGA2.  

These results suggest that the minimal requirement for tumorigenesis would be HMGA2 activation 

due to rearrangements that leave intact at least exons 1, 2 and 3, which encode for the AT-hooks 

domains, resulting in the formation of a truncated form of HMGA2, called HMGA2Tr. 

Indeed, new insights indicate that the removal of the 3' untranslated region (3'UTR) by 

chromosomal rearrangements may contribute to tumorigenesis. In particular 3'UTR contains 

multiple putative let-7 binding sites; this was one of the first identified micro-RNA (miRNA) genes, 

whose expression during development is inversely correlated with that of HMGA2, leading to the 

hypothesis, confirmed, that let-7 might act as a repressor of HMGA2. Ectopic expression of let-7 

reduced HMGA2 expression by promoting degradation of its mRNA (Lee and Dutta, 2007; Mayr et 

al., 2007). With the loss of 3'UTR that occurs following truncation or fusion with ectopic 

sequences, HMGA2 loses the sites previously recognized by let-7, resulting in increased HMGA2 

mRNA levels. Intriguingly, HMGA truncation confers an increased growth rate to different cell 
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types and HMGA deleted forms display an higher oncogenic activity with respect to full length 

proteins, biological effects observed very recently also in transgenic mice (Fedele et al., 2011).  

1.6  HMGA oncogenic mechanisms for neoplastic transformation 

Several mechanisms have been proposed to account for the transforming ability of HMGA proteins. 

Their role in cell transformation is essentially exerted by ability to downregulate or upregulate the 

expression of genes that have critical role in control of cell proliferation and invasion. Here below 

some of them are briefly summarized. 

a) Activation of cell cycle 

It has been reported that HMGA2 induces pituitary adenomas in Hmga2-transgenic mice by binding 

to the key regulator of cell cycle pRB and enhancing E2F1 activity (Fedele et al., 2006), displacing 

HDAC1 from pRb/E2F1 complex. HMGA proteins could also interfere with the cell cycle by 

inducing cyclin A expression, by binding transcriptional repressor p120E4F (Tessari et al., 2003). 

b) Enhancement of transcription factor activity 

Cyclin A expression may be also induced by HMGA through activation of the AP-1 transcriptional 

complex, responsible in general for the activation of different targets involved in the control of cell 

proliferation, tumorigenesis and metastasis, such as extracellular matrix-degrading proteases type-I 

collagenase, stromelysin and vascular endothelial growth factor (Fusco and Fedele, 2007).  

c) Modulation of apoptosis 

HMGA1 protein over-expression inactivates p53-induced apoptosis by modulating both 

transcription of p53 target genes and cytoplasmic relocalization of HIPK2, a kinase that normally 

binds to and activates p53 (Frasca et al., 2006). 

d) Impairment of DNA repair 

DNA repair systems are one of the best defences that the cells have to counteract carcinogenesis. 

Indeed, it is widely accepted that one of the crucial steps in carcinogenesis is the impairment of one 

or more DNA repair systems, favouring genomic instability and mutability and confering selective 

advantage to some subclones of cells, enabling their outgrowth and eventual dominance (Hanahan 

and Weinberg, 2011). 

In particular it has been shown that HMGA1b can downregulate BRCA1 expression, which is 

involved in homologous recombination, by binding directly to its promoter region, reducing its 

expression (Baldassarre et al., 2003). There is an inverse correlation between HMGA1 and BRCA1 

expression in human breast carcinoma; consistent with the role of BRCA1 in double-strand break 

(DSB) repair, it has been shown that HMGA proteins potentiate genotoxic stress induced by 

different DNA-damaging agents causing DSBs, such as cisplatin, bleomycin, doxorubicin and X-

ray irradiation. Moreover, MCF7 cells, over-expressing HMGA1, are more sensible to UV-
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exposure (Reeves and Adair et al., 2005) and it has been reported the interaction between HMGA1 

and ataxia-telangiectasia mutated (ATM) kinase, a key player in the cellular response to DNA 

damage, caused by several agents (Pentimalli et al., 2008). Also HMGA2 has a role in impairment 

in DNA repair binding directly the promoter of the nucleotide-excision repair gene ERCC1 and 

negatively modulates its activity (Borrmann et al., 2003). 

Furthermore it has been demostrated that HMGA2 is also involved in impairing DNA-dependent 

protein kinase (DNA-PK), a key enzyme of non-homologous end joining DNA repair pathway 

leading to accumulation of more endogenous DNA damage (Li et al., 2009). HMGA proteins 

interact with DNA-PK but also with other components of NHEJ pathway, such as Ku70/Ku80, 

already discovered as molecular partners of HMGA by proteomic approaches (Sgarra et al., 2005). 

e) Regulation of genes involved in inflammation 

Given the increasing evidence that inflammation is a precursor lesion in some cancers, the link 

between HMGA and NF-kB suggests that these proteins cooperate to induce inflammatory signals 

and drive transformation, activating for example ciclooxygenase-2 (COX-2) and signal transducer 

and activator of transcription 3 (Stat3), both critical downstream targets of HMGA1. Similar to the 

COX-2 promoter, HMGA1 binds to an AT-rich region near an NF-kB binding site and activates 

Stat3 expression leading to hematopoietic malignancies (Resar, 2010). 

f) Down-regulation of potential tumor suppressor genes 

It has been shown that HMGA1 downregulates the expression of HAND1, a bHLH Twist subfamily 

transcription factor, crucial for differentiation of trophoblast giant cells and heart development. 

Moreover a role of HAND1 in cell proliferation and neoplastic transformation has been recently 

envisaged because found to be silenced and hypermethylated in human gastric pancreatic and 

ovarian carcinomas. HAND1 is up-regulated in hmga1-null ES cells, and HMGA1 proteins bind 

directly to the HAND1 promoter in vitro and in vivo resulting in the inhibition of its activity. 

HAND1 gene has been found to be down-regulated also in human thyroid tumors. Such down-

regulated was associated with HMGA1 over-expression and, limited to anaplastic carcinomas, with 

promoter hypermethylation (Martinez-Hoyos, 2009). 

g) Regulation of miRNAs  

The synthesis of the HMGA proteins, as discussed above, is regulated by miRNAs, but they could 

also regulate miRNA expression. Some evidences suggest that miR-181 is up-regulated in MCF7 

cells after HMGA1 over-expression, consistently with previously published data showing increased 

miR-181 expression in several malignant neoplasias. Moreover miR-181 negatively regulates the 

expression of the polycomb gene CBX7, whose loss correlates with a poor outcome of patients with 

colon cancer (Fedele and Fusco, 2010). 
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h) Regulation of the Epithelial-Mesenchymal Transition 

The phenomenon of Epithelial-Mesenchymal Transition (EMT) is a common feature of both 

embryonic development and advanced epithelial tumors characterized by the conversion of 

epithelial cells to motile mesenchymal cells, with increased capacity of migration and invasion. 

Different reports have implicated EMT in a malignant conversion of transformed cells, which 

represents invasive or metastasizing properties in a variety of cancers (Thiery, 2002). Earlier 

findings involved  HMGA1 over-expression in mesenchymal transition of epithelial cells; indeed 

the expression of several EMT marker genes is either up-regulated or down-regulated by HMGA1 

over-expression, in MCF7 epithelial breast-cancer cells over-expressing HMGA1 (Reeves et al., 

2001). The group of Moustakas, in collaboration with our group, demonstrated that TGF-β employs 

HMGA2 to elicit EMT (Thuault et al., 2006) and that HMGA2, regulating the expression of Snail1, 

orchestrates the transcriptional network necessary for the EMT program (Thuault et al., 2008). It 

was also recently reported that HMGA2 mantains oncogenic Ras-induced EMT in human 

pancreatic cancer cells (Watanabe et al., 2009). 
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1.7 Epithelial Mesenchymal Transition (EMT) 

The normal epithelium is characterized by highly specialized and diverse cells that play critical 

roles in almost all biological processes. The epithelial cell layer maintains global communication 

through gap junctional complexes, and it remains separated from adjacent tissues by a basal lamina. 

These specialized cells have the role of protective barriers that line both the outer and inner body 

cavities, as well as secretory and glandular tissues. Moreover epithelial cell function varies widely 

between tissues and is maintained through its continual renewal and repair. Epithelial cells, 

characterized by an apicobasal axis of polarity, establish close contacts with their neighbours and 

extracellular matrix, by a composition of adherens junctions, desmosomes and tight junctions 

preventing motility. Although individual cells do not leave the epithelium in a disorganized manner, 

coordinated cell motility occurs as a normal physiological process in most adult epithelial tissues. 

On the contrary, mesenchymal cells are loosely organized in a three dimensional extracellular 

matrix, have an elongated spindle shape with a "front-back" polarity, do not establish stable 

intercellular contacts (only to a limited extent and at focal points) and consequently possess highly 

motile capabilities. Unlike epithelial cells, which are composed mainly by a cytokeratin-rich 

network of intermediate filaments, mesenchymal cells are based on a "Vimentin-network" 

consisting of stress fibers and focal adhesions (Hollier et al., 2009). Most adult tissues and organs 

arise from a series of conversions of epithelial cells to mesenchymal ones, through the Epithelial to 

Mesenchymal Transition and the reverse process Mesenchymal to Epithelial Transition (MET) 

(Wendt et al., 2009; Thiery et al., 2009).  

The first work that has described an "epithelial mesenchymal transformation" used a model of chick 

primitive streak formation (Hay et al., 1995). During the years, the term "transformation" or 

"transdifferentiation" has been replaced with "transition", reflecting in part the reversibility of the 

process and the fact that it is distinct from neoplastic transformation.  

An EMT is a biologic process (Figure 1.2) that allows a polarized epithelial cell, which normally 

interacts with basement membrane via its basal surface, to undergo multiple biochemical changes 

that enable it to assume a mesenchymal cell phenotype, which includes enhanced migratory 

capacity, invasiveness, elevated resistance to apoptosis and greatly increased production of ECM 

components (Kalluri and Weinberg, 2009). 

 



 

Figure 1.2 EMT process. Epithelial Mesenchymal Transition involves specific molecular and phenotypic 
changes, which corresponds to a functional transition of polarized epithelial cells into mobile and ECM
secreting mesenchymal cells. The epithelial and mesenchymal cell markers commonly used to define EMT 
are listed in correspondence to the cell status. Colocalization of these two sets of distinct markers defines a 
partially transition through an EMT and an intermediate phe
  

This process was originally defined by developmental biologists as a morphologic conversion 

occurring at specific sites in embryonic epithelia to give rise to individual migratory cells. The 

transition of EMT is not irreversible, as several rounds of EMT and MET are necessary for the final 

differentiation of specialized cell types and the acquisition of the complex three

structure of internal organs. During metazoans development, EMTs are required for 

movements carrying very different functional consequences, as parietal endoderm formation and 

gastrulation, as well as during the formation of a range of organs and tissue, such as the neural crest, 

heart, musculoskeletal system, craniofacial

2002). A well defined example is given by generation of the neural crest. Neural crest 

equipped with the ability to emerge from the dorsal neural epithelium through EMT, before 

undergoing extensive migration over extraordinarily distances in the embryo and differentiation into 

many derivatives. As neural crest cells are released from the neural epithelium, they concomitantly 

up-regulate genes required for mesenchymal phenotype and migratory

2008). This type of EMT is able to generate mesenchymal cells that potentially could be submitted 

to a MET process generating secondary epithelia and is not associated with an invasive phenotype, 

which would result in systemic spread via the circulation. Interestingly, HMGA proteins have been 

recently associated with regulation of global chromatin state and neurogenic potential in neocortical 

precursor cells (Kishi et al., 2012), suggesting also a role as chromatin regulators of

development. For example Xenopus HMGA2 (XLHMGA2) is expressed in pre

migratory cells of the neural crest, as well as in other districts of the developing embryo, including 

the heart and the neural tube (Benini et al., 2006, Monzen et 

EMT is essential for correct organ development during embryogenesis by creating cells with the 
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Epithelial Mesenchymal Transition involves specific molecular and phenotypic 
changes, which corresponds to a functional transition of polarized epithelial cells into mobile and ECM

hymal cells. The epithelial and mesenchymal cell markers commonly used to define EMT 
are listed in correspondence to the cell status. Colocalization of these two sets of distinct markers defines a 
partially transition through an EMT and an intermediate phenotype (from Kalluri and Weinberg, 2009).

This process was originally defined by developmental biologists as a morphologic conversion 

occurring at specific sites in embryonic epithelia to give rise to individual migratory cells. The 

not irreversible, as several rounds of EMT and MET are necessary for the final 

differentiation of specialized cell types and the acquisition of the complex three

structure of internal organs. During metazoans development, EMTs are required for 

movements carrying very different functional consequences, as parietal endoderm formation and 

gastrulation, as well as during the formation of a range of organs and tissue, such as the neural crest, 

heart, musculoskeletal system, craniofacial structures and peripheral nervous system (Thiery et al., 

2002). A well defined example is given by generation of the neural crest. Neural crest 

equipped with the ability to emerge from the dorsal neural epithelium through EMT, before 

extensive migration over extraordinarily distances in the embryo and differentiation into 

many derivatives. As neural crest cells are released from the neural epithelium, they concomitantly 

regulate genes required for mesenchymal phenotype and migratory ability (Yang and Weinberg, 

2008). This type of EMT is able to generate mesenchymal cells that potentially could be submitted 

to a MET process generating secondary epithelia and is not associated with an invasive phenotype, 

spread via the circulation. Interestingly, HMGA proteins have been 

recently associated with regulation of global chromatin state and neurogenic potential in neocortical 

precursor cells (Kishi et al., 2012), suggesting also a role as chromatin regulators of

. For example Xenopus HMGA2 (XLHMGA2) is expressed in pre

migratory cells of the neural crest, as well as in other districts of the developing embryo, including 

the heart and the neural tube (Benini et al., 2006, Monzen et al, 2008). 

EMT is essential for correct organ development during embryogenesis by creating cells with the 
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Epithelial Mesenchymal Transition involves specific molecular and phenotypic 
changes, which corresponds to a functional transition of polarized epithelial cells into mobile and ECM-

hymal cells. The epithelial and mesenchymal cell markers commonly used to define EMT 
are listed in correspondence to the cell status. Colocalization of these two sets of distinct markers defines a 

notype (from Kalluri and Weinberg, 2009). 

This process was originally defined by developmental biologists as a morphologic conversion 

occurring at specific sites in embryonic epithelia to give rise to individual migratory cells. The 

not irreversible, as several rounds of EMT and MET are necessary for the final 

differentiation of specialized cell types and the acquisition of the complex three-dimensional 

structure of internal organs. During metazoans development, EMTs are required for morphogenetic 

movements carrying very different functional consequences, as parietal endoderm formation and 

gastrulation, as well as during the formation of a range of organs and tissue, such as the neural crest, 

structures and peripheral nervous system (Thiery et al., 

2002). A well defined example is given by generation of the neural crest. Neural crest cells are 

equipped with the ability to emerge from the dorsal neural epithelium through EMT, before 

extensive migration over extraordinarily distances in the embryo and differentiation into 

many derivatives. As neural crest cells are released from the neural epithelium, they concomitantly 

ability (Yang and Weinberg, 

2008). This type of EMT is able to generate mesenchymal cells that potentially could be submitted 

to a MET process generating secondary epithelia and is not associated with an invasive phenotype, 

spread via the circulation. Interestingly, HMGA proteins have been 

recently associated with regulation of global chromatin state and neurogenic potential in neocortical 

precursor cells (Kishi et al., 2012), suggesting also a role as chromatin regulators of neural 

. For example Xenopus HMGA2 (XLHMGA2) is expressed in pre-migratory and 

migratory cells of the neural crest, as well as in other districts of the developing embryo, including 

EMT is essential for correct organ development during embryogenesis by creating cells with the 
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ability to move, but it is also associated with wound healing and tissue regeneration by contributing 

to the generation of fibroblasts during adult life. In this case there is an association with 

inflammatory process taking part to a repair event in order to reconstruct tissues following trauma 

or inflammatory injury (Kalluri and Weinberg, 2009). EMT is not only a prerogative of 

embryogenesis or physiological response to injury, but it has emerged also as a central process in 

cancer progression and others pathologies involving organ degeneration, i.e. fibrosis. In particular 

neoplastic cells, characterized by previous genetic and epigenetic alterations mainly in oncogenes 

and tumour suppressor genes, acquire through EMT the capability to invade and metastasize (Figure 

1.3). It is still unclear what specific signals induce EMT in carcinoma cells and the different EMT 

subtypes correspond certainly to distinct biological processes, but a common set of genetic and 

biochemical elements at cellular level is shared between physiological and pathological EMTs, 

governed by similar signalling pathways, regulators and effector molecules (Thiery et al., 2009) and 

will be further discussed. 

  

 

 

Figure 1.3 Similarities between EMT during development and the formation of invasive tumour cells. 
a) Neural crest cells are induce and undergo proliferation and then EMT, losing their epithelial features and acquiring 
mesenchymal ones. Thus neural crest cells delaminate from the neural tube and migrate into the periphery. b) In a 
process reminescent of EMT during embryogenesis, some cancer cells become motile and invade into neighbouring 
tissues as single cells or small groups of cells. This process is associated with dismantling of adherens junctions 
(containing E-cadherin depicted in red) and the release of β-catenin (depicted in green) from cell contacts into the nuclei 
of cells, where it activates target genes that reinforce the EMT (from Gavert and Ben-Ze'ev, 2008).  
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1.7.1 The EMT program 

A very complex series of physical and cellular events give rise to the "EMT program". In detail 

epithelial cells gain increased motility and invasiveness by disassembly of cell-to-cell contacts, loss 

of cell polarity, cytoskeletal reorganization with detachment from neighbouring cells and finally 

migration in the adjacent tissues. Expression of epithelial cytokeratins, for example cytokeratin 8 

and 18, is decreased as well as levels of cell-to-cell adhesion proteins, as E-cadherin or plakoglobin. 

In the meantime the loss of epithelial traits is accompanied by an increase in mesenchymal features, 

corresponding to increased expression of Vimentin, Fibronectin, matrix metalloproteinases and N-

cadherin as well as shift to a fibroblastic morphology in monolayer culture (Hollier et al., 2009). 

These morphogenetic changes are controlled by a set of master transcription regulators, which 

include Slug, Snail, ZEB and Twist, which are also induced in some invasive cancers. These 

transcriptional regulators are expressed in various combinations in a number of malignant tumour 

types and have been shown in experimental models of carcinoma formation to be causally important 

for programming invasion; some have been found to elicit metastasis when ectopically over 

expressed (Hanahan and Weinberg, 2011). The term EMT does not denote a single, completely 

defined epithelial plasticity phenotype, but rather stands for a continuum of increasingly extensive 

epithelial plasticity changes toward a mesenchymal cell type (Huber et al., 2005). It is important to 

underline that the term EMT is maybe "inappropriately" used in carcinogenesis, thus only a part of 

the molecular and phenotypic changes observed in EMT during embryogenesis (and not completely 

defined) are manifested also in neoplastic transformation, in particular in studies of cancer cells in 

vitro. Consequently a detailed understanding of the mechanisms controlling normal EMT would 

provide also clarifications for the pathways used by cancer cells to become motile and invade other 

tissues and vice versa (Gavert and Ben-Ze'ev, 2008).  

 

1.7.2 EMT and tumour progression 

The vast majority of human solid tumours (90%), not surprisingly, are carcinomas arising in cells 

derived from epithelial origins, due to the high and continual renewal and repair of these cells 

(Yang and Weinberg, 2008; Wendt et al., 2009). As mentioned, in order to break away from 

neighbouring cells and invade adjacent cell layers, carcinoma cells must lose cell-cell adhesion and 

acquire motility. The resulting cellular motility shares many similarities with developmental 

program given by EMT and this high conserved process has been implicated in giving rise to the 

dissemination of single carcinoma cells from primary epithelial tumours. From the early growth of 

primary epithelial cancer, given by excessive epithelial cell proliferation and angiogenesis, the 

subsequent acquisition of invasiveness, starts with invasion through the basement membrane. This 
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is only the onset of a multistep process that leads eventually to metastatic dissemination. Many 

mouse studies and cell culture experiments have demonstrated that carcinoma cells can acquire a 

mesenchymal phenotype and markers, which confer the features to progress from normal 

epithelium to invasive carcinoma (Figure 1.4) (Kalluri and Weinberg, 2009). As cancer develops, 

tumour cells invade the surrounding tissues either as single or group of cells, forming the "invasive 

front" of primary tumours, term to define the outer edge of solid tumours that invades the basement 

membrane and the surrounding tissue. Loss of adhesion and increased cell motility, detected during 

EMT, are necessary for and are most apparent at the invasive tumour front (Gavert and Ben-Ze'ev, 

2008). These cells are considered to be the cells that eventually enter into subsequent steps of the 

invasion-metastasis cascade: intravasation, transport through the circulation, extravasation, 

formation of micrometastasis and finally colonization, i.e. growth of small colonies into 

macroscopic metastasis (Kalluri and Weinberg, 2009).  

 

 

 

Figure 1.4 Contribution of EMT to cancer progression. Tumour progression involves several stages, from 
normal epithelium to invasive carcinoma and then to metastatic disease, through EMT and finally MET. 
Epithelial cells lose their polarity and cell-cell contacts, detaching also from the basement membrane, which 
changes its composition. The next step implies an angiogenic switch, facilitating the malignant phase of the 
tumour growth; cancer cells enter the circulation and exit the blood stream at a remote site, where they form 
micro-  and macro-metastases, which may involve reversion to an epithelial phenotype via MET (from 
Kalluri and Weinberg, 2009). 
 

Paradoxically metastasis, by a histological point of view, resemble the primary tumour from which 

they arise, no longer exhibiting the mesenchymal phenotypes attributing to metastasizing carcinoma 

cells. In fact in human cancer metastasis the involvement of EMT is still highly debated, for 

example by clinical observations, the majority of human breast carcinoma metastases express 

epithelial markers and maintain epithelial morphology, suggesting that they have disseminated 

without switching to a mesenchymal phenotype (Yang and Weinberg, 2008). To clarify this point is 

fundamental to underline that metastasizing cancer cells must switch their mesenchymal phenotype 

via a Mesenchymal-Epithelial Transition (MET), during the course of secondary tumour formation. 

Indeed a reversible EMT model has been proposed to describe the transient activation of the EMT 

program that carcinoma cells undergo during metastasis.  
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Once carcinoma cells have reached distant organs, after local invasion and dissemination, they 

revert via a MET to an epithelial status, reacquiring proliferative ability (Thiery et al., 2002). 

Moreover cancer cells often may pass through a partial EMT program rather than a complete one; 

these cells may concomitantly express epithelial and mesenchymal markers, oscillating between the 

two states, referred to as a "metastable phenotype". These elements suggest that induction of EMT 

seems to be important for carcinoma progression, whereas MET is implicated during the subsequent 

colonization process. It is noteworthy to remember that tumour growth and progression are not 

inherent properties of the cancer cells themselves, but are given in part also by a delicate 

equilibrium between positive and negative proliferative signals produced by diverse cell types 

(fibroblast, endothelial and immune cells), within tumour microenvironments. Thus, understanding 

the changes associated also with microenvironment surrounding cells, that undergo EMT, will be 

determinant to understand how tumour cells interact with different tissues during the metastatic 

journey, which begins in primary tumours and ends at distant sites of dissemination (Wendt et al., 

2009, Yang and Weinberg, 2008). 

 

1.7.3 Molecular basis in EMT and invasive cancer development  

Summarizing, from a phenotypic point of view three major changes are observable: 

1. morphological changes: from a cobblestone-like monolayer of epithelial cells with an apical-

basal polarity to dispersed, spindle shaped mesenchymal cells with migratory protrusions; 

2. changes of differentiation markers: from cell-cell junction proteins and cytokeratin intermediate 

filaments to Vimentin filaments and Fibronectin; 

3. functional changes associated with the conversion of stationary cells to motile cells that can 

invade through extracellular matrix (ECM) with activation of proteolytic enzymes such as matrix 

metalloproteases.  

Not all three changes are invariably observed during an EMT, however acquisition of the ability to 

migrate and invade ECM as single cells is considered a functional hallmark of the EMT program. 

(Yang and Weinberg, 2008). But which are the molecular requirements for these changes?  

E-cadherin repression 

In most studied systems, EMT takes place by growth factor-driven stimulation of tyrosine or serine-

threonine kinase receptors, ECM stimulation of integrins or their downstream signalling pathways 

that lead to E-cadherin down-regulated and/or dynamic changes in the cytoskeleton (Huber et al., 

2005). E-cadherin is essential for the maintenance of epithelial integrity of many embryonic and 

adult tissues, consequently its repression is a crucial step and a recognized "hallmark" of EMT, both 

in embryonic development and in pathological situations in adult. Studying the transcriptional 
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control of E-cadherin expression has been of primary importance in unravelling the mechanisms 

involved in EMT. Snail genes have been the first direct repressors of E-cadherin expression to be 

described (Acloque et al., 2008). Additional to the Snail family of zinc finger proteins (Snail, Slug) 

others E-cadherin repressors have been identified, including basic helix-loop-helix transcription 

factors like E47 and Twist, and zinc finger E-box binding homeobox 1 and 2 (ZEB1 and ZEB2) 

which bind to consensus E-box sequences in the E-cadherin gene promoter and downregulate E-

cadherin transcription (Peinado et al., 2007). The loss of E-cadherin expression correlates with 

tumour invasiveness, metastasis and patient mortality (Vleminckx et al., 1991), whereas re-

establishment of  E-cadherin expression promotes an epithelial phenotype (Perl et al., 1998). During 

tumour progression, E-cadherin can be functionally inactivated or silenced by different 

mechanisms. Beside post-translational control, these mechanisms include somatic mutations 

(frequent in lobular breast carcinomas), down-regulation of gene expression through promoter 

hyper-methylation, histone deacetylation and transcriptional repression (Huber et al., 2005). 

β-catenin translocation 

Cell adhesion molecules are also involved in signal transduction and changes in cell adhesion that 

are linked to alterations to gene expression, are characteristic features of both EMT in development 

and cancer progression. Reduction of E-cadherin expression often releases β-catenin, a key effector 

of the Wnt pathway, from the adherens junctions. Indeed in normal epithelia β-catenin interacts 

with E-cadherin at adherens and tight junctions to maintain the epithelial phenotype. Briefly, in all 

cells a supramolecular complex binds the "free" β-catenin pool (not associated with E-cadherin), 

which includes the scaffold molecule axin, adenomatous polyposis coli (APC) and the kinases 

glycogen synthase kinase 3β (GSK3β) and casein kinase 1 (CK1), both of which phosphorylate β-

catenin on serine and threonine residues leading to its consequently translocation from the cell 

membrane to the cytoplasm, where it is either ubiquitinated and degraded, or directed to the nucleus 

where it can regulate gene transcription and induce EMT by Wnt signalling (Acloque et al., 2008). 

In various cancer cells β-catenin degradation machinery could be dysfunctional, resulting in nuclear 

accumulation of β-catenin and activation of β-catenin-T-cell factor (TCF) target genes that 

contribute to tumourigenesis. These genes include major regulators of EMT, for example Snail or 

Slug. Moreover it is worth noting that cell density modulates adhesion through the turnover of β-

catenin and E-cadherin (Conacci-Sorrell et al., 2003). At low density, β-catenin translocates to the 

nucleus and activates the repression of E-cadherin transcription, achieved by repression exerted by 

Slug, whose expression is enhanced by two different pathways: one is the transactivation of the 

Slug gene by the β-catenin-TCF complex, and the other consists in the activation of the Mitogen-

activated protein kinase/extracellular-signal-regulated kinase pathway (MAPK/ERK pathway) by 
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the epidermal growth factor receptor (EGFR); activation of ERK pathway also induces Slug 

transcription (Conacci-Sorrell et al., 2003).  

EMT signalling pathways  

Many signalling pathways trigger EMT in both embryonic development and in normal and 

transformed cell lines. In fact EMT can be induced for example by growth factors, which activate 

tyrosine kinase surface receptors (RTKs). In this context, the signalling pathways include those 

triggered by different members of the TGF-β/BMP superfamily, Wnts, Notch, Hedgehog, 

Epidermal growth Factor (EGF), Hepatocyte Growth Factor (HGF), Fibroblast Growth Factor 

(FGF), Hypoxia-inducible factor (HIF) and many others (Thiery et al., 2009). 

Members of the transforming growth factor-β (TGF-β) superfamily have been implicated as major 

induction signals of EMT during almost all of the morphogenetic events during development, but 

are now recognized as master regulators of transdifferentiation also in cancer (Yang and Weinberg, 

2008). TGF-β is a ubiquitously expressed and multifunctional cytokine that not only regulates 

EMT, but also development, differentiation, and survival of essentially all cell types and tissues. It 

is also a powerful suppressor of cell growth and proliferation, particularly in cells of epithelial, 

endothelial and hematopoietic origins. Dichotomously, aberrations in the TGF-β signalling system 

regularly take place during tumorigenesis and elicite resistance to its antiproliferative activities 

contributing to the formation of human neoplasm (Wendt et al., 2009). During carcinogenesis, 

TGF-β possess a dual role; initially it suppresses tumorigenesis by inducing growth arrest and 

promoting apoptosis, however in advanced cancers, where TGF-β is over-expressed, it promotes 

tumorigenesis by induction of epithelial-mesenchymal transition, whereby tumour cells become 

more invasive and prone to form metastasis (Heldin et al., 2012). Miettinen et al. first revealed that 

TGF-β induced EMT in normal mammary epithelial cells (MECs), which acquire fibroblastoid 

phenotypes in response to TGF-β somministration (Miettinen et al., 1994).  There are three isoforms 

of TGF-β and three serine/threonine kinase receptors (type I, II and III and TβR-I, -II and -III) in 

mammalian cells; TGF-β, its receptors and other RTKs act together to regulate transcription by 

Smad-dependent and -independent TGF-β receptor signalling pathways. Transmembrane signalling 

by TGF-β starts by its binding to TβR-II, enabling the recruitment and activation of TβR-I, leading 

to induction of canonical Smad2/3-dependent signalling which regulate the cell-type specific 

expression of TGF-β-responsive genes (Heldin et al., 2012). Smad independent TGF-β signalling 

can also occur, with coupling of TGF-β to a variety of non canonical signalling systems, including: 

- the MAP kinases ERK1/ERK2, p38 MAPK and c-Jun N terminal kinase JNK; 

- the growth and survival kinases phosphoinositol 3-kinase (PI3K), Akt/PKB and mTOR; 

- the small GTP-binding proteins Ras, RhoA, Rac1 and Cdc42 which the formation of stress fibers, 
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lamellipodia, or filopodia, respectively; 

- protein tyrosine kinases, including  focal adhesion kinase (FAK), Src and Abl and serine/threonine 

protein kinase integrin-linked -kinase (ILK) and many others (Wendt et al., 2009 and references 

therein). 

 

Both Smad-dependent and -independent pathways overlap and can function together to regulate the 

transcription of various EMT master regulators, including a complex nuclear reprogramming of 

Twist, Snail, Slug, ZEB1 and ZEB2. Indeed these factors regulate each other in an elaborate 

manner. Snail upregulates Slug and Twist, Snail and Twist induce ZEB1, and Slug and Snail 

induces ZEB2. Together these factors repress the expression of E-cadherin, which is a crucial step 

of EMT, as well as other epithelial markers, but also enhancing the expression of mesenchymal 

genes. During cancer development, TGF-β is involved at every stage of cancer progression, 

affecting also invasion and metastasis by regulating cell adhesion, motility or the composition of the 

extracellular matrix (ECM) (Gavert and Ben-Ze'ev, 2008).  

Several addition signal transduction pathways emerged as important for EMT, and can be activated 

by specific, often developmental signals, but are also controlled by crosstalk between each other.   

Besides TGF-β, other autocrine factors, contribute to EMT; for example multiple effectors within 

the platelet-derived growth factor receptor signalling pathway (PDGF-R), including Stat1 and 

Stat3b, were found to be up-regulated during TGF-β induced EMT in a expression profiling study 

using fully polarized mammary epithelial cells (Jechlinger et al., 2003).  

Wnt/β-catenin, Notch and Hedgehog signalling pathways, essential for stem cell function and early 

development, have particular impact on development and cancer progression. β-catenin levels and 

stability are enhanced in parallel with E-cadherin degradation or transcriptional repression and β-

catenin and TGFβ-R/Smad signalling cooperate via several mechanisms, i.e. E-cadherin repression 

by TGF-β induction of Snail.  

Notch pathway, like TGF-β, can act in a tumour-suppressive or tumour promoting manner, 

depending on cellular context and whether cooperating (proto)-oncogenes are present. It has been 

demonstrated, depending on cell type, TGF-β and Notch cooperation to up-regulate its downstream 

effector Hey1 or Snail, both of which repress target genes such E-cadherin by binding to E-boxes. 

Components of the Hedgehog pathway, which is essential for stem cell maintenance and pattern 

formation, contributes to EMT cooperating for example with autocrine PDGF-R and Wnt signalling 

in skin cancer. Collectively, the role of these signalling pathways in tumour progression and EMT, 

underlines how cancerous cells often reactivate latent developmental programs to control multiple 

steps during tumorigenesis (Figure 1.5) (Huber et al., 2005 and references therein). 
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Figure 1.5 EMTs in development and cancer share numerous signalling pathways. RTKs, Wnt, TGF-β, 
NF-kB can induce both EMT in development and invasive cancer formation by activating a group of master 
transcriptional regulators of the Snail, Slug, Twist and ZEB1 families, which inhibit E-cadherin transcription 
contributing to the dismantle of epithelial cell-cell  junctions and allows the transition of epithelial cells to a 
more motile and invasive phenotype (from Gavert and Ben-Ze'ev, 2008). 
 

New EMT inducers 

Furthermore during the last years several new regulators of EMT have been revealed. Among these, 

NF-kB, was identified as a central mediator of EMT in a model of breast cancer progression (Huber 

et al., 2004). NF-kB is a principal player involved in regulating the production of proinflammatory 

cytokines, and in stimulating tumour growth, vascularisation, survival and invasion. Indeed NF-kB 

activity was observed to be fundamental in mediating the ability of Ras-transformed breast cancer 

cells to undergo EMT and colonize the lung, after TGF-β stimulation. NF-kB also associates with 

several hallmarks of EMT, including down-regulation of E-cadherin and up-regulation of Vimentin; 

Twist and Snail have also been proposed as possible downstream targets of NF-kB (Huber et al., 

2005).  

Also non-conding RNAs could be considered new components of the cellular signalling pathways 

that regulate EMT. In particular microRNA (miRNA or miR), short non coding post-translational 

RNA regulators, bind to complementary sequences on mRNA, usually resulting in gene silencing 

through translational repression or degradation of the target mRNA, playing fundamental roles in 

cell and tissue development, as well as in control cell proliferation and motility (Croce and Calin, 

2005). On the other hand dysregulated expression of a single microRNA, positively or negatively, 

could initiate an events cascade capable of eliciting disease development in humans, including 

cancer. Along these lines, miRNA also play a prominent role in regulating the expression of EMT-
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related genes, supporting by the fact that aberrant regulation of several microRNAs is observed in 

human cancers especially in those of the breast, which can be subtyped based on their differential 

expression of various microRNAs (Wendt et al, 2009, Guttilla et al., 2012). For example recent 

independent studies revealed that miR-200 family (miR-200a, miR-200b, miR-200c, miR-141 and 

miR-429) and miR-205 play critical roles in regulating EMT targeting the E-cadherin repressors 

ZEB1 and ZEB2. miR200 family and ZEB factors are reciprocally linked in a feedback loop, not 

only conferring cellular plasticity but also stem cell properties and prevention of apoptosis and 

senescence (Brabletz and Brabletz, 2010). The same microRNAs are frequently down-regulated in 

invasive human breast cancer cells, which exhibit a mesenchymal-like morphology (Gregory et al., 

2008). On the contrary miRNA-21 is up-regulated in human carcinomas during TGF-β-mediated 

EMT (Acloque et al., 2008). 

Of our particular interest, also HMGA proteins could be considered as "new EMT inducers". 

HMGA proteins have already been associated to the process of EMT. Earlier findings involve 

HMGA1 over-expression in mesenchymal transition of breast epithelial cells (Reeves et al., 2001). 

TGF-β employs HMGA2 to elicit EMT in mammary epithelial NMuMG cells and it was recently 

reported that HMGA2 mantains oncogenic Ras-induced EMT also in human pancreatic cancer cells 

(Thuault et al., 2006, Watanabe et al., 2009). Recent evidences suggest also the role of HMGA1 in 

relevant pathways, like Wnt/β-catenin, that promote EMT and stemness in breast cancer (Pegoraro 

et al., 2013).  

All these data suggest that EMT is involved in different steps of carcinogenesis and in particular of 

breast malignancy development. However breast malignancies are a heterogeneous group of 

molecular, phenotypic and morphological entities, further to be elucidated (Vincent-Salomon and 

Thiery, 2003). Thus we will focus our attention on EMT implication in breast cancer, giving 

particular insights into the role of HMGA proteins in EMT and breast cancer.  

 

1.8 EMT and breast cancer 

A huge number of evidences suggest that EMT plays a key role during the progression of a variety 

of cancers, including breast cancer. Most often, breast cancer results from the malignant 

transformation of epithelial cells comprising either the mammary ducts (ductal carcinoma) or the 

lobules of the mammary glands (lobular carcinoma) (Hollier et al., 2009). Indeed the mammary 

epithelium is composed of two cell layers, luminal and basal. Luminal cells display standard 

epithelial morphology, with junctional complexes and apical polarity, and express luminal/epithelial 

markers such E-cadherin. The basal layer of the mammary ductal epithelium is composed of 

myoepithelial cells. These differentiated cell types are probably progeny of one or more types of 
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mammary stem cells, which also reside within the epithelial layer (Guttilla et al., 2012). Because 

these cancers arise in epithelial tissues, the transformed cells initially remain confined to the 

primary sites, exhibiting epithelial traits; as breast tumour progress, some cells may begin to invade 

the surrounding tissue and eventually spread to vital organs, causing the majority of breast cancer 

related deaths. Indeed breast cancer is the most common cancer in women, and second only to lung 

cancer as the cause of cancer-related deaths in women, where the vast majority of breast cancer-

related deaths involve metastatic disease. In this light, understanding molecular and cellular aspects 

of metastasis is necessary for accurate prognoses and for developing targeted treatments against 

metastatic cells. Considerable attention is being direct towards EMT as the probable first step in the 

complex process of metastasis.  

Breast cancer is not a monolithic entity but comprises heterogeneous tumours with different clinical 

characteristics, disease courses and responses to specific treatments. Tumour-intrinsic features, 

including classical histological and immunopathological classifications, as well as more recently 

described molecular subtypes, separate breast tumours into multiple groups (Bertos and Park, 

2011). In fact until recently, human breast cancers were mostly classified into subtypes on the basis 

of pathological examination for histologic characteristics at the time of diagnosis. The first step of 

histological study of breast carcinomas determines if the tumor is confined to the glandular 

component of the organ (in situ carcinoma) or whether it invades the stroma (invasive carcinoma). 

At the molecular level, the main markers assessed are oestrogen receptor (ER), which is utilized to 

identify tumours that may respond to anti-oestrogen therapy, progesterone receptor (PR), which 

correlates with ER status, and human epidermal receptor 2 (HER2, also known as Erb-B2), which 

discriminates cases that are treated with targeted therapies such as the monoclonal antibody 

transtuzumab. Combinations of these markers allow for the assignment of individual cases to 

specific categories, i.e. ER+ (ER+/HER2-), HER2+ (ER-/HER2+), triple negative (TN, ER-/PR-

/HER2-) and triple positive (ER+/PR+/HER2+). The recent inclusion of genome wide transcriptional 

profiling strategies of human breast cancer cell lines (Sorlie et al., 2001; Neve et al., 2006) has led 

to a more detailed molecular classification of human breast tumours. This classification includes: 

normal like, luminal A and luminal B (correlated with ER+ expression), basal-like (correlated with 

triple negative), human- epidermal growth factor receptor 2 (HER2, also known as Erbb2)-over-

expressing breast tumours. Numerous in vitro studies have demonstrated that EMT is capable of 

inducing an invasive and migratory phenotype in normal and malignant mammary epithelial cell 

types (Blick et al., 2008). These more invasive and metastatic breast cell lines studied, were found 

to exhibit features typical of cells that have undergone EMT, including expression of Vimentin, 

reduced expression of epithelial cytokeratins and reduced or absent expression of E-cadherin 
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(Hollier et al., 2009). Reduced levels of E-cadherin lead to the disaggregation of epithelial cells, 

promoting breast cancer invasion and metastasis, supported by increased metastasis formation in 

mice, after suppression of E-cadherin in experimentally transformed human mammary epithelial 

cells  (Onder et al., 2008). Furthermore numerous studies have described a partial or complete loss 

of E-cadherin during carcinoma progression, and mutations in the E-cadherin gene have been found 

in about 50% of lobular carcinomas of the breast (Vincent-Salomon and Thiery, 2003). 

Several systems have emerged, in which EMT can be induced in human mammary epithelial cells 

and/or human breast cancer cell lines (categorized with respect to EMT status, subgrouping, and 

invasiveness, schematized in Blick et al, 2008).  In particular "basal-like phenotype" was first 

characterized by invasiveness and expression of high molecular weight cytokeratins (CK5, 14 and 

17) and association with the elevated presence of EGF receptor, c-kit, mutated p53, Vimentin, 

Fibronectin, N-cadherin and reduced expression of E-cadherin as well as EMT transcriptional 

regulators like Slug, Twist and ZEB1. Moreover basal-like phenotype is mainly associated to triple 

negative category (TN, ER-/PR-/HER2-), characterised by resistance to chemotherapy, frequent 

expression of cancer stem cell markers and unfavourable prognoses due to highly metastastic 

phenotype. These findings indicate that EMT plays a significant role in highly aggressive human 

breast cancers, such as basal-like tumours. Interestingly basal-like breast cancers show many 

features similar to those expressed by mammary progenitor cells. Moreover highly aggressive 

basal-like tumours are composed by a high proportion of CD44+/CD24- cells, an antigen cell 

surface phenotype related also to basal-like breast cancer cell lines. In particular stem cells from 

normal and malignant breast tissue display a basal-like phenotype and are rich in the expression of 

genes involved in EMT, suggesting a direct link between the EMT, plasticity and the gain of 

epithelial stem cell properties (Hollier et al., 2009; Mani et al., 2008). Mani et al. demonstrated that 

the induction of EMT in immortalized human mammary epithelial cells (HMLEs) results in the 

acquisition of mesenchymal traits and in the expression of stem cell markers. On the other hand, 

naturally occuring stem cells isolated from HMLEs, normal mouse mammary tissues and human 

reduction mammoplasty tissues, were found to express markers associated with EMT. The exact 

role of EMT remains to be fully elucidated but it seems to play a role in the generation and 

regulation of cancer stem cells (CSCs) during breast carcinogenesis (Mani et al., 2008). 

Not only such "basal" models are correlated with EMT. For example MCF-7 cells are well 

considered as model of ER+, "luminal-A" type breast cancer that have been to shown to undergo 

EMT changes in response for example to oestrogens (Planas-Silva et al., 2007). Luminal-A subtype 

breast cancers are typically low grade, weakly proliferative and invasive, and lead to a favorable 

prognosis, displaying epithelial phenotypic markers such as E-cadherin and some degree of 
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epithelial organization. They are associated with ER+ status (which oppose to EMT, promoting 

proliferation and epithelial differentiation), containing also a relatively small subpopulation of 

breast CSCs. Despite this, untreated luminal-A breast cancer can progress to metastasis, probably 

involving an onset of EMT in a subpopulation of epithelial cancer cells, which influenced by 

microenvironment, gains motile and invasive capabilities of mesenchymal cancer cells. EMT can 

occur after oncogenesis in cells at the tumour margin or at the time of cellular transformation in 

cooperation with other oncogenes (Guttilla et al., 2012).  For example human mammary epithelial 

cells are able to undergo EMT after TGF-β induction, and over-expression of the EMT-regulator 

Snail1 in MCF7 cells, increases TGF-β signalling and invasiveness, decreasing cell adhesion and 

ER expression (Taylor et al., 2010). Also NF-kB is involved in the EMT pathway as mentioned 

before. Indeed RELB, a subunit of NF-kB, is required for the maintenance of mesenchymal 

phenotype in ER- cells. Stable expression of RELB in MCF-7 decreases E-cadherin expression, 

increasing on the other side Vimentin and Fibronectin levels, migration and invasion (Wang et al., 

2009).  

Taken together these findings are important for our understanding of malignant transformation in 

the breast and EMT, in relationship also with possible clinical and therapeutic approaches.  

Whereas the EMT has been widely studied and documented in vitro, its relevance in human 

tumours remains controversial. To date the most of the evidence that involves EMT in the 

acquisition of an invasive and metastatic phenotype has been generated using in vitro cell culture. 

Although EMT has not been directly shown in human tumours, a direct role of EMT has been 

demonstrated using a transgenic mouse model of mammary (myc/driven) carcinogenesis (Trimboli 

et al., 2008). This study employed transgenic mice engineered to be marked with epithelial- or 

mesenchymal-markers (epithelial specific whey acidic protein, WAP and fibroblast specific protein 

respectively) when induced to form mammary gland carcinogenesis by myc, which enabled to 

follow the fate of these cells and revealed that EMT occurs during tumour progression in this mice. 

These evidences, supported also by microarray analyses studies of breast tumours (Neve et al., 

2006), support the hypothesis that certain types of breast cancer cells are able to undergo EMT and 

spread, underlying the necessary plasticity of cancer cells and suggest that instead of a permanent 

mesechymal phenotype, migrating cancer cells exhibit epithelial plasticity that is reversible and 

dependent on the local microenvironment (Micalizzi et al., 2010). Explaining the presence of 

mesenchymal cells in human carcinomas and formally proving their epithelial origin are still major 

challenges for future studies, focusing on dissection of gene expression patterns and identification 

of the signalling pathways and genes that regulate EMT, delineating what could be defined 

"molecular EMT signature".   



Introduction 
 

35 
 

Several factors and pathways are implicated in various breast cancer EMT systems, resulting in a 

very complicated scenario, given by the interplay between different EMT-driving transcription 

factors, in which also "new EMT inducers", like HMGA proteins take place.  

 

1.9 HMGA proteins in breast cancer 

Different evidences demonstrated an important implication of HMGA proteins in the breast cancer 

progression. Indeed there is a strong correlation between elevated levels of HMGA1 gene 

expression and neoplastic transformation of normal cells and the increased metastatic potential of 

neoplastic cells. First correlations have been demonstrated by Ram and colleagues, which measured 

HMGA1 mRNA levels in mouse mammary cell lines, ranging from preneoplastic to highly 

metastastic, derived from the same hyperplastic parent cell population. They demonstrated that 

HMGA1 mRNA levels directly correlate with the degree transformation of the cell lines; although 

HMGA1 was present also in normal tissue, this was at significant lower levels. HMGA expression 

is strictly linked with the transformation of normal epithelium to a neoplastic one, developing a 

metastatic phenotype (Ram et al., 1993). These data were consequently integrated and supported by 

SAGE and DNA array technology, demonstrating that HMGA1 gene expression is increased in 

human breast cancer cell lines compared with normal breast epithelial cells, providing new proves 

for the role of HMGA1 in tumorigenesis in breast cancer (Nacht et al., 1999). HMGA levels were 

also monitored by transfecting non-metastatic human breast cancer cell lines with the growth factor 

heregulin (HRG) to induce metastatic ability. The induction of metastatic ability in MCF7 cells 

HRG-transfected resulted in a parallel increase in HMGA1 expression, whereas blocking of HRG 

activity in MDA-MB-231 metastatic cells corresponds to loss of invasive phenotype and decrease in 

HMGA1 levels. Changes in HMGA protein levels are directly linked to the metastatic status and 

malignancy of the breast cancer cells tested (Liu et al., 1999).  

Moreover it has been showed that HMGA1 proteins are increased gradually in respect to 

aggressiveness, in three different breast cancer cell lines studied, including the less aggressive 

MCF7 cells, and the metastatic Hs578T and MDA-MB-231 cell lines, in comparison to a human 

breast cell line derived from normal breast cells (Hs578Bst). Beside this, decreasing HMGA1 

proteins, using an antisense ribozyme approach, inhibited the transformation in human breast cancer 

cancer cells Hs578T, suggesting that HMGA1 plays an important role in the development of the 

transformed phenotype in these cells (Dolde et al., 2002).  

One of the first direct experimental support for a causally association between HMGA1 over-

expression and neoplastic transformation in breast, comes from the report of Reeves's group. They 

demonstrated that non tumorigenic human breast epithelial cells containing either a tetracycline-
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regulated HMGA1a or A1b transgene acquire the ability to both grow anchorage independently in 

soft agar. In particular HMGA1b over-expressing cells, when injected into nude mice, are able to 

induce tumour growth and metastasis. On the other hand expression of either antisense or dominant-

negative HMGA1b constructs in tumour cells, expressing different HMGA1 levels like MCF7 and 

Hs578T, inhibited both their proliferation rate and their ability to grow independently in soft agar. 

By a transcriptomic profile approach with cDNA array they evidenced a link between HMGA1b 

over-expression and the expression of a complex set of genes, involved in proliferation, invasion, 

migration, colonization and suggesting also a connection with EMT process (Reeves et al., 2001).  

Further studies by immunohistochemistry in 212 breast tissue specimens, demonstrated that 

HMGA1 was not expressed in normal breast tissues whereas HMGA1 staining was intense in 40% 

of hyperplastic lesions with cellular atypia and in 60% of ductal carcinomas. Chiappetta et al., 

showed also a correlation between human epidermal receptor 2 (HER2, also known as Erb-B2), 

used as marker of breast carcinoma invasion in histological grading analysis, and the over-

expression of HMGA1, suggested as a possible indicator for the diagnosis and prognosis of human 

breast cancer. HMGA1 hypothetically would be able to induce Erb-B2 expression by acting on its 

promoter or that the activation of the Erb-B2 transduction pathway may lead to increase of HMGA1 

protein synthesis (Chiappetta et al., 2004; Peluso and Chiappetta, 2010). In a very recent report, 

HMGA1 expression has been analysed in primary breast tumours, by performing a bioinformatic 

analysis of a primary breast cancer public microarray data collection (1881 different samples). In 

particular HMGA1 mRNA levels were higher in the basal-like and HER2+ subtypes in respect to 

luminal and normal subtypes and associated with ER- breast cancer subtypes, with more advanced 

tumour grade (Pegoraro et al., 2013). The involvement of HMGA1 in breast cancer was also 

analyzed by its correlation with the tumour suppressor BRCA1, which plays important roles in 

maintaining genomic integrity and DNA repair. Several reports have shown that BRCA1 protein 

levels are decreased in a subset of sporadic breast carcinomas compared to normal breast tissues. In 

particular it was demonstrated that HMGA1b directly binds to the BRCA1 promoter, resulting in its 

down-regulated both in vitro and in vivo both in human and mouse genes, suggesting one possible 

mechanisms for BRCA1 decreased levels in this kind of breast carcinomas. Furthermore stable 

transfection of HMGA1b in the weakly aggressive MCF7 cells, results in a decrease of BRCA1 

gene expression, demonstrating also that in different breast cancer cell lines and tissues there's an 

inverse correlation between HMGA1 and BRCA1 mRNAs. These evidences suggest a role for 

HMGA1 proteins in the transcriptional regulation of the BRCA1 gene and a correlation between 

HMGA1 over-expression and BRCA1 down-regulated observed in aggressive mammary 

carcinomas (Baldassarre et al., 2003). In order to assess if HMGA1 detection could have a 
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prognostic role also for inherited breast carcinomas, the same group analyzed HMGA1 proteins 

expression in 116 breast familial carcinomas associated with BRCA1 or BRCA2 or negative for 

mutations for both genes. By immunohistochemistry analysis, they show a stronger correlation 

between BRCA2 or none mutation with HMGA1 over-expression in familial breast carcinoma 

patients, surprisingly connected with a good prognosis with an increased survival. This could be 

based on the different functions of the HMGA1 proteins, depending on the cellular context 

(Chiappetta et al., 2010).   

HMGA2 expression level was less relieved in breast cancers, but some reports evidences their 

possible role in this kind of tumorigenesis. Bullerdiek's group analyzed HMGA2 expression 

patterns in 44 breast cancer samples and 13 samples of non-malignant adjacent tissue by RT-PCR 

and Northern Blot analysis. There was no detectable expression of HMGA2 in any of the 13 

nonmalignant adjacent breast tissue analyzed, whereas HMGA2 expression was found in 20 of 44 

breast cancer samples investigated. In particular in invasive ductal tumours, expression was relieved 

in tumours with high histologic grade. These findings suggest that transcriptional reexpression of 

HMGA2 could be important in the progression of breast cancer also as prognostic marker (Rogalla 

et al., 1997). Interestingly the expression of HMGA2 mRNA has been examined in the peripheral 

blood of the breast cancer patients and compared with healthy donors, using RT-PCR techniques. 

Indeed in recent years, various reports have identified free circulating nucleic acids in the peripheral 

blood of patients, affected by different cancer types, including breast cancer. Moreover in breast 

cancer a statistical relationship between poor prognosis and the presence of tumour nucleic acids 

has been reported (Peluso and Chiappetta, 2010). In particular HMGA2 expression was not 

detectable in any of the samples of healthy donors, whereas was shown in peripheral blood of breast 

cancer patients. In later studies HMGA2 mRNA expression levels was assessed in peripheral blood 

samples from 69 patients with metastatic breast cancer to evaluate the prognostic relevance for 

survival. In 21 out of 69 patients HMGA2 expression was detected, demonstrating a highly 

significant for worse outcome and a powerful independent prognostic indicator for overall survival 

with respect to clinical pathologic parameters (Langelotz et al., 2003). HMGA2 mRNA expression 

was also monitored in rare fibroepithelial breast neoplasms (phyllodes tumours), and emerged as 

differential expressed gene in mRNA expression array analysis, between benign and 

borderline/malignant breast tumours, supported also by immunohistochemistry analysis showing 

HMGA2 nuclear staining in borderline/malignant breast cancers in respect to benign controls (Jones 

et al., 2008). From these evidences it emerges that HMGA proteins have been correlated with the 

increased metastatic potential of human mammary epithelial cancers, in which also EMT plays a 

key role.  
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1.10 HMGA proteins in EMT and breast cancer 

Earlier findings involved HMGA1 over-expression in mesenchymal transition of epithelial cells; 

Reeves and colleagues demonstrated that human breast epithelial cells harboring tetracycline-

regulated HMGA1 transgene acquire the ability to form both primary and metastatic tumours in 

nude mice, only when HMGA1 transgenes are actively expressed. Moreover HMGA1 over-

expression modulates the expression of distinctive constellations of genes, involved in signal 

transduction, cell proliferation, tumour initiation and metastasis and EMT. Immunohistochemical 

analysis of metastatic tumours, formed in nude mice by cells over-expressing HMGA1, presented 

localized areas of less differentiated cells that seems to possess a disorganized morphology, 

reminiscent a phenotypic change from epithelial to mesenchymal cell-like status. These data are 

further supported by genes differentially expressed in transgenic cells, in respect to controls, as for 

example collagens or Vimentin, classical mesenchymal cell marker in EMT (Reeves et al., 2001). 

Successive reports of the same group identified in particular, by oligonucleotide microarray analysis 

in the engineered MCF7 cells over-expressing HMGA1, the Ras extracellular signal-related kinase 

(Ras/ERK) signalling pathway (implicated also in EMT process) as one of the molecular 

mechanisms by which over-expression of HMGA1 proteins promotes malignant metastatic 

progression of mammary cell tumours (Treff et al., 2004b).  

Very recently our laboratory demonstrated that HMGA1 regulates the crucial processes of EMT in 

MDA-MB-231 basal like breast cancer cells, by an inducible cellular system for HMGA1 silencing, 

based on short hairpin RNA (shRNA). In fact depletion of HMGA1 induces a dramatic change in 

the morphology of MDA-MB-231 cells from fibroblastic to epithelial phenotype, a differentiation 

in 3D matrigel assay and re-localization of epithelial markers, such as β-catenin from nuclei to cell-

cell contacts, reduced migration and invasion capacities. They observed also regulation of EMT-

inducing signalling pathways, including the Notch and Wnt/β-catenin pathways. These results 

showed how HMGA1 depletion reverses the transformed phenotype of breast cancer cells, 

including potential regulation of the MET by HMGA1. Moreover using mammosphere-formation 

assay to assess stemness and self renewal properties, they observed that MDA-MB-231 cells, that 

overexpress HMGA1, are able to form mammospheres, meanwhile HMGA1 depleted cells are not 

able to form them. HMGA1 is so required to confer a transformed phenotype to breast cancer cells 

and is critical also for the in vivo metastatic process, injecting control and HMGA1-depleted cells 

subcutaneously into the fat pad of SCID mice. HMGA1 may control both migratory and invasive 

capacities in breast cancer cells in vivo; for example 14 out of 21 control mice displayed lymph 

node metastasis, whereas only 2 out of 21 mice carrying HMGA1-depleted tumours were 
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macroscopically positive, also with dramatic reduction of lung colonisation from the naturally 

occuring MDA-MB-231 metastases. Moreover they found, by transcriptional profile analyses of 

MDA-MB-231 cells in the presence and absence of HMGA1, that HMGA1 gene-signature 

significantly overlaps with different gene signatures associated with poor prognosis and high risk of 

distant metastases, beside an high correlation with the more aggressive and undifferentiated basal-

like subtype. All these data suggest that HMGA1 could be a key player in sustaining neoplastic 

transformation, giving new insights into the role of HMGA1 in the acquisition of aggressive 

features in breast cancer (Pegoraro et al., 2013).  

Study on HMGA2 demonstrated that it is required for the induction of EMT by TGF-β, primarily 

mediated by Snail induction and via Smad signalling. HMGA2 confers transcriptional input for the 

expression control of four known regulators of EMT, Snail, Slug, Twist and inhibitor of 

differentiation Id2 in mammary epithelial NMuMG cells, in which trascriptomic analysis of TGF-β-

induced EMT, identified HMGA2 as a prominent TGF-β target (Thuault et al., 2006 and 2008). 

They described a new transcriptional circuitry that mediates EMT by TGF-β, in which HMGA2 

works as new target and connector of TGF-β to the major factors of tumour invasiveness and 

metastasis. Afterwards the same group dissected more in detail this circuitry, evidencing also a 

complementary role of Twist on the side of Snail during EMT driven by HMGA2 over-expression. 

TGF-β via Smads activation induces the expression of HMGA2, which binds to Snail and Twist 

promoters, inducing their expression. Snail and Twist, supported also by additional inputs of 

ERK/MAPK pathway, positively cross-regulate others EMT transcriptional regulators like ZEB1, 

ZEB2 and Slug leading to EMT reprogramming (Tan et al., 2012). Another recently report, by 

Chada's group, demonstrated that HMGA2 over-expression converted non metastatic 4TO7 breast 

cancer cells to metastatic cells, that are able to form primary tumours and acquire motile and 

invasion capabilities to the liver; furthermore they demonstrated in vivo also that HMGA2 loss of 

function in a mouse allograft model of cancer reduces tumour multiplicity. Expression of ectopic 

HMGA2 in MCF7 cells, enhances TGF-β signalling by activating expression of the TGF-β type II 

receptor, which is also localized and highly expressed at the invasive front of the human breast 

tissues consistent with the expression of HMGA2 (Morishita et al., 2013).  

As previously described, between "new EMT inducers" also inflammatory pathways play an 

important role. West and colleagues demonstrated that the inflammatory cytokine oncostatin-M 

(OSM, interleukin-6 family IL-6), mediates phenotypic changes in breast cancer cell lines that are 

consistent with EMT and dedifferentiation, including migration and invasiveness. Additionally 

OSM suppresses oestrogen receptor α (ER) expression, key element of luminal epithelial 

differentiation in breast cancer cells, and is associated with poor prognosis and aggressive subtypes, 
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as basal-like breast cancer. In particular OSM stimulation of the luminal breast cancer cell lines 

MCF7 and T47D induced EMT features including loss of membranous E-cadherin and induction of 

Snail and Slug expression, beside expression of pluripotency genes (for example Sox2) and ability 

to form mammospheres, indicator of tumourigenic mammary cancer stem cells (West et al., 2013). 

Based on this, very recently it has been discovered a new EMT circuit OSM-depending, that 

involves HMGA2. In this study they demonstrated that OSM in breast cancer is a novel inducer of 

EMT both in vitro and in vivo, regulating two different circuits, i.e. Lin28-let7-HMGA2 and 

miR200-ZEB1, controlled by signal-transducer and activator of transcription factor 3 (Stat3). More 

in detail OSM stimulation inducing Stat3 expression, downregulate consequently miR200 and let7-

family members, resulting in comprehensive alterations of the transcription factors and 

oncoproteins targeted by these microRNAs. Indeed Stat3, in parallel, promotes the transcription of 

RNA-binding protein Lin28, recently demonstrated to negatively regulate biogenesis of let-7, 

known to be HMGA2 repressor. This regulatory circuit leads to the up-regulation of HMGA2 

protein, while HMGA2 knock down significantly impairs OSM-driven EMT. These data suggest 

that this circuits, controlled by OSM-induced Stat3, are responsible for initiating and maintaining 

the EMT genetic program, revealing novel inflammatory mechanisms of phenotypic 

reprogramming in human breast cancer, where HMGA2 acts as a master switch (Guo et al., 2013).  

All these findings highlight how HMGA proteins could be key regulators of epithelial mesenchymal 

transition in breast cancer but their role has to be completely deciphered.  
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2. AIM OF THE STUDY 

The first aim of my Thesis is to study the role of HMGA proteins in the process of Epithelial-

Mesenchymal Transition (EMT), in particular in breast carcinoma. With this purpose, we have 

developed different cellular models, for the over-expression of HMGA1 using the human breast 

cancer MCF7 cell line, to assess by different techniques and functional assays the possible 

acquisition of aggressive features or markers expressed in these processes. Evidences of a key role 

of HMGA1 in this context, have emerged in our laboratory with the opposite model in human breast 

cancer MDA-MB-231 cell line, where HMGA1 was depleted by shRNA (Pegoraro et al., 2013). 

Beside this, the second aim of my Thesis is to develop other EMT models, in the human breast 

cancer epithelial MDA-MB-468 and murine mammary epithelial NMuMG cell lines to study deeper 

in detail the role of HMGA proteins in EMT and tumour progression, starting to define a possible 

"HMGA-dependent molecular network" in EMT. 
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3. MATERIALS AND METHODS 

 

3.1 MCF7 cell lines for HMGA1 over-expression  

3.1.1 Cell culture 

The human breast cancer epithelial cell line MCF7 was grown in Dulbecco's Mem Nutrient Mix 

F12 (1:1) with 25 mM HEPES (DME/F12-HEPES, Euroclone) supplemented with 2 mM L-

glutamine, 10% Tetracycline free fetal bovine serum (Tet free FBS, Euroclone), penicillin (100 

U/mL, Euroclone), streptomycin (100 µg/mL, Euroclone) and 1X  MEM non essential amino acids 

(Sigma).  

 

All adherent cells were grown in humidified incubator at 37°C under 5% CO2 in air and expanded 

every 2-3 days in subcultivation ratio depending on confluence level and as suggested by the 

American Type Culture Collection (ATCC). Cell monolayers were dissociated by Trypsin-EDTA  

(0.05% Trypsin, 0.02% EDTA in PBS 1X, Euroclone) for 5 minutes at 37°C in humidified 

incubator, after culture media removal and two washing steps with Phosphate Buffered Saline 1X 

(PBS 1X: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 2H2O and 1.8 mM KH2PO4, sterilized by 

autoclave, pH 7.4). Trypsin was neutralized adding complete culture medium; cells were 

resuspended and seeded at the appropriate confluence/number depending on the experiment; all 

steps were conducted under a biological hood. 

 

3.2 MCF7 stable cells lines for HMGA1 over-expression 

 

Construction of HMGA1a plasmid expression vector was created previously in our lab by 

subcloning the PCR products of the coding regions of human HMGA1a cDNA into the pcDNA3-

HA plasmid expression vector (Invitrogen) to obtain a stable expression of the HMGA1a protein 

under the control of the strong constitutive CMV promoter. Thus pcDNA3-HA empty vector was 

chosen as control for stable transfectants construction. Plasmids were linearized at the ScaI (10 

U/µL, NEB) restriction site (corresponding to Ampicillin resistance) to prevent random breaks, in 

particular in the coding sequence of HMGA1a after transfection in MCF7 cells. Vectors were also 

deposphated to avoid re-circularization, using Calf Intestinal Phosphatase (CIP, 10 U/µL, NEB) and 

purified at each reaction step with  illustra™ GFX™ PCR DNA and Gel Band Purification kit (GE 

Healthcare). 

 

Plasmid expression vectors pcDNA3-HA and pcDNA3-HA-HMGA1a, were introduced into MCF7 

cells by employing Fugene reagent (Roche) with Fugene:DNA 6:1 ratio, following the 
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manufacturer's instructions. 48 hours after transfection, confluent cells were detached by 

trypsinization and 800000 cells were seeded in 100 mm dishes (5 dishes, for every transfected 

vector, pcDNA3-HA and pcDNA3-HA-HMGA1a, respectively). Clone selection was then obtained 

by adding of G418 disulfate salt (Sigma) to the culture medium at the selection concentration of 1.5 

mg/mL, resistance given by the pcDNA3-HA vector itself. Selection was carried out for 15 days 

removing culture medium with G418 (Sigma) and adding fresh one, preceded by PBS 1X washing, 

to improve elimination of not transfected cells from the culture. At the end of the selection we 

obtained five distinct pools for each transfected vector, precisely  stable MCF7 pcDNA3-HA empty 

vector 1-2-3-4-5 and stable MCF7 pcDNA3-HA-HMGA1a 1-2-3-4-5, defined for simplification in 

Results and Discussion as MCF_empty vector and MCF7_HMGA1, respectively. G418 

concentration was gradually reduced at 200 µg/mL in culture maintenance phase. For every pool, 

cells were harvested after trypsinization and counted, collected by centrifugation and stored at -

80°C.  

 

3.2.1 MCF7 inducible cell lines for HMGA1 over-expression 

For the development of the inducible model we have based our experiments on the Tet-inducible 

system (Tet-On Advanced Inducible Gene Expression System, Clontech). Tet-On Advanced 

inducible gene expression system (Clontech) is a tightly regulated and highly responsive system 

that produces robust expression of gene of interest in target cells. The system is established in target 

cells by sequentially transfecting them with a regulatory (pTet-On Advanced vector) and response 

vector (pTREtight vector) and selecting stable cell lines. Target cells that express a Tet-On 

advanced transactivator, and that also contain an integrated TRE-based expression vector (pTRE-

tight) will express high levels of our gene of interest, when cultured in the presence of the system’s 

inducer, doxycycline. In particular the Tet-controlled transactivator, called Tet-On Advanced, is a 

fusion protein derived from a mutant version of the E.coli tet repressor protein, rTetR, which is 

joined to three minimal transcription activation domains from the HSV VP16 protein. In the 

presence of doxycycline (Dox), Tet-On Advanced binds to the tetracycline response element 

(TREmod) contained in the Ptight vector, producing high level transcription of the downstream gene of 

interest. Ptight lacks binding sites for endogenous mammalian transcription factors, so it is virtually 

silent in the absence of induction (Tet-On® Advanced Inducible Gene Expression Systems User 

Manual). 

MCF7 cells were  transfected  with the pTET-On Advanced plasmid (Clontech), which was 

linearized at the ScaI (10 U/µL, NEB) restriction site (corresponding to Ampicillin resistance) to 
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prevent random breaks, and deposphated to avoid re-circularization, using Calf Intestinal 

Phosphatase (CIP, 10 U/µL, NEB) and purified at each reaction step with  illustra™ GFX™ PCR 

DNA and Gel Band Purification kit (GE Healthcare). pTET-On Advanced plasmid (regulatory 

vector) was transfected in MCF7 cells by employing Fugene reagent (Roche) with FuGENE : DNA 

4:2 ratio, following manufacturer's instructions. After 48 hours after transfection MCF7 cells were 

then detached by tripsynization, seeded in different diluted conditions and selected for the stably 

presence of the plasmid in appropriate medium with 1 mg/mL G418 (Sigma). After 4 weeks of 

selection, 30 single clones stably transfected for the pTET-On Advanced vector, were picked, 

expanded and screened. After this screening we chose the best clone on the basis of Tet-On 

Advanced transactivator expression level.  G418 concentration was gradually reduced at 600 and 

then  200 µg/mL in culture maintenance phase of the selected clones. This cell line serves as the 

host for the TRE-based expression vector, which is transfected into the Tet-On Advanced cell line 

along to a linear selection marker. Thus, the stable Tet-On Advanced MCF7 cell line so obtained, 

was then co-transfected with TRE-based vectors (response vector), one corresponding to pTRE-

tight-HA vector itself as negative control and one corresponding to pTRE-tight-HA-HMGA1a 

vector, previously cloned in our laboratory, and the linear marker puromycin. Also in this case 

plasmids were first linearized and deposphated  to avoid random breaks and recircularization.  For 

plasmids, transfection was performed with FuGENE reagent (Roche), using manufacturer's 

instructions. After transfection and concomitantly double antibiotic selection for transfected cells 

(G418 200 µg/mL - puromycin 600 ng/mL), 24 clones for every kind of transfected TRE-based 

vector (24 for pTRE-tight-HA vector and 24 for pTRE-tight-HA-HMGA1a vector) were picked and 

screened for HMGA1a expression by Western Blot after induction by doxycycline (Sigma) at 

concentration of 1 µg/mL.  Puromycin concentration was reduced at 300 ng/mL in maintenance 

phase, after the initial screening. After this selection we chose for every kind of obtained cell line, 2 

of the best clones in terms of comparable HMGA1a expression levels, morphology and growth rate 

and two clones inducible for pTRE-tight-HA only as control. Clones were tested for inducibility 

with different doxycycline concentrations by Western Blot analyses, transwell migration assay and 

proliferation curves.  
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3.3 Western Blot  

 

3.3.1 Sample preparation 

 

For every pool of pcDNA3-HA and pcDNA3-HA-HMGA1a stable transfectants, 200000 cells were 

seeded in 35 mm plates  and 72 hours later, medium was removed, cells were washed twice with 

PBS 1X and collected as total lysates by adding 2X SDS sample buffer (62.5 mM TrisHCl pH 6.8, 

2% SDS, 10% glycerol, 50 mM DTT, bromophenol blue granules, in milliQ water, and added by 

posphatases inhibitors). Total lysates were syringed with insulin syringes (29G) and boiled for 4 

minutes to reach complete sample denaturation.  

 

For inducible MCF7 clones, cells were cultured in complete medium with double antibiotic  

selection G418 200 µg/mL - puromycin 300 ng/mL) and conditioned with doxycycline (Sigma) at 

the chosen concentration for the assay. For the initial screening of HMGA1a induction, 200000 

cells were seeded in 35 mm plates in appropriate medium with double antibiotic selection in not 

induced and induced condition (1000 ng/mL doxycycline) and 48 hours later cells were harvested as 

total lysates and analysed by Western Blot. For successive experiments cells were grown in 

complete medium conditioned with doxycycline at the chosen concentration, for two weeks, passing 

cells every 2 days, maintaining selection and induction conditions. Control cells (not induced) have 

been treated with the same parameters but not adding doxycycline (Sigma) to the medium. Cells 

were harvested for Western Blot analysis as for stable cell lines. 

 

3.3.2 SDS PAGE analysis 

 

Electrophoretic analysis of total protein lisates was carried out on discontinuous SDS-PAGE gel 

system. Equivalent amounts of lisates were loaded onto 15% gels alongside a protein marker Pierce 

Prestained Protein Molecular Weight Marker (Thermoscientific). 

 

Stacking gel: polyacrylamide gel (T=5% acrylamide/bisacrylamide 29:1(Sigma) , C=3.3%) in 0.125 

M Tris/HCl, pH 6.8, 0.1% SDS, 1 mg/mL ammonium persulfate (APS, Sigma). Polymerization 

occurs by addition of  N,N,N',N' Tetramethylethylendiamine (TEMED, 2 µL for 1 mL solution). 

 

Running gel: polyacrylamide gel (T=15% acrylamide/bisacrylamide 29:1 (Sigma), C=3.3%) in 

0.375 M Tris/HCl, pH 8.8, 0.1% SDS, 1 mg/mL ammonium persulfate (APS, Sigma). 

Polymerization occurs by addition of TEMED (4 µL for 10 mL).  
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Running buffers:  

1) Tris-Tricine: 25 mM Tricine, 0.1% SDS adjusted at pH 8.1 with Tris base for HMGA protein 

analysis; 

2) Tris-Glycine: 25 mM Tris, 192 mM Glycine, 0.1% SDS for normalization of the samples on SDS 

PAGE.  

 

Electrophoretic run (SDS-PAGE) consisted of two steps: accumulation at the interface between 

stacking and running gel, using a constant 50V for 30 minutes and separation at constant voltage of 

200V for about 1 hour. 

Separated proteins were fixed and stained using a methanol/water/acid acetic solution (in a 5/4/1 

volume ratio) containing 0.05% Coomassie Brilliant Blue R250 (w/v) for almost 30 minutes.  Dye 

excess was eliminated with 10% acetic acid (v/v) washes. 

 

3.3.3 Western Blot analysis 

 

Resolved proteins were transferred to nitrocellulose membranes (Ge Healthcare) at 4°C for 16 

hours using a constant 30V (75 mA) in transfer buffer (20% methanol, 25 mM Tris, 380 mM 

Glycine). Transferred proteins were visualized by staining the nitrocellulose paper with Red 

Ponceau solution (0.2% Red Ponceau, 3% trichloroacetic acid, 3% sulfosalicylic acid). 

 

Western blot analysis consist of these summarized steps: 

 

- Non specific binding on the nitrocellulose membranes was minimized with a blocking buffer 

containing 5% (w/v) nonfat dry milk and 0.1% (v/v) Tween 20 in PBS 1X. Blocking was carried 

out on membranes at least 1 hour; 

-  Membranes were incubated with appropriates primary antibodies (see table for details) for 1 hour; 

- Three consequently washing  steps of 5 minutes were carried out, using blocking buffer, to 

eliminate excess of primary antibody; 

- Membranes were incubated with horseradish peroxidase-conjugated secondary antibodies 

(Sigma;1:5000, see table 3.1 for details) for one hour. 

- Three consequently washing  steps of 5 minutes were carried out, using blocking buffer, to 

eliminate excess of secondary antibody; finally membranes were also washed twice with PBS 1X 

for 1 minute and 20 minutes respectively, before proceeding with ECL method. 

All steps were carried out at room temperature, in shaking. 

Results were visualized with the enhanced chemiluminescence system Pierce® ECL Western 

Blotting Substrate (GE Healthcare).  
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Primary antibody Secondary antibody 

Anti-HMGA1 1:500 Anti-rabbit Perox (Sigma) 1:5000 

Anti-HA (Sigma) 1:5000 Anti-mouse Perox (Sigma) 1:5000 

Anti-actin b (Sigma) 1:2000 Anti-rabbit Perox (Sigma) 1:5000 

 

Table 3.1 Antibodies used for Western blot analysis in MCF7 stable and inducible cell lines with relative 
concentrations. 
 

3.4 Immunofluorescence 

 

For every pool of pcDNA3-HA and pcDNA3-HA-HMGA1a stable transfectants, 200000 cells were 

seeded and grown on glass coverslips, in 35 mm dishes.  After 72 hours, medium was removed, 

cells were washed twice with PBS 1X, and fixed for 20 minutes in 4% (v/v) paraformaldehyde 

(PFA 4%) in PBS 1X.  After PFA 4% removing, cells were washed three times with PBS 1X and 

then treated using the following immunofluorescence protocol. (Cells so fixed on glass coverslips, 

could be also  be conserved in PBS 1X at 4°C for about 1 month).  

 

- Cells were incubated with 0.1 M glycin in PBS 1X for 5 minutes and then washed three times with 

PBS 1X; 

- Cells were then permeabilized with 0.3% (v/v) Triton X-100 in PBS 1X for 5 minutes, washed 

three times with PBS 1X and blocked in PBS 1X containing 0.5% (w/v) BSA (blocking solution) 

for 30 minutes.  

- Cells were incubated with primary antibodies (see table 3.2 for details) diluted in blocking 

solution, for 1 hour and 30 minutes in a humified chamber, at room temperature, protecting from 

light. 

- Coverslips were then washed three times with PBS 1X and incubated with secondary antibodies 

diluted in PBS 1X (see table 3.2 for details) for 1 hour in a humidified chamber, at room 

temperature, protecting from light.  

- After three washing steps with PBS 1X, cells were stained with 500 ng/mL Hoechst (Sigma) in 

PBS 1X for 5 minutes at room temperature, protecting from light. 

- Coverslips were then washed twice with PBS 1X and finally once with milliQ water and mounted 

on microscope slides with Vectashield™ mounting medium (Vector). 
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Primary antibody Secondary antibody 

- 
AlexaFluor594 

phalloidin (red) (Invitrogen) 1:40 

Anti β-catenin 1:100 
Alexa Fluor 488 (green) 

anti-rabbit (Invitrogen) 1:500 

Anti-HA (Sigma) 1:1000 
Alexa Fluor 594 (red) 

anti-mouse (Invitrogen) 1:750 

 

Table 3.2 Antibodies used for Immunofluorescence analysis in MCF7 stable transfectants with relative 
concentrations. 
 
 

Cells were visualized using the epifluorescence e800 Eclipse microscope (Nikon) and images were 

acquired with Nikon ACT-1 software and analyzed by ImageJ software. 

 

3.5 RNA extraction and retrotranscription 

 

3.5.1 Sample preparation 

 

For pcDNA3-HA and pcDNA3-HA-HMGA1a stable transfectants, 200000 cells were seeded in 35 

mm dishes and 72 hours later, medium was removed, cells were washed once gently with PBS 1X 

at room temperature and collected as total lysates adding 1 mL of TRIzol® (Invitrogen), pipetting 

up and down for ten times and transferred in 1.5 mL eppendorfs, maintaining at room temperature 

for 2-3 minutes. Total lysates were transferred in ice and conserved at -80°C. Sample were prepared 

in biological triplicate. Pools pcDNA3-HA_3 and pcDNA3-HA-HMGA1a_2, were chosen from 

this point as representative pools for all the experiments. 

 

3.5.2 RNA isolation 

 

- Samples were defrozen in ice, and in the meantime isoprophanol and ethanol (EtOH) 75% in 

RNase free water, were prepared and mantained in ice. 

- Chloroform was added to the samples in volume proportion 1/5 (i.e. 200 µL of chloroform for 1 

mL TRIzol®), gently inverting 15 times and incubating samples for 2-3 minutes at room 

temperature. Samples were centrifuged for 10 minutes, 13000 rpm (r = 9 cm) at 4°C obtaining the 

separation between organic and aqueous phase. 

- Aqueous phase, containing RNA, was transferred in a clean eppendorf, taking care not to touch 

interface between the two phases. 
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- RNA was precipitated with isoprophanol in volume proportion 1/2 in respect to initial volume of 

TRIzol®, gently inverting until complete solubilisation, then incubated at RT for 10 minutes. 

Samples were centrifuged for 15 minutes, 13000 rpm at 4°C. 

- After centrifugation, maintaining the samples in ice, supernatant was  carefully removed, avoiding 

to touch the RNA pellet. Pellet was washed adding 200 µL of EtOH 75%, without resuspending it, 

and centrifuged  for 30 minutes 13000 rpm at 4°C. Supernatant was removed letting evaporate 

residues of EtOH 75%, but without excessive dry of the RNA pellet. 

- RNA pellet was resuspended with 30 µL of RNAse free water and conserved at -80°C. 

 

3.5.3 DNase treatment and Phenol-Chloroform purification 

 

RNA samples were treated with the enzyme DNase Amplification Grade (1U/µL, Invitrogen), to 

remove possible DNA traces isolated with RNA. 1 µL DNase and 4 µL of 10X DNase buffer were 

added to the RNA samples, that were so incubated 15 minutes at RT. DNase was inactivated  

adding 2mM EDTA, incubating 10 minutes at 65°C.  

 

Samples were purified following phenol-chloroform protocol: 

 

- After DNase treatment 30 µL of  3M Sodium Acetate pH 5.2 were added to RNA samples, that 

finally have been brought to a total volume of 300 µL with sterile water. 

- 300 µL of a acid phenol-chloroform 5:1 solution (pH 4.5 +/- 0.2, Ambion) were added to the 

samples, that after briefly vortexing, were centrifuged 5 minutes 13000 rpm at RT obtaining a 

separation between organic and aqueous phase. 

- Aqueous phase was recovered and transferred into a new eppendorf, where 300 µL of chloroform 

were added to remove phenol and isoamylic acid traces. 

- Samples were vortexed and centrifuged 5 minutes 13000 rpm at RT, at the end of which aqueous 

phase was recovered again and transferred in a new test tube. 

- For the precipitation of RNA samples 750 µL of absolute EtOH (2.5 volumes compared to the 

initial volume of 300 µL) were added to the aqueous phase, the incubating them for 30 minutes at -

20°C. 

- Sample were centrifuged 20 minutes 13000 rpm at 4°C, then absolute ethanol was removed and so 

obtained RNA pellets were washed adding 200 µL 70-75% without vortexing. Centrifuge 20 

minutes 13000 rpm at 4°C. 

- Ethanol was carefully removed, avoiding to touch the RNA pellet, letting evaporate residues but 

without excessive dry of the RNA pellet. RNA pellets were resuspended with 10-20 µL. 
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3.5.4 Retrotranscription to 1st strand cDNA 

Before proceeding with RNA retrotranscription, samples were quantified using Quant-iT™ RNA 

Assay kit (Invitrogen) for use with the QUBIT® fluorometer, following manufacturer's instructions. 

 

1 µg of quantified RNA was added to the mix reaction composed by 0.5 µL of random primers (300 

ng/µL, Invitrogen), 1 µL of 10 mM dNTPs (Sigma) and sterile water up to total volume of 12 µL. 

Samples were incubated 5 minutes at 65°C and then placed in ice.  

 

After briefly spin, 4 µL of First Strand buffer 5X (Invitrogen), 2 µL of 0.1M DTT (Invitrogen) and 

1 µL of RNase OUT™ (40U/µL, Invitrogen) were added to every sample, that was so incubated at 

25°C (RT) for two minutes. 

 

Finally 1 µL of the SuperScript® III Reverse Transcriptase  (200U/µL, Invitrogen) was added to 

every sample, the incubating for 1 hour at 50°C, 15 minutes 70°C for inactivation and led to 4°C. 

1st strand cDNAs were stored at - 20°C. 

 

3.5.5 Real Time PCR 

 

cDNA samples were diluted in sterile water to perform q-RT-PCR, which mix for every sample 

consisted in 1-2 µL (depending on the abundance of the gene) of cDNA, 7,5 µL of IQ™ SYBR® 

Green Supermix (Biorad), 0.1125 µL of 20 µM forward and reverse primers and sterile water 

totally up to 15 µL. Relative quantification was made against GAPDH gene, as internal standard 

and all the primers (listed in the table below, 3.3) were created using Primer3Plus software in 

accordance with the sequences of NCBI and Ensembl databases. The 7500 Real Time PCR system  

thermocycler (Biorad) was used to perform quantitative PCR and all the experiments were 

performed in biological triplicate and technical duplicate. The amplification program was: initial 

denaturation step of 5 minutes at 95°C, 40 cycles of 5 seconds at 95°C, 45 seconds at 60°C for 

primers annealing and elongation with fluorescence detection at every cycle, and a final step of 

melting curve definition, with a temperature increasing of 1°C every 10 seconds from 60°C to 

95°C, during which signal was stabilized and fluorescence was captured at every step, concluding 

with storage at 4°C.  
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Gene Primer FOR 5'-3' Primer REV 5'-3' 

CD24 GCTCCTACCCACGCAGATTT AGACCACGAAGAGACTGGCTG 

CD44 GCAGCAAACAACACAGGGGT GACATAGCGGGTGCCATCAC 

Depdc1 TGGGTATTATCTGCCATGAAGTGCCT AGGTTGCAGCAAGCCCAAAATGT 

E-cadherin AAGTGTCCGAGGACTTTGGCGTGG CAGCCAGTTGGCAGTGTCTCTCCA 

GAPDH TCTCTGCTCCTCCTGTTC GCCCAATACGACCAAATCC 

HMGA1 cds CAGCGAAGTGCCAACACCT CGAGATGCCCTCCTCTTCC 

Lef1 CGAATGTCGTTGCTGAGTGT GCTGTCTTTCTTTCCGTGCT 

Vimentin CCAGCTAACCAACGACAAAGCCCG TGCGTTCAAGGTCAAGACGTGCCA 

 

Table 3.3 Sequences of primers used for  Real Time PCR analyses of human genes  in MCF7 stable cell 
lines. 

 

3.6 Migration and invasion assay 

 

3.6.1 Migration and invasion in MCF7 stable cell lines 

 

For migration and invasion assays 24 well PET inserts were used (8.0 mm pore size, Falcon) and 

35000 cells (in quadruplicate) were seeded into the insert in DME/F12-HEPES without serum and 

antibiotics; the lower chamber was filled with complete DME/F12-HEPES without antibiotics, to 

favour migration process. After 48 hours cells migrated cells were fixed with PFA 4% and stained 

with Crystal Violet 0.5% (Sigma) in sterile water. For invasion assay matrigel coated filters were 

used and 100000 cells were seeded and cells were fixed and stained 48 hours after. 9 different areas 

for each insert were photographed and cells were counted and data are presented as mean of cells 

passed through the transwell after 48 hours ± SD (n=4). 
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3.6.2 Migration in MCF7 inducible cell lines 

 

For inducible MCF7 cell lines, selected clones for HMGA1a over-expression and control clones for 

pTRE-tight empty vector expression were grown in complete medium with double antibiotic 

selection G418 200 µg/mL - puromycin 300 ng/mL and conditioned with doxycycline (Sigma) at 

the chosen concentration for transwell assay (5, 30, 1000 ng/mL final concentration) for two weeks, 

passing cells every 2 days, maintaining selection and induction conditions. Control cells (not 

induced) have been treated with the same parameters but not adding doxycycline (Sigma) to the 

medium. Cells were detached, counted and seeded for transwell migration assay (72 hours) as just 

described for stable cell lines. 

 

Transwell migration assay was also carried out in silencing conditions for HMGA1. 

200000 cells of the selected clone were seeded in 35 mm plates in complete appropriate medium 

without antibiotics, conditioned with doxycycline 30 ng/mL for the induced samples. 24 hours after 

seeding,  cells were transfected with control siRNA (siCTRL) and a siRNA targeting HMGA1 ORF 

sequence, called siA1_3 (defined as si_A1 in relative text and figures in Results and Discussion), 

using Lipofectamine® RNAiMAX reagent (Invitrogen). After 72 hours of silencing three different 

conditions were tested in transwell migration assay: cell transfected with siCTRL not induced with 

doxycycline, cells transfected with siCTRL induced with 30 ng/mL doxycycline and cells 

transfected with si_A1 induced with 30 ng/mL doxycycline. Cells were counted and seeded for 

transwell migration assay as already described for stable cell lines. The same experiment set up was 

carried out for the Western Blot analysis of silencing against HMGA1, corrispondent to the 

transwell assay (for Western Blot protocol see paragraph 3.3).  

 

siRNA CTRL (siCTRL)      5’-ACAGTCGCGTTTGCGACTG-3’  

siRNA 3 human HMGA1 gene (siA1_3/si_A1)  5’-ACTGGAGAAGGAGGAAGAG-3’ 
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3.7 Cell proliferation assay  

 

3.7.1 MTS assay stable cell lines 

 

MCF7 pool pcDNA3-HA_3 and  pcDNA3-HA-HMGA1a_2 were washed twice with PBS 1X, 

detached by trypsinization and seeded at 5000 cells/well (quadruplicate for each time point and 

cellular type, to ensure statistical accuracy of the growth curves) in a 96-well microtiter plate. Cells 

were seeded for different detection points, 24, 48, 72 and 96 hours to evidence proliferation curve 

of these cells and eventually differences between different cell types analyzed. At each time point 

cell growth was examined and measured using CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (Promega), adding directly to the cells, after culture medium removing, 120 µL 

of "detection solution" (20 µL of MTS every 100 µL of PBS 1X/glucose solution; PBS/glucose 

solution: 4.5 gr glucose/L PBS 1X, filtered 0.2 µM Ø). Cells were incubated for 3 hours in 

humidified atmosphere at 37°C, protecting from light. The samples absorbance was measured 

against a background control as blank using a microplate reader (TECAN) at 492 nm. 

The CellTiter 96® AQueous One Solution Reagent contains a tetrazolium compound [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; 

MTS] and an electron coupling reagent (phenazine ethosulfate; PES). PES has enhanced chemical 

stability, which allows it to be combined with MTS to form a stable solution. The MTS is able to 

reduce the tetrazolium compound to a 490 nm absorbing formazan compound. The absorbance is 

directly proportional to the number of living cells in culture.     

 

3.7.2 MTS assay in inducible cell lines 

 

For inducible cell lines, selected clones were cultured in complete medium with double antibiotic 

selection G418/puromycin and conditioned with doxycycline (Sigma) at the chosen concentration 

for the assay (5, 30, 1000 ng/mL final concentration) for two weeks, passing cells every 2 days, 

maintaining selection and induction conditions. Control cells (not induced) have been treated with 

the same parameters but not adding doxycycline (Sigma) to the medium. Cells were counted and 

seeded at 5000 cells/well for each time point (24, 48, 72 hours)  and cellular condition (0, 5, 30, 

1000 ng/mL final concentration), in a 96-well microtiter plate, maintaining induction condition. At 

each time point cell growth was examined and measured as for stable cell lines. 

 

 

   



Material and Methods 
 

54 
 

3.8 DNA damage induction in MCF7 stable cell lines: Western Blot, immunofluorescence and 

colony formation assay 

 

3.8.1 Sample preparation 

 

MCF7 and MCF7 pool pcDNA3-HA_3 and  pcDNA3HMGA1a-HA_2 were washed twice with 

PBS 1X, detached by trypsinization and seeded at 250.000 cells/35 mm plate. The day after 

seeding, DNA damage induction was conducted treating cells with 1 µM of the topoisomerase II 

inhibitor Doxorubicin (Sigma) in DME/F12-HEPES for 2 hours; after that, treatment medium was 

removed and substituted with fresh one, and damage time course was monitored at different levels 

and time points, collecting total lysates (not treated, 2, 4, 8 hours after treatment removal) with 

Western Blot analyses. 

(Explorative experiments were carried out treating MCF7 cells with 10, 50, 100, 300 and 500 nM, 1  

µM  doxorubicin for two hours and samples were collected as total lysates for Western Blot 

analyses of γ-H2AX with specific antibody. ) 

 

3.8.2 Western blot analyses for H2AX and γ-H2AX 

 

Expression levels of H2AX and γ-H2AX, were analysed in Western Blot, following the same 

protocol as in point 3.3.3. Details of primary and secondary antibody are summarized in the 

following table, 3.4. 

 

Primary antibody Secondary antibody 

Anti-actin b (Sigma) 1:2000 Anti-rabbit Perox (Sigma) 1:5000 

Anti-H2AX (Millipore) 1:1000 Anti-rabbit Perox (Sigma) 1:5000 

Anti-γ-H2AX (Abcam) 1:1000 Anti-mouse Perox (Sigma) 1:5000 

 
Table 3.4  Antibodies used for Western blot analysis in damage induction experiments with relative 
concentrations. 
 

3.8.3 Immunofluorescence for γ-H2AX 

 

DNA damage induction was conducted as in point 3.8.1 for the Western Blot (see also 3.3.3); 

MCF7 pool pcDNA3-HA_3 and  pcDNA3HMGA1a-HA_2 were washed twice with PBS 1X, 

detached by trypsinization and seeded at 250.000 cells/35 mm plate on coverslips for IF. After 

damage removal cells were fixed with PFA 4% at different time points to detect DNA damage by 
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foci formation. Expression levels of γ-H2AX were analysed by immunofluorescence as in 

paragraph 3.4.  

 

Primary antibody Secondary antibody 

Anti-γ-H2AX (Abcam) 1:1000 
Alexa Fluor 488 (green) 

anti-mouse (Invitrogen) 1:750 

 

Table 3.5 Antibodies used for immunofluorescence analysis in damage induction experiments with relative 
concentrations. 
 

3.8.4 Colony formation 

 

MCF7, MCF7 pool pcDNA3-HA_3 and  pcDNA3-HA-HMGA1a_2  were incubated with 

doxorubicin at different concentrations for 2 hours, to induce DNA damage (not treated, 0.1 µM, 

0.5µM, 1 µM). Two hours later cells were detached, counted (5000 cells/60 mm dishes) and 

reseeded in standard medium (DME/F12-HEPES for MCF7 and DME/ F12-HEPES plus G418 200 

µg/mL) in quadruplicate for each condition and cellular type. Cells returned to incubator for 10 

days to form colonies and then fixed with cold methanol 100% for 20 minutes, dried and stained 

with 0.5% crystal violet in methanol 25% for 20 minutes. After washing with distillate water and 

drying, colonies were counted manually.  
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3.9 EMT MODELS  

 

3.9.1 MDA-MB-468, cell cultures  

 

The human breast carcinoma epithelial cell line MDA-MB-468 was grown in Dulbecco's 

MODIFIED EAGLE'S MEDIUM HIGH Glucose (DMEM/HIGH, Euroclone) supplemented with 2 

mM L-glutamine, 10% Tet free fetal bovine serum (Tet free FBS, Euroclone), penicillin (100 

U/mL, Euroclone) and streptomycin (100 µg/mL, Euroclone). General growth conditions were 

described in paragraph 3.1.1.  

 

3.10 EGF stimulation on MDA-MB-468 to induce EMT 

 

MDA-MB-468 cancer cells were washed twice with PBS 1X, detached by trypsinization and seeded 

at 350.000 cells/35 mm plate in complete medium. After two days, cells of exponential growth were 

washed once with PBS 1X, starved for serum (0.5%) for 24 hours and stimulated with EGF (rhEGF, 

StemCell) 50 ng/mL for 24 and 72 hours.  

 

3.10.1 Western  Blot  and Real Time PCR 

 

Cells were harvested as total lysates by adding SDS sample buffer to the cells for Western Blot 

analysis (see 3.3) and by adding TRIzol® (Invitrogen) for total RNA extraction and consequently 

RNA retrotranscription and Real Time analysis (paragraph 3.5). As control, MDA-MB-468 were 

treated with CH3COOH 10 mM BSA 0.1%, the solvent in which EGF was resuspended, following 

manufacturer's instructions.  

Experiments were all done in triplicate; details for Western Blot antibodies and Real Time primers 

used are listed and summarized in the tables below, 3.6 and 3.7 respectively. Cell morphology was 

examined and photographed using an optic microscope. 

 

Primary antibody Secondary antibody 

Anti-HMGA1 1:500 Anti-rabbit Perox (Sigma) 1:5000 

Anti-HMGA2 (Sigma) 1:500 Anti-rabbit Perox (Sigma) 1:5000 

Anti-actin b (Sigma)  1:2000 Anti-rabbit Perox (Sigma) 1:5000 

 

Table 3.6 Antibodies used for Western blot analysis in MDA-MB-468 cells with relative concentrations. 
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Gene Primer FOR 5'-3' Primer REV 5'-3' 

E-cadherin AAGTGTCCGAGGACTTTGGCGTGG CAGCCAGTTGGCAGTGTCTCTCCA 

Fibronectin GGCGACAGGACGGACATCTTT GGCACAAGGCACCATTGGAA 

GAPDH TCTCTGCTCCTCCTGTTC GCCCAATACGACCAAATCC 

HMGA1a/b ACCAGCGCCAAATGTTCATCCTCA AGCCCCTCTTCCCCACAAAGAGT 

HMGA2 AGCAGAAGCCACTGGAGAAA AAGGCAACATTGACCTGAGC 

N-cadherin CATCACAGTGGCAGCTGGACTTG GGCCGTGGCTGTGTTTGAAAGG 

Snail TCCGACCCCAATCGGAAGCCTA CCAGGACAGAGTCCCAGATGAGCA 

Twist AGCAAGATTCAGACCCTCAAGC CCATCCTCCAGACCGAGAAG 

Vimentin CCAGCTAACCAACGACAAAGCCCG TGCGTTCAAGGTCAAGACGTGCCA 

 

 

Table 3.7  Sequences of primers used for classic and Real Time PCR analyses of human genes in MDA-MB-
468 cells. 
 

3.10.2 Classic PCR 

 

Expression levels of some genes (Twist and Snail) were too low in MDA-MB-468 cells to be 

analysed successfully  in Real Time PCR. They were so analysed by classic PCR, using as internal 

normalizer endogenous GAPDH. Diluted 1st strand cDNAs were amplified using specific primers 

(listed in table 3.7) and GreenTaq mix 2X (Promega), in triplicates. The PCR program was 95°C 

for 3 minutes, followed by 37 (Twist) and 32 cycles (Snail)  of 95°C for 30 sec, 60°C for 30 sec and 

72°C for 45 sec, and a final elongation step 72°C 7 minutes and stored at 4°C. Amplification 

products were analyzed on 10% polyacrylamide TBE (Tris - Boric acid - EDTA) gel to obtain a 

major resolution of small DNA fragments. PCR products were observed at UV transilluminator, 

after gel staining in TBE 1X and Ethidium Bromide 0.5 µg/mL.  
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10% TBE Running Gel: 2 mL acrylamide/bisacrylamide 29:1 (Sigma),1.2 mL TBE 5X, 2.8 mL 

milliQ water, 80 µL 25% ammonium persulfate (APS, Sigma). Polymerization occurs by addition 

of TEMED (5 µL for 6 mL as total volume of the gel).  

TBE 10X: 890 mM Tris base, 890 mM Boric acid, 20 mM EDTA, to 1 Liter with milliQ water. 

 

3.10.3 Immunofluorescence 

 

EGF stimulation was also carried out on MDA-MB-468 that were grown on glass slides to perform 

immunofluorescence analysis. Expression levels of F-actin (phalloidin staining, diluted 1:40 in PBS 

1X), in comparison to controls (MDA-MB-468 treated with CH3COOH 10 mM BSA 0.1%), were 

observed following IF protocol as in paragraph 3.4. AlexaFluor594 phalloidin (already conjugated 

to secondary antibody AlexaFluor594, Invitrogen) is a toxin that binds specifically to F-actin fibers 

and could be directly added to secondary antibody solution. 

 

3.11 HMGA1 silencing on MDA-MB-468 after EGF exposure 

 

MDA-MB-468 cancer cells were washed twice with PBS 1X, detached by trypsinization and seeded 

at 70.000 cells/1 mm plate (24- well) in complete medium. After two days, cells of exponential 

growth were washed once with PBS 1X, partially starved for serum (0.5% serum, complete medium 

without antibiotics) for 24 hours and transfected with control siRNA (siCTRL), and two siRNAs 

designed against two different parts of HMGA1 sequence,  HMGA1 siRNA 1 (siA1_1) and 

HMGA1 siRNA 3 (siA1_3), using Lipofectamine® RNAiMAX reagent (Invitrogen).   

After 24h hours silencing, medium was removed and cells were washed once with PBS 1X and 

treated with stimulated with EGF (rhEGF, StemCell) 50 ng/mL in complete medium   for 24 hours, 

and corresponding control cells with CH3COOH 10 mM BSA 0.1%. Cells were harvested as total 

lysates by adding TRIzol® (Invitrogen) for total RNA extraction and consequently RNA 

retrotranscription and Real Time analysis (paragraph 3.5). 

 

 

siRNA CTRL (siCTRL)     5’-ACAGTCGCGTTTGCGACTG-3’  

siRNA 1 human HMGA1 gene siA1_1  5’-GACAAGGCTAACATCCCAC-3’ 

siRNA 3 human HMGA1 gene siA1_3  5’-ACTGGAGAAGGAGGAAGAG-3’ 
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3.12 NMuMG, cell cultures 

 

The murine mammary epithelial NMuMG cells were grown in Dulbecco's MODIFIED EAGLE'S 

MEDIUM HIGH Glucose (DME/HIGH, Euroclone), supplemented with 2 mM L-glutamine, 10% 

Tet free fetal bovine serum (Tet free FBS, Euroclone), penicillin (100 U/mL, Euroclone) and 

streptomycin (100 µg/mL, Euroclone). General growth conditions were described in paragraph 

3.1.1.  

 

3.13 TGF-β stimulation on NMuMG to induce EMT 

 

NMuMG were washed twice with PBS 1X, detached by trypsinization and seeded at 150000 

cells/10 mm (24-well plate) in complete medium. The day after cells were stimulated with 

Trasforming Growth Factor β (recombinant human TGF-β1, Peprotech) 5 ng/mL for 6 and 30 

hours, while corresponding control cells were treated with BSA 0.1% sterile water, the solvent in 

which TGF-β was resuspended using manufacturer's instructions. 

 

3.13.1 Western Blot, classic and Real Time PCR 

 

Treated and control cells were harvested as total lysates by adding SDS sample buffer 2X for 

Western Blot analysis (see 3.3.1) and by adding TRIzol® (Invitrogen) for total RNA extraction and 

consequently RNA retrotranscription and Real Time analysis (paragraph 3.5).  

Experiments were all done in triplicate; details for Western Blot antibodies, classic and Real Time 

PCR primers used, are listed and summarized in the tables below, 3.8 and 3.9 respectively. Cell 

morphology was examined and photographed using an optic microscope. 

 

 

Primary antibody Secondary antibody 

Anti-HMGA1 1:500 Anti-rabbit Perox (Sigma) 1:5000 

Anti-HMGA2 (Sigma) 1:500 Anti-rabbit Perox (Sigma) 1:5000 

Anti-actin b (Sigma)  1:2000 Anti-rabbit Perox (Sigma) 1:5000 

 

Table 3.8 Antibodies used for Western blot analysis in NMuMG cells with relative concentrations. 
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Gene Primer FOR 5'-3' Primer REV 5'-3' 

Adam12 TTGTGGGACCAGAGAGGAAC CAGGCTGAGGATCAGGTCTC 

Ap2 CCGATCCACTCCTTACCTCA TTGCTGTTGGACTTGGACAG 

E-Cadherin AGACTTTGGTGTGGGTCAGG CATGCTCAGCGTCTTCTCTG 

Fibronectin GAAGTCGCAAGGAAACAAGC TTGTAGGTGAACGGGAGGAC 

GAPDH GGGTGTGAACCACGAGAAAT GTCTTCTGGGTGGCAGTGAT 

HMGA1 AAGTGCCAACTCCGAAGAGA GAGATGCCCTCCTCTTCCTC 

HMGA2 GCCACAACAAGTCGTTCAGA ATCCTCCTCTGCGGACTCTT 

Msx1 CAGAAGATGCTCTGGTGAAGG TTGGTCTTGTGCTTGCGTAG 

Pax2 CAAAGTTCAGCAGCCTTTCC GTTAGAGGCGCTGGAAACAG 

Slug ACATTGCCTTGTGTCTGCAA GATGTGCCCTCAGGTTTGAT 

Sox2 AAGGGTTCTTGCTGGGTTTT AGACCACGAAAACGGTCTTG 

Sox9 AGGAAGCTGGCAGACCAGTA CTCCTCCACGAAGGGTCTCT 

Sox10 GACCAGTACCCTCACCTCCA CGCTTGTCACTTTCGTTCAG 

Twist GACTCCAAGATGGCAAGCTG TCCTTCTCTGGAAACAATGACA 

Vimentin GACCTTGAACGGAAAGTGGA AGCCACGCTTTCATACTGCT 

Zeb2 CGGCCATTATTTACCCAGAA GGCAAAAGCATCTGGAGTTC 

 
Table 3.9 Sequences of primers used for classic and Real Time PCR analyses of murine genes  in NMuMG 
cells. 
 

3.13.2 Classic PCR 

Expression levels of some genes (Twist, Sox2, Sox10, Adam12, Msx1) were too low in NMuMG 

cells to be analyzed successfully  in Real Time PCR. They were so analyzed by classic PCR, using 

as internal normalizer endogenous GAPDH. Diluted 1st strand cDNAs were amplified using 

specific primers (see primers listed in table relative to Real Time PCR) and GreenTaq mix 2X 

(Promega), in triplicates, as previously described in paragraph 3.10.2, using 40 cycles of 

amplification.  
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3.13.3 Immunofluorescence 

 

TGF-β1 stimulation was also carried out on NMuMG that were grown on glass slides to perform 

immunofluorescence analysis. Expression levels of F-actin (Phalloidin staining) and β catenin, in 

comparison to controls (NMuMG treated with BSA 0.1% sterile water), were observed using IF 

protocol as in paragraph 3.4, antibody details are shown in table 3.10.  

 

Primary antibody Secondary antibody 

/ 
AlexaFluor594 

 phalloidin (red) (Invitrogen) 1:40 

Anti β-catenin 1:100 
Alexa Fluor 488 (green)  

anti-rabbit (Invitrogen) 1:500 

 

Table 3.10 Antibodies used for immunofluorescence analysis in NMuMG cells with relative concentrations. 

 

3.14 HMGA2 silencing on NMuMG after TGF-β exposure 

NMuMG cells were washed twice with PBS 1X, detached by trypsinization and seeded at 125.000 

cells/1 mm plate (24- well) in complete medium without antibiotics (penicillin/streptomycin). After 

one day, cells were transiently transfected with control siRNA (siCTRL), and two siRNAs designed 

against two different parts of  3'UTR HMGA2 gene sequence,  HMGA2 siRNA 1 (siA2_1) and 

HMGA2 siRNA 2 (siA2_2), using Lipofectamine® RNAiMAX reagent (Invitrogen). siRNA were 

designed using Block It RNAI Designer tool by Invitrogen, and their sequences are reported below. 

After 24h hours silencing, cells were stimulated with TGF-β1 5 ng/mL  and corresponding control 

cells BSA 0.1% sterile water. After 2 hours stimulation with TGFβ-1, cells were retransfected with 

siRNA for 6 and 30 hours. Cells were harvested as total lysates by adding TRIzol (Invitrogen) for 

total RNA extraction and consequently RNA retrotranscription and Real Time analysis (paragraph 

3.5). 

 

siRNA 1 murine HMGA2 gene (siA2_1)    5'-GCAGTGACCAGTTATTCTT-3' 

siRNA 2 murine HMGA2 gene (siA2_2)    5'-CCTTCACAGTCCCAGGTTT-3' 

 

3.15 Statistical analysis 

Data were analyzed by a two-tailed Student's t test, and results were considered significant at a p-

value < 0.05. The results are presented as the mean and standard deviation (± SD). 
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4. RESULTS AND DISCUSSION 

 

Plasticity of HMGA proteins confers them the capability to alter several processes, including 

pathological conditions as cancer and processes that could elicit neoplastic transformation itself, as 

EMT. Epithelial to mesenchymal transition, a key factor in the progression of a variety of cancers, 

is characterized by the conversion of epithelial cells to motile mesenchymal ones, with increased 

capacity of migration and invasion. Several evidences highlight the importance of EMT in breast 

cancer, as well as HMGA proteins, that have been already associated both to the process of EMT 

and the increased metastatic potential of human mammary epithelial cancers (Reeves et al., 2001). 

To clarify the role played by HMGA in the EMT in breast carcinoma, our laboratory have focused 

particular attention in the development of different breast cancer cell lines to reach new insights in 

these processes. In particular our laboratory has already generated one model, based on the highly 

metastatic breast cancer cell line MDA-MB-231, characterized by high malignancy, elevated levels 

of HMGA1 protein and basal like features (Pegoraro et al., 2013, see also Introduction). We were 

able to efficiently repress the expression of HMGA1 protein using an interfering sequence (shRNA) 

in the inducible MDA-MB-231 cell line, demonstrating that HMGA1 is required to confer a 

transformed phenotype to breast cancer cells, through EMT/MET processes, and is critical also for 

the in vivo metastatic progression. In fact depletion of HMGA1 induces a dramatic change in the 

morphology of MDA-MB-231 cells from fibroblastic to epithelial phenotype, a differentiation in 

3D matrigel assay and re-localization of epithelial markers, in particular acting through Notch and 

Wnt/β-catenin EMT-signalling pathways. Moreover HMGA1 depleted cells lose the capability to 

form mammospheres, property associated with mammary epithelial stem cells, demonstrating a link 

between EMT and the gain of epithelial stem cell properties. All these evidences, here briefly 

summarized, suggest us an interplay between EMT/MET and HMGA1 in the acquisition of 

aggressive features in breast cancer. In Figure 4.1 some relevant results are represented. 
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Figure 4.1 HMGA1 depletion induces phenotypic and molecular changes in the MDA-MB-231 breast 
cancer cell line. A. Representative images of cells that have been transfected with control  (siCTRL) and 
HMGA1 (si_A1) siRNA and stained with phalloidin (green) to visualize F-actin. Immunofluorescence for β-
catenin  (red). Nuclei are stained with Hoechst (blue). We observed a reorganization of the actin cytoskeleton 
in which F-actin was arranged in a cortical pattern, accompanied by a relocalization of β-catenin from the 
nuclei to cell-cell contacts (Pegoraro et al., 2013). B. An overview of several genes, after HMGA1 silencing 
(grey bar), measured by Real Time PCR. We can observe the regulation of EMT-inducing signalling 
pathways, including those of Wnt/β-catenin (Lef1) and Notch (Jag1).  Expression was normalized to the 
levels in MDA-MB-231 cells that have been transfected with control siRNA (siCTRL). GAPDH was used as 
internal control. The data are represented as the means ± SD (n=3) (Pegoraro's data). 
 

4.1 Development of MCF7 cellular system for HMGA1 expression 

Based on these knowledge, in parallel with the inducible system in MDA-MB-231 cells for the 

depletion of HMGA1 protein, we have developed one cellular model, stable for the over-expression 

of HMGA1 using the breast cancer cell line MCF7, to deciphering the role played by HMGA in the 

EMT in breast carcinoma. Evidences from the inducible system in MDA-MB-231 breast cancer 

cells suggest a key role of HMGA1 in the mesenchymal to epithelial transition, whereas the reverse 

process of epithelial to mesenchymal transition could be confirmed and elucidated in the over-

expressing system. The human mammary epithelial MCF7 cell line differs both for malignancy and 

HMGA1 expression from MDA-MB-231, being characterized by reduced metastatic potential and 

A 

B 
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low levels of HMGA1, confirming the correlation between amount of endogenous HMGA1 and 

tumourigenic potential. MCF7 cell line is oestrogen (ER+) and E-cadherin positive and subtyped as 

luminal A, retaining many of the biochemical and phenotypic features of normal mammary 

epithelial cells. It is typically low grade, weakly proliferative and invasive cell line, displaying a 

very ordered monolayer sheet composed by polygonal shaped cells; it has a reduced ability to grow 

in soft agar, is non invasive in matrigel assays and does not form tumours in nude mice (Planas-

Silva et al., 2007, Reeves et al., 2001). Thus MCF7 cells are well considered as a model of "luminal 

A" breast cancer, that have been shown to undergo EMT changes in response for example to 

oestrogens (Planas-Silva et al., 2007) but also in response to over-expression of HMGA1 (Reeves et 

al., 2001).  

MCF7 cells were transfected with pcDNA3-HA empty vector as control and pcDNA3-HA-

HMGA1. Positive cells were selected by adding G418 antibiotic to the culture medium at the 

selection concentration of 1.5 mg/mL, resistance given by the pcDNA3-HA vector itself. At the end 

of the selection phase we obtained five distinct pools for every kind of transfected plasmid: stable 

MCF7 pcDNA3-HA empty vector 1-2-3-4-5, for simplification defined in Figures and text as 

MCF7_empty vector and stable MCF7 pcDNA3-HA-HMGA1 1-2-3-4-5 defined as 

MCF7_HMGA1, respectively.  Every pool was checked for HMGA1 expression by Western Blot 

analyses using both specific anti-HA and anti-HMGA1 antibody, also to monitor the HMGA1 

levels obtained in comparison to untreated MCF7 and MDA-MB-231 cells, as HMGA1 levels 

reference points. Every HMGA1 transfected pool (lane 8 to 12) is able to efficiently express the 

protein under the control of the strong CMV promoter carried by pcDNA3-HA vector, that alone is 

not able to express any transfected protein product (lane 3 to 7), as expected (Figure 4.2, panel A). 

Using anti-HMGA1 specific antibody we can both recognized endogenous and transfected protein, 

which differ from each other for few aminoacids carried by the fusion with HA-tag. Expression 

levels of the transfected HMGA1 are intermediate in respect to MDA-MB-231 ones (lane 1), while 

endogenous levels, corresponding to the lower band, are maintained similar to the MCF7 untreated 

cells (lane 2) for all the generated pools. Analogous results are shown in Figure 4.2 panel B in 

Western Blot analyses using anti-HA specific antibody, which is able to recognize the transfected 

protein (lanes from 6 to 10). Actin was used as internal normalization. 



 

Figure 4.2 Expression of HMGA1 protein in MCF7 stable 
protein in MCF7 cells transfected for empty vector 
lanes 3-7) and for HMGA1 (pcDNA3
compared to MDA-MB-231 and MCF7 cells (lane 1 and 2 respectively)
anti-HMGA1 specific antibody. B. 
empty vector (lanes 1-5) and for HMGA1 (
antibody, actin was used as internal normalization.

HMGA1 expression in stable cell lines was also monitored by immunofluorescence using anti

tag specific antibody and representative images are shown in Figure 4.3. Expression of HMGA1 (in 

red) is detectable in the majority of the cells, demonstrating an appreciable homogene

specific nuclear staining. As expected any signal is detectable in pcDNA3

transfected cells. 
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4.2 Expression of HMGA1 protein in MCF7 stable cell lines. A. Expression levels of HMGA1 

protein in MCF7 cells transfected for empty vector (pcDNA3-HA, corresponding to MCF7_empty vector,
7) and for HMGA1 (pcDNA3-HA-HMGA1, corresponding to MCF7_HMGA1

231 and MCF7 cells (lane 1 and 2 respectively). Western Blot was performed using 
 Expression levels of HMGA1-HA protein in MCF7 cells transfected for 

5) and for HMGA1 (lanes 6-10). Western Blot was performed using anti
antibody, actin was used as internal normalization. 

 

stable cell lines was also monitored by immunofluorescence using anti

tag specific antibody and representative images are shown in Figure 4.3. Expression of HMGA1 (in 

red) is detectable in the majority of the cells, demonstrating an appreciable homogene

specific nuclear staining. As expected any signal is detectable in pcDNA3
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Expression levels of HMGA1 
corresponding to MCF7_empty vector, 

corresponding to MCF7_HMGA1 lanes 8-12) 
. Western Blot was performed using 

protein in MCF7 cells transfected for 
10). Western Blot was performed using anti-HA specific 

stable cell lines was also monitored by immunofluorescence using anti-HA 

tag specific antibody and representative images are shown in Figure 4.3. Expression of HMGA1 (in 

red) is detectable in the majority of the cells, demonstrating an appreciable homogeneity and a 

specific nuclear staining. As expected any signal is detectable in pcDNA3-HA empty vector 
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Figure 4.3 HMGA1 expression levels by immunofluorescence. Representative immunofluorescence 
analysis of MCF7_empty vector and MCF_HMGA1 pools, using specific antibody directed against anti-HA 
tag. In red it is appreciable HMGA1-HA expression only in stable cell lines for HMGA1, as expected. Nuclei 
are stained with Hoechst (blue). 
 

4.2 HMGA1 over-expression influences EMT markers and signalling pathways 

Once demonstrated the efficient expression of HMGA1 protein in the MCF7 cell line, we have 

performed some experiments for the molecular and cellular characterization of the model, to 

identify possible changes induced by HMGA1 over-expression. Based on the similar levels of 

HMGA1 expression detect by Western Blot and immunofluorescence comparing every pool to each 

other, we decided to focus our attention and perform experiments on one pool for empty vector and 

one pool for over-expression of HMGA1 (pool pcDNA3-HA_3 and pcDNA3-HA-HMGA1_2, 

respectively). First of all, basing also on the results of HMGA1 silencing model in the MDA-MB-

231 cells, we have performed several Real Time PCR analyses to assess expression levels, and their 

eventual variations, of particular EMT markers comparing HMGA1 over-expressing cells and 

control ones, focusing our attention also on genes, resulted to be of particular interest in the 

transcriptional profile analysis of MDA-MB-231 cells in the presence or absence of HMGA1 

(Pegoraro et al., 2013). From Figure 4.4 panel A we can observe an increased level of HMGA1 

encoding mRNA in the stable over-expressing pool, confirming Western Blot and 

immunofluorescence results in respect to control cells, transfected for empty vector and MCF7 

untreated cells. The epithelial marker E-cadherin seems not to be differentially expressed between 

the control and HMGA1 over-expressing pools, although with a tendency to down-regulation, while 

we can observe a significant up-regulation of the expression of mRNA encoding the mesenchymal 
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marker Vimentin (panel B). Furthermore we have analysed mRNA enconding CD24, CD44 and 

Lef1 genes (Figure 4.4 panel B), known to be involved in the processes related to EMT and 

formation of stem cells. As mentioned in Introduction the antigen cell surface phenotype 

CD44+/CD24- is commonly associated to basal-like or mesenchymal features, and importantly also 

with mammary progenitor cells. Lef1 is one of the regulatory element of the β-catenin/Wnt 

signalling pathway that cooperate in a complex with β-catenin and operate as coactivator to sustain 

EMT and stem properties, as already analysed in the reverse model of HMGA1 depletion in MDA-

MB-231 cells. As we can observe in graphs in Figure 4.4 panel B, the "mesenchymal" genes 

(CD44, Lef1) directly positively correlate with HMGA1 over-expression confirming the direct link 

between HMGA1 over-expression and gain of EMT features; CD24 "epithelial" gene, as expected, 

tends to be down-regulated (although not statistically significant) in respect to controls when 

HMGA1 is over-expressed. Besides these molecular changes we do not relieve a morphological 

change towards a mesenchymal status nor F-actin cytoskeleton reorganization (Figure 4.5).  

 

 

 

 

A 
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Figure 4.4 mRNA expression analysis of HMGA1 and EMT markers in MCF7 stable pools.  A. 
Expression levels of mRNA encoding HMGA1 gene were measured by Real Time PCR in MCF7 (light grey 
bar), MCF7 cells stably transfected for empty vector (grey bar) and in HMGA1 over-expressing ones (black 
bar). Expression was normalized against MCF7 cells. GAPDH was used as an internal control. The data are 
represented as the means ± SD (n=3). B. Expression levels of mRNA encoding E-cadherin (E-cad), Vimentin 
(Vim), DEPDC1 (DEPDC1), CD44 (CD44), Lef1 (Lef1) and CD24 (CD24) genes were measured by Real 
Time PCR in MCF7 cells stably transfected for empty vector (grey bars) and in HMGA1 over-expressing 
ones (black bars). Expression was normalized against MCF7 cells. GAPDH was used as an internal control. 
The data are represented as the means  ± SD (n=3), (n=5 for Vimentin). 
 

These results seem to reflect a (pre)-malignant transformation condition in which epithelial cells 

devoid of dramatic morphological changes and maintain their polarized epithelial phenotype, only 

starting to modify molecular networks. In a further step, a variety of molecular factors are able to 

induce total EMT which leads to dramatic architectural changes and reprogramming of regulatory 

networks involved in epithelial homeostasis (Gotzmann et al., 2004).We have also analysed mRNA 

encoding DEPDC1 gene (Figure 4.4, panel B), known to be strongly associated with the 

microtubule network and involved in the cytoskeletal organisation. Indeed we already demonstrated 

that DEPDC1 is able to rescue the effects of HMGA1 silencing on migration. In our system 

DEPDC1 seems not to be influenced by HMGA1 over-expression. Not all molecular changes in 

epithelial to mesenchymal transition could be invariably observed, but migration and invasion 

capabilities as single cells are considered functional markers of EMT (Yang and Weinberg, 2008) 

and have been further analyzed. 

  

B 
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Figure 4.5 HMGA1 over-expression does not induce phenotypic changes. Representative images of 
MCF7 cells stably transfected for empty vector (MCF7_empty vector) and  HMGA1 over-expressing ones 
(MCF7_HMGA1), stained with phalloidin (red) to visualize F-actin cytoskeleton. Immunofluorescence 
for β-catenin  (green). Nuclei are stained with Hoechst (blue). We do not relieve a morphological change 
towards a mesenchymal status nor F-actin cytoskeleton reorganization in HMGA1over-expression condition. 
 

4.3 Migration and invasion capabilities are enhanced by HMGA1 over-expression and its 

modulation 

A complex series of physical and cellular events give rise to the "EMT program", in which 

epithelial cells gain increased motility and invasiveness by disassembly of cell-to-cell contacts, loss 

of cell polarity, cytoskeletal reorganization with detachment from neighboring cells and finally 

migration in the adjacent tissues. To evaluate the migration and invasion capacities given by 

HMGA1 over-expression in vitro, we have performed transwell assays, in control cells and 

HMGA1 over-expressing ones. HMGA1 over-expression significantly increased migration 

capabilities by at least 40% in respect to control cells (Fig. 4.6 panel A), and invasion resulted to be 

duplicated  (100%) in respect to control cells (Figure 4.6 panel B). We can sustain that HMGA1 is 

able to enhance malignant features, typical of an epithelial to mesenchymal transition, sustaining 

migration and invasion processes. 
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Figure 4.6 HMGA1 over-expression enhances transformation features in breast cancer cells. A. 
Transwell migration assay in MCF7_empty vector and MCF7_HMGA1 stable cell lines. 9 different areas for 
each insert were photographed and cells were counted. Data are presented as mean (percentage) of cells 
passed through the transwell after 48 h ± SD (n = 4). B. Transwell invasion assay of the same cells shown in 
panel A. Data are presented as mean (percentage) of cells passed through the transwell after 48 h ± SD (n = 
4). Representative images of a part of transwell areas are shown in correspondence of every condition 
beneath the graph. 
 
 
Beside the stable system in MCF7 cells we have also taken advantage of the development in the 

same human breast cancer cell line (MCF7) of an inducible system for the over-expression of 

HMGA1. In this way we have been able to finely modulate HMGA1 expression and monitor some 

aspects seen in the stable cell lines, in particular in migration. We have developed a model based on 

Tet-inducible system (Tet-On Advanced Inducible Gene Expression System, Clontech), which is a 

tightly regulated and highly responsive system that produces robust expression of our gene of 

interest in target cells, in response to the system inducer, i.e. doxycycline. The general strategy used 

to produce our Tet-On Advanced Inducible Expression System in target cells, has constituted by 

different steps here schematically summarized. MCF7 cells have been transfected with the pTet-On 

Advanced plasmid (which contains a TetOn advanced transactivator) and selected with G418 to 

generate a stable Tet-On Advanced cell line. 30 single clones have been picked, expanded and 

screened for inducibility; after this screening we chose the best clone on the basis of Tet-On 

Advanced transactivator expression level. The stable Tet-On Advanced MCF7 cell line so obtained, 

was then transfected with TRE-base vectors to create two inducible cell lines: one corresponding to 

pTRE-tight-HA vector itself as negative control and one corresponding to pTRE-tight-HA-HMGA1 

vector, co-transfected with the linear marker puromycin. After double antibiotic selection for 

transfected cells (G418-puromycin), 24 clones for every kind of transfected TRE-based vector, were 

picked and screened for HMGA1 expression by Western Blot after induction by doxycycline at 

1000 ng/mL. Indeed once a vector containing a gene of interest under control of a Tet-responsive 

element (i.e, TRE-tight) is transfected into a Tet-On Advanced cell line, through the binding of 

regulatory elements, there is the activation of the gene of interest (HMGA1 in our case) in the 

presence of doxycycline in a highly dose dependent-manner. After the selection we have chosen for 

every kind of obtained cell line, two of the best clones in terms of comparable HMGA1 expression 

levels, morphology and growth rate for HMGA1 over-expression and two clones inducible for 

pTRE-tight-HA only as negative control, to compare possible variability between clones. First of all 

we have tried to modulate the expression of HMGA1, after induction with different gradually 

concentrations of doxycycline in a dose dependent manner to reach a level of HMGA1 protein 

expression, comparable with that of highly metastatic MDA-MB-231 cell line as reference. As we 

can observe in Figure 4.7 we are able to modulate the expression of HMGA1 using different 



 

concentrations of doxycycline, ranging from 0 to 1000 ng/mL as shown in panel A, and moving 

also to a more restricted range in panel B (from 0 to 50 ng/mL doxycycline). By Western Blot 

analyses using specific anti-HMGA1 antibody, 

ng/mL doxycycline (lane 8-9 of panel A and 10

MDA-MB- 231 cells (lane 1 of both panels)

of  50, 100 and 1000 ng/mL seem to exceed the HMGA1

whereas lower concentrations of doxycycline (1, 5, 10 ng/mL) give amount of HMGA1 that are 

below the expression levels of our reference cell line.

 

                     

 

Figure 4.7 Modulation of the express
Expression levels of HMGA1 protein in
(0,1,10,30,100,1000 ng/mL) in comparison to MDA
using anti-HMGA1 specific antibody, actin was used as internal normalization.
HMGA1 protein in an inducible 
ng/mL) in comparison to MDA-MB
specific antibody, actin was used as internal normalization.
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concentrations of doxycycline, ranging from 0 to 1000 ng/mL as shown in panel A, and moving 

also to a more restricted range in panel B (from 0 to 50 ng/mL doxycycline). By Western Blot 

HMGA1 antibody, we have considered as opti

9 of panel A and 10-11 of panel B, respectively) in comparison to 

231 cells (lane 1 of both panels). HMGA1 expression levels induced by concentrations 

50, 100 and 1000 ng/mL seem to exceed the HMGA1 levels in respect to MDA

whereas lower concentrations of doxycycline (1, 5, 10 ng/mL) give amount of HMGA1 that are 

expression levels of our reference cell line. 

expression of HMGA1 protein after induction with doxycycline. 
protein in an inducible MCF7 clone, at different doxycycline concentrations 

(0,1,10,30,100,1000 ng/mL) in comparison to MDA-MB-231 cells (lane 1). Western Blot was 
HMGA1 specific antibody, actin was used as internal normalization.B. 

 MCF7 clone, at different doxycycline concentrations (0,1,5,10,30,50 
MB-231 cells (lane 1). Western Blot was performed using anti

specific antibody, actin was used as internal normalization. 
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protein after induction with doxycycline. A. 
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231 cells (lane 1). Western Blot was performed 
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1). Western Blot was performed using anti-HMGA1 



 

On this basis to evaluate the migration capacities given by HMGA1 

performed, as for stable cell lines, transwell assays, in

different concentrations of doxycycline, in particular 0, 5, 30 and 1000 ng/mL to cover possibly all 

the HMGA1 levels checked before by Western Blot analyses. We have confirmed the same data in 

two different clones over-expressing

hereafter shown for one representative clone, defined in Figures as MCF7A1 inducible clone. As 

reported in Figure 4.8 panel A, by Western Blot analyses using specific antibodies, 

appreciate the modulation of HMGA1 expression with different concentration of doxycycline in 

comparison to the MDA-MB-231 cell line, confirming the r

Blot analyses. In panel B of Figure 4.8 we can observe, in the trans

low concentrations (5 and 30 ng/mL) migration behaves in a HMGA1 dose dependent manner, 

whereas surprisingly at the dose of 1000 ng/mL, which exceeds MDA

migration result to be slowed in comparison b

conditions. Cells, in particular, migrate to a higher and significant level mostly at 30 ng/mL, 

concentration that we have considered the most similar to MDA

 

 
 

A 

73 

On this basis to evaluate the migration capacities given by HMGA1 over

performed, as for stable cell lines, transwell assays, in not induced cells and cells induced with 

different concentrations of doxycycline, in particular 0, 5, 30 and 1000 ng/mL to cover possibly all 

the HMGA1 levels checked before by Western Blot analyses. We have confirmed the same data in 

expressing HMGA1, after two weeks of induction. The results are 

hereafter shown for one representative clone, defined in Figures as MCF7A1 inducible clone. As 

reported in Figure 4.8 panel A, by Western Blot analyses using specific antibodies, 

appreciate the modulation of HMGA1 expression with different concentration of doxycycline in 

231 cell line, confirming the results obtained in the initial Western 

In panel B of Figure 4.8 we can observe, in the transwell migration assay, that for 

low concentrations (5 and 30 ng/mL) migration behaves in a HMGA1 dose dependent manner, 

whereas surprisingly at the dose of 1000 ng/mL, which exceeds MDA-MB-231 expression levels, 

migration result to be slowed in comparison both with control cells but also with other induction 

conditions. Cells, in particular, migrate to a higher and significant level mostly at 30 ng/mL, 

concentration that we have considered the most similar to MDA-MB-231. 
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Figure 4.8 Migration capabilities are influenced in a HMGA1 dose dependent manner in a MCF7 
inducible cell line. A. Expression levels of HMGA1 protein in an inducible MCF7 clone, at different 
doxycycline concentrations (0,5,30,1000 ng/mL, lanes 2-5 respectively) in comparison to MDA-MB-231 
cells (lane 1). Western Blot was performed using anti-HMGA1 specific antibody, actin was used as internal 
normalization. B. Transwell migration assay at different doxycycline concentrations (0,5,30,1000 ng/mL) in 
an inducible clone for HMGA1 over-expression. 9 different areas for each insert were photographed and 
cells were counted. Data are presented as mean (percentage) of cells passed through the transwell after 48 h 
± SD (n = 3). 
 
 
To control our data we have also carried out the same transwell migration experiment also in a 

MCF7 control inducible clone (i.e. transfected with empty pTRE-tight vector), to exclude the 

possibility that doxycycline itself could enhance migration capabilities. As reported in Figure 4.9 

panel A, by Western Blot analyses using specific antibodies, we do not relieve as expected any 

protein expression at every induction condition used (0, 5, 30, 1000 ng/mL). In panel B of Figure 

4.9 we can observe, in the correspondent transwell migration assay, that cells migrate in a very 

similar manner at every tested condition confirming that migration is not influenced or increased by 

doxycycline but it is only HMGA1 dose dependent. 

 

  

B 



 

               

                     

 
Figure 4.9 Migration capabilities are not influenced or enhanced by doxycycline. A. 
of HMGA1 protein in a control inducible
1000 ng/mL, lanes 1-4 respectively). Western Blot was performed using anti
used as internal normalization. B.
(0,5,30,1000 ng/mL). 9 different areas for each insert were photographed 
presented as mean (percentage) of cells passed through the transwell after 
 
 
Moreover we have further confirmed the enhancing migration capability of HMGA1 over

expression at the dose induced by doxycycli

that this effect was strictly dependent on HMGA1. Indeed cells were transfected with a control 

siRNA (si_CTRL, designed against not eukaryotic sequences) both in induced and not induced 

conditions with doxycycline, and with a siRNA designed against HMGA1 sequence (si_A1), in 

induced conditions. As shown in representative images of transwe

panel A, cells induced by doxycycline at 30 ng/mL but silenced for HMGA1, reduced t

migration capabilities at a level similar to control cells  (transfected with si_CTRL and not induced, 
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Figure 4.9 Migration capabilities are not influenced or enhanced by doxycycline. A. 
of HMGA1 protein in a control inducible MCF7 clone, at different doxycycline concentrations (0, 5, 30, 

ctively). Western Blot was performed using anti-HA specific antibody, actin was 
B. Transwell migration assay at different doxycycline concentrations 

9 different areas for each insert were photographed and cells were counted. Data are 
of cells passed through the transwell after 48 h ± SD (n = 3).

Moreover we have further confirmed the enhancing migration capability of HMGA1 over

expression at the dose induced by doxycycline at 30 ng/mL in silencing experiments, demonstrating 

that this effect was strictly dependent on HMGA1. Indeed cells were transfected with a control 

siRNA (si_CTRL, designed against not eukaryotic sequences) both in induced and not induced 

doxycycline, and with a siRNA designed against HMGA1 sequence (si_A1), in 

induced conditions. As shown in representative images of transwell migration assay in Figure 4.10

panel A, cells induced by doxycycline at 30 ng/mL but silenced for HMGA1, reduced t

migration capabilities at a level similar to control cells  (transfected with si_CTRL and not induced, 
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Figure 4.9 Migration capabilities are not influenced or enhanced by doxycycline. A. Expression levels 
clone, at different doxycycline concentrations (0, 5, 30, 

HA specific antibody, actin was 
Transwell migration assay at different doxycycline concentrations 

and cells were counted. Data are 
48 h ± SD (n = 3). 

Moreover we have further confirmed the enhancing migration capability of HMGA1 over-

ne at 30 ng/mL in silencing experiments, demonstrating 

that this effect was strictly dependent on HMGA1. Indeed cells were transfected with a control 

siRNA (si_CTRL, designed against not eukaryotic sequences) both in induced and not induced 

doxycycline, and with a siRNA designed against HMGA1 sequence (si_A1), in 

ll migration assay in Figure 4.10 

panel A, cells induced by doxycycline at 30 ng/mL but silenced for HMGA1, reduced their 

migration capabilities at a level similar to control cells  (transfected with si_CTRL and not induced, 
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white bar) whereas HMGA1 over-expressing cells (si_CTRL, induced at 30 ng/mL) maintain 

migration capabilities as expected. In Western Blot analyses in Figure 4.10 panel B we observed the 

correspondent down-regulation of HMGA1 after silencing (lane 3) in respect to control condition 

(lane 2). 

 

                        
 
 
 

           
 
 

Figure 4.10 HMGA1 silencing reduces migration capabilities. A.Transwell migration assay in an 
inducible clone for HMGA1 over-expression, transfected with si_CTRL and si_A1 and induced with 30 
ng/mL doxycycline. 9 different areas for each insert were photographed and cells were counted. Data are 
presented as mean (percentage) of cells passed through the transwell after 48 h ± SD (n = 3). B. Expression 
levels of HMGA1-HA protein in the inducible MCF7 clone, after silencing with siCTRL and si_A1, at 30 
ng/mL doxycycline. Western Blot was performed using anti-HA specific antibody, actin was used as internal 
normalization. 
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4.4 HMGA1 moderately influences proliferation rate 

One of the most fundamental traits of cancer cells is the ability to sustain chronic proliferation. 

Normal tissues finely control production and release of growth-promoting signals for the entry and 

progression through the cell growth-and-division cycle, ensuring homeostasis of the cell number 

and its maintenance. Cancer cells deregulate these signals, influencing and altering cellular 

signaling pathways that control the progression through the cell cycle as well as cell growth. These 

signals could influence also others cell properties and function, i.e. apoptosis, senescence or 

activation of proto-oncogenes that could influence these processes by disrupting mechanisms 

involved in attenuating proliferative signals (Hanahan and Weinberg, 2011). To test eventually 

proliferative rate differences between HMGA1 over-expressing cells and control ones in stable cell 

lines, we perform cell proliferation assay, seeding 5000 cells/well in quadruplicate for each time 

point and cellular type. Cells were seeded for different detection time points, 24, 48, 72 and 96 

hours to evidence proliferation rate (Fig. 4.11) and at each time point cell growth was examined 

measuring the samples absorbance against a background control as blank, using a microplate reader 

(TECAN) at 492 nm (see Matherial and Methods for protocol details).The absorbance is directly 

proportional to the number of living cells in culture. From the graph in Figure 4.11 we can observe 

a general similar proliferation behaviour between the two cell types, although moderate 

proliferation differences are observable, in particular at 48 hours in which HMGA1 over-expressing 

cells proliferate more than control cells. At 72 and 96 hours cells tend to diminish in general their 

replication rate in response to confluence, although at 96 hours a significant difference in 

proliferation rate is present. Thus we can conclude that HMGA1 could influence only moderately 

proliferation rate in this over-expressing system, showing similar behaviour in cells stable 

transfected for HMGA1 or empty vector. 
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Figure 4.11 Proliferation curves. These data are represented as the means ± SD (n=4), obtained from 
MCF7_empty vector and MCF7_HMGA1 representative pools. It is appreciable a slightly moderate increase 
in proliferation rate of HMGA1 over-expressing cells. 
 
 
Similar results have been obtained also with the MCF7 cell line inducible for HMGA1. To test 

eventually proliferative rate differences between HMGA1 inducible cells at different doxycycline 

concentrations, we have performed cell proliferation assay, seeding 5000 cells/well in quadruplicate 

for each chosen time point (24, 48 and 72 hours) and doxycycline induction (0, 5, 30, 1000 ng/mL). 

Cells were seeded for different detection points and at each time point cell growth was examined as 

for stable cell lines. In Figure 4.12 we can observe, that also at different induction conditions with 

doxycycline, proliferation rates are not strongly influenced, but have maintained similar behaviours. 

These results elucidate also more in detail what we have observed in the transwell migration assay. 

Indeed cells are able to proliferate in a similar manner in all the induction conditions here tested, 

including 1000 ng/mL, which result to affect negatively migration in the transwell assay. This data 

demonstrate that this induction condition does not impair proliferation but only migration capacities 

that therefore are affected only by HMGA1 expression levels and not by different proliferation 

rates. 
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Figure 4.12 Proliferation curves of HMGA1 inducible MCF7 cell lines. These data are represented as the 
means ± SD (n=4), obtained from MCF7 inducible clone for HMGA1 at different doxycycline 
concentrations, i.e. 5, 30, 1000 ng/mL and not induced as control (ni). All tested conditions present a similar 
tendency. 
 
 
4.5 HMGA1 influences DNA damage response 

One of the crucial steps in carcinogenesis is also the impairment of one or more DNA repair 

systems, considered one of the best defences that cells have to counteract neoplastic transformation. 

DNA repair impairment or squilibrium could favour genomic instability and mutability conferring 

selective advantage to some cell subclones, enabling their growth and eventual dominance 

(Hanahan and Weinberg, 2011). Different evidences correlate HMGA with DNA repair inhibition 

(Reeves and Adair, 2005; Baldassarre et al., 2003), contributing to the genetic and chromosomal 

instability often found in cancerous cells that overexpress these proteins. Indeed there are some 

evidences for a role of HMGA in DNA repair process, influencing the cellular DNA damage in 

different manner depending on the involved DNA repair pathways and biological context 

considered. The human genome is constantly under assault from external and internal agents, 

generating tens of thousands of DNA lesions per day in each human, with the most deleterious of 

these lesions being the DNA double strand break (DSB). Unpaired or misrepaired DSBs can result 

in senescence, apoptosis or chromosomal aberrations including translocations and deletions. These 

chromosomal aberrations are associated with genomic instability and can ultimately result in 

carcinogenesis (Davis and Chen, 2013).   

  



 

First of all we have found a useful condition to generate, through the use of topoisomerase II 

inhibitor doxorubicin, induction of DNA double strand breaks. On the basis of our laboratory 

practice with doxorubicin and on literature references, we have performed different damage 

induction with doxorubicin first of all in basal MCF7 cells, using concentration ranging from

to 1 µM, maintaining as constant damage induction time point of two hours. To detect the efficacy 

of our treatment we have performed Western Blot and immunofluorescence analysis by recognizing 

phosphorylation of H2AX histone at the level of Serine 1

one of the major variant of the core histone H2A, and its peculiar feature is a highly conserved 

serine residue located near COOH terminus, which is rapidly phosphorylated upon the exposure of 

cells to DNA damage (Rogakou et al., 1998). Indeed 

damage and DNA double strand breaks and is massively phosphorylated in the chromatin 

surrounding DSBs, also categorized as nuclear foci, originated by different forces including external 

damage, replication fork collision, apoptosis and dysfunctional telomeres (Fernandez

al., 2004). In Figure 4.13 panel A we observe a representative image of damage induction at 

different doxorubicin concentrations, ranging from 10 to 500 nM concentra

at 100, 300, and 500 nM show the major 

to the concentrations of 500 nM and 1µM, to set a possible time course experiment to observe 

which is the best concentration also in te

these analyses we decided to choose 1 µM (lanes 5

increase in γ-H2AX signal but also a good capacity of recovery at 8 hours after doxorubicin 

removal in comparison to not treated cells as showed in Figure 4.13 panel B. 
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have found a useful condition to generate, through the use of topoisomerase II 

, induction of DNA double strand breaks. On the basis of our laboratory 

practice with doxorubicin and on literature references, we have performed different damage 

induction with doxorubicin first of all in basal MCF7 cells, using concentration ranging from

to 1 µM, maintaining as constant damage induction time point of two hours. To detect the efficacy 

of our treatment we have performed Western Blot and immunofluorescence analysis by recognizing 

phosphorylation of H2AX histone at the level of Serine 139, known as γ-H2AX. Histone H2AX is 

one of the major variant of the core histone H2A, and its peculiar feature is a highly conserved 

serine residue located near COOH terminus, which is rapidly phosphorylated upon the exposure of 

ou et al., 1998). Indeed γ-H2AX is considered a marker of DNA 

damage and DNA double strand breaks and is massively phosphorylated in the chromatin 

surrounding DSBs, also categorized as nuclear foci, originated by different forces including external 

replication fork collision, apoptosis and dysfunctional telomeres (Fernandez

al., 2004). In Figure 4.13 panel A we observe a representative image of damage induction at 

different doxorubicin concentrations, ranging from 10 to 500 nM concentration, in which treatment 

at 100, 300, and 500 nM show the major γ-H2A.X increase (lanes 4-6). From these results we move 

to the concentrations of 500 nM and 1µM, to set a possible time course experiment to observe 

which is the best concentration also in terms of damage recovery after treatment removal. From 

these analyses we decided to choose 1 µM (lanes 5-7, panel B), because able to induce a strong 

H2AX signal but also a good capacity of recovery at 8 hours after doxorubicin 

rison to not treated cells as showed in Figure 4.13 panel B.  
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have found a useful condition to generate, through the use of topoisomerase II 

, induction of DNA double strand breaks. On the basis of our laboratory 

practice with doxorubicin and on literature references, we have performed different damage 

induction with doxorubicin first of all in basal MCF7 cells, using concentration ranging from 10 nM 

to 1 µM, maintaining as constant damage induction time point of two hours. To detect the efficacy 

of our treatment we have performed Western Blot and immunofluorescence analysis by recognizing 

H2AX. Histone H2AX is 

one of the major variant of the core histone H2A, and its peculiar feature is a highly conserved 

serine residue located near COOH terminus, which is rapidly phosphorylated upon the exposure of 

H2AX is considered a marker of DNA 

damage and DNA double strand breaks and is massively phosphorylated in the chromatin 

surrounding DSBs, also categorized as nuclear foci, originated by different forces including external 

replication fork collision, apoptosis and dysfunctional telomeres (Fernandez-Capetillo et 

al., 2004). In Figure 4.13 panel A we observe a representative image of damage induction at 
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4.13 Damage induction with different doxorubicin
γ-H2AX in Western Blot analyses using specific antibody
hours at different concentrations, from 10 to 500 nM (lanes 2
NT). B. Expression levels in MCF7 cells 
have been treated with doxorubicin for 2 hours
lysates have been collected at different time points after treatment removal (not treated
was used as internal normalization. 
 

In Figure 4.14 we can observe by representative images, the confirmation of the obtained damage 

induction, by immunofluorescence analyses.  Indeed we can detect similar 

(green) both for MCF7_empty ve

in which the damage signal is undetectable as expected. Cells were exposed to 1 µM doxorubicin 

and fixed at different time points after treatment removal. In Figure 4.14 we observe signal 

detection at 2 hours after treatment removal. Nuclei were stained with Hoechst (blue).
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ction with different doxorubicin  concentrations. A. Expression levels in 
analyses using specific antibody. Cells have been treated with doxorubicin for 2 

at different concentrations, from 10 to 500 nM (lanes 2-6), in comparison to  not treated ones (lane 1, 
MCF7 cells of γ-H2AX in Western Blot analyses using specific antibody

have been treated with doxorubicin for 2 hours at 500 nM and 1 µM (lanes 2-4 and 5
lysates have been collected at different time points after treatment removal (not treated

 

In Figure 4.14 we can observe by representative images, the confirmation of the obtained damage 

induction, by immunofluorescence analyses.  Indeed we can detect similar γ-

(green) both for MCF7_empty vector and MCF7_HMGA1 cells in respect to not treated cells (NT), 

in which the damage signal is undetectable as expected. Cells were exposed to 1 µM doxorubicin 

and fixed at different time points after treatment removal. In Figure 4.14 we observe signal 

ction at 2 hours after treatment removal. Nuclei were stained with Hoechst (blue).
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Expression levels in MCF7 cells of 
. Cells have been treated with doxorubicin for 2 

6), in comparison to  not treated ones (lane 1, 
analyses using specific antibody. Cells 

4 and 5-7 respectively), and 
lysates have been collected at different time points after treatment removal (not treated-0-2-8 hours);actin 

In Figure 4.14 we can observe by representative images, the confirmation of the obtained damage 

-H2AX foci formation 

ctor and MCF7_HMGA1 cells in respect to not treated cells (NT), 

in which the damage signal is undetectable as expected. Cells were exposed to 1 µM doxorubicin 

and fixed at different time points after treatment removal. In Figure 4.14 we observe signal 

ction at 2 hours after treatment removal. Nuclei were stained with Hoechst (blue). 
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Figure 4.14 Expression levels in MCF7_empty vector and MCF7_HMGA1 cells of γ-H2AX in 
immunofluorescence analyses using specific antibody (green), exposed to 1 µM doxorubicin at 2 hours after 
treatment removal in respect to not treated cells (NT). Nuclei are stained with Hoechst (blue). 

 
Starting from all these setting experiments we have performed complete damage induction with 1 

µM doxorubicin in MCF7, MCF7_empty vector and MCF7_HMGA1 cells. In Figure 4.15 we can 

observe the result in Western Blot analysis for γ-H2AX (in respect also to total H2AX) of the time 

course experiment for control cells and HMGA1 over-expressing ones (MCF7 cells are similar to 

control cells, as expected, data not shown). Cells were treated for two hours and after treatment 

removal damage was monitored at different time points (not treated, 2, 4, 8 hours after treatment 

removal). 

 



 

Figure 4.15 Expression levels of 
doxorubicin. Expression levels in MCF7_empty vector and MCF7_HMGA1 stable 
and basal H2AX performed by Western Blot
1 µM doxorubicin for 2 hours and lysates have been collected at different time points after treatment removal 
(not treated-2-4-8 hours ); actin was used as internal normalization.
 

As we can see from lane 2 and 6 at 2 hours after treatment removal, compari

damage obtained, it seems that control cells and HMGA1 over

to damage induction, although at 4 and 8 hours stable pool for HMGA1 (lanes 7 and 8) indicate a 

slightly better recovery of DNA damage in res

internal normalizer as total H2AX and actin. In general we can conclude that we have obtained 

similar damage induction both for MCF7_empty vector and MCF7_HMGA1 cells, but HMGA1 

over-expressing cells seem to respond better in terms of recovery, to DNA damage induced by 

doxorubicin. 

Based on this, to evaluate eventually functional responses to DNA damage induction in our stable 

HMGA1 over-expressing system, 

after DNA damage, by colony formation assay. 

MCF7_HMGA1 were incubated with

of previous results in Western Blot, for 2 hours 

and 1 µM). Two hours later cells were detached, counted and reseeded

quadruplicate for each condition and cellular type. Cells returned to incubator for 10 days to f

colonies, then fixed and stained with 0.

can evaluate the results obtained by 0.5 µM and 1 µM doxorubicin treatment, data at the lowest 

concentration of 0.1 µM are not reported, because cells are nearly insensitive to this concentration 

83 

 

Expression levels of γ-H2AX and basal H2AX protein after damage induction by 
Expression levels in MCF7_empty vector and MCF7_HMGA1 stable 

Western Blot analysis using specific antibodies. Cells have been treated with 
1 µM doxorubicin for 2 hours and lysates have been collected at different time points after treatment removal 

; actin was used as internal normalization. 

As we can see from lane 2 and 6 at 2 hours after treatment removal, compari

damage obtained, it seems that control cells and HMGA1 over-expressing, present similar response 

to damage induction, although at 4 and 8 hours stable pool for HMGA1 (lanes 7 and 8) indicate a 

slightly better recovery of DNA damage in respect to control cells (lanes 3 and 4), comparing to 

internal normalizer as total H2AX and actin. In general we can conclude that we have obtained 

similar damage induction both for MCF7_empty vector and MCF7_HMGA1 cells, but HMGA1 

to respond better in terms of recovery, to DNA damage induced by 

eventually functional responses to DNA damage induction in our stable 

expressing system, we have investigated the capability to survive and

after DNA damage, by colony formation assay. MCF7 cells, MCF7_empty vector 

were incubated with doxorubicin at different concentrations, chosen on the basis 

of previous results in Western Blot, for 2 hours to induce DNA damage (not treated, 0.1 µM, 0.5µM 

and 1 µM). Two hours later cells were detached, counted and reseeded

quadruplicate for each condition and cellular type. Cells returned to incubator for 10 days to f

and stained with 0.5% crystal violet and counted manually. 

can evaluate the results obtained by 0.5 µM and 1 µM doxorubicin treatment, data at the lowest 

concentration of 0.1 µM are not reported, because cells are nearly insensitive to this concentration 
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H2AX and basal H2AX protein after damage induction by 
Expression levels in MCF7_empty vector and MCF7_HMGA1 stable cell lines, of γ-H2AX 

analysis using specific antibodies. Cells have been treated with 
1 µM doxorubicin for 2 hours and lysates have been collected at different time points after treatment removal 

As we can see from lane 2 and 6 at 2 hours after treatment removal, comparing the maximum of 

expressing, present similar response 

to damage induction, although at 4 and 8 hours stable pool for HMGA1 (lanes 7 and 8) indicate a 

pect to control cells (lanes 3 and 4), comparing to 

internal normalizer as total H2AX and actin. In general we can conclude that we have obtained 

similar damage induction both for MCF7_empty vector and MCF7_HMGA1 cells, but HMGA1 

to respond better in terms of recovery, to DNA damage induced by 

eventually functional responses to DNA damage induction in our stable 

survive and form colonies, 

MCF7_empty vector and 

ns, chosen on the basis 

(not treated, 0.1 µM, 0.5µM 

and 1 µM). Two hours later cells were detached, counted and reseeded at low density in 

quadruplicate for each condition and cellular type. Cells returned to incubator for 10 days to form 

5% crystal violet and counted manually. In Figure 4.16 we 

can evaluate the results obtained by 0.5 µM and 1 µM doxorubicin treatment, data at the lowest 

concentration of 0.1 µM are not reported, because cells are nearly insensitive to this concentration 
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and quite similar to untreated cells as response. First of all we have detected that control cells, both 

MCF7 and MCF7_empty vector, display the same behaviour in terms of number of colonies 

formed, as expected. Moreover we can observe that there is a clear advantage in survival in 

HMGA1 over-expressing cells, because able to form a major number of colonies in respect to 

control cells. Results are graphically summarized in the histogram in Fig. 4.16 panel B. Damage 

induction at 0.5 µM doxorubicin shows an enhance in survival of HMGA1 over-expressing cells, 

result consolidated by increasing doxorubicin concentration at 1 µM, where MCF7_HMGA1 cells 

manifest an increment of 50% in the number of grown colonies, in respect to control cells as shown 

in the graph (12 colonies/cm2 versus 6 colonies/cm2 as mean, respectively). We have so 

demonstrated, on the basis of a equal damage, that HMGA1 expressing cells are able to form a 

significant higher number of colonies in respect to control cells, after damage induced by 

doxorubicin treatment suggesting that HMGA1 over-expression could confer a survival advantage 

to the cells, in accordance also with the better recovery response observed by Western Blot analyses 

of γ-H2AX. 
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Figure 4.16 Colony formation assay. A. MCF7, MCF7_empty vector and MCF7_HMGA1 were treated 
with doxorubicin to induce DNA damage (not treated, 0.5 µM and 1 µM). After ten days cells were fixed and 
stained with 0.5% crystal violet and counted. B. The result is graphically shown in the histogram as the mean 
number of colonies/cm2 ± SD (n=4). 
 

We have interestingly observed and confirmed, in respect to MDA-MB-231 model for HMGA1 

depletion (Pegoraro et al., 2013), that over-expression of HMGA1 could confer typical 

tumourigenic features as increased migration, invasion and also resistance to DNA damage in 

respect to control cells which do not express high levels of HMGA1 protein confirming the role 

played by these factors in the acquisition of aggressive features, also by EMT processes.  
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4.6 Development of other EMT models  

 

In parallel with HMGA1 over-expressing model we have developed other two cellular EMT models 

to investigate the role of HMGA proteins in breast tumourigenesis and EMT. The first one is based 

on the human breast carcinoma epithelial cell line MDA-MB-468 by EGF stimulation, and the 

second one on the murine mammary epithelial NMuMG cells by TGF-β treatment.  

Epidermal growth factor receptor (EGFR) is one of the key factors in epithelial malignancies and its 

aberrant activity enhances tumour growth, invasion and metastasis. EGFR is a member of the ErbB 

family of tyrosine kinase receptors that transmit a growth-inducing signal to cells that have been 

stimulated by an EGFR ligand (e.g. EGF) (Hynes and Lane, 2005). Less in known about its 

involvement in Epithelial Mesenchymal Transition and early events that occur during metastasis 

formation in cancers of an epithelial origin, including breast cancer. It is reported that EGFR is able 

to induce, after EGF treatment, an Epithelial Mesenchymal Transition in the human breast 

carcinoma epithelial cell line MDA-MB-468, via up-regulation of Twist, one of the EMT master 

regulators (Lo et al., 2007). Other more recent studies suggest how EGF signalling functions in 

concert with the process of EMT to facilitate tumour cell invasion and dissemination (Balanis et al., 

2013). 

 

4.7 EGF exposure induces transition from an epithelial to mesenchymal phenotype in MDA-

MB-468  

We decided to develop and characterize this EMT model to investigate the possible role of HMGA 

proteins, never been depicted in this kind of EMT cellular system. The human breast carcinoma 

epithelial cell line MDA-MB-468 is categorized as basal-like subtype and grape like-class 

morphology in 3D culture, forming colonies with poor cell-cell contacts, but retains an epithelial 

morphology, is Vimentin negative, EGFR positive and is characterized by low grade invasiveness 

(Kenny et al., 2007; Blick et al., 2008).  

MDA-MB-468 cancer cells were seeded and after two days, cells of exponential growth were 

starved for serum (0.5% final concentration) for 24 hours and stimulated with EGF 50 ng/mL for 

two time points, 24 and 72 hours. After EGF treatment MDA-MB-468 lose their epithelial 

morphology, gaining mesenchymal-like features with elongated shape and disorganized structure 

typical of transformed cells, visible both at 24 and 72 hours in comparison to control cells as we can 

observe in Figure 4.17.  
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Figure 4.17 Morphological changes in MDA-MB-468 cells after EGF exposure. Representative pictures 
illustrating morphological changes towards a mesenchymal phenotype both at 24 and 72 hours after EGF 
exposure at 50 ng/mL. The scale bar represents 50 µM. 
 

Consistent with the phenotypic observations in Figure 4.17 we have performed, fluorescence 

microscopy analyses detecting, by Phalloidin staining that specifically binds filamentous actin, F-

actin cytoskeleton relocalization in particular after 72 hours of EGF treatment. We observed (Figure 

4.18) a reorganization of the actin cytoskeleton in which F-actin "moves" from a cell-cell contact 

and cortical pattern of the control cells to a disorganized pattern with formation of stress fibers of 

the EGF treated cells, typical of cells that lose microfilament organization and gained pro-invasive 

features, detaching from the other neighboring cells and from the substrate. As already mentioned in 

Introduction, adhesion of cell epithelia involves the actin cytoskeleton in each of the joined cells as 

well as cadherins, acting in connection with β-catenin pathway. These data confirm a transition 

towards the mesenchymal phenotype observed previously by morphology transition.  

 



Results and Discussion 
 

88 
 

                

 

Figure 4.18 F-actin cytoskeleton relocalization. Representative images of cells that have been treated with 
EGF 50 ng/mL for 72 hours in respect to untreated ones (-EGF). Cells have been stained with Phalloidin 
(red) to visualize F-actin cytoskeleton rearrangements. Nuclei are stained with Hoechst (blue). 
 
 
4.8 EGF stimulation induces expression of mesenchymal markers and reduction of epithelial 

markers 

To further confirm the reliability of this EMT model we have performed PCR and Real Time PCR 

analyses of the major EMT markers, including Twist, Snail, Fibronectin, E-cadherin, N-cadherin 

and Vimentin after 24 hours of EGF treatment. Expression levels of Twist and Snail genes were too 

low in MDA-MB-468 cells to be analyzed successfully in Real Time PCR. So we decided to 

perform classic PCR using specific primers, considering as internal normalizer endogenous 

GAPDH. Amplification products were loaded on 10% polyacrylamide TBE gel to obtain a major 

resolution and definition of small DNA fragments. Both Twist and Snail, as expected confirming 

literature data (Lo et al., 2007), increase their mRNA expression levels after EGF treatment, in 

comparison to control cells (Figure 4.19 panel A). Twist and Snail belong to a set of master 

transcription regulators that controlled physiological morphogenetic changes but also expressed in 

various combinations in a number of malignant tumour types (Hanahan and Weinberg, 2011). In 

particular they have been identified as E-cadherin repressors, leading to dynamic changes in the 

cytoskeleton (Peinado et al., 2007, Huber et al., 2005), as we have observed also by F-actin 

Phalloidin staining. Indeed E-cadherin is essential for the maintenance of epithelial integrity.    

Further demonstrations of E-cadherin down-regulation have been achieved by Western Blot and 

Real Time PCR analysis. In Figure 4.19 we can observe in comparison to not treated cells how EGF 

treatment at 24 hours reduces the expression of E-cadherin both in Real Time PCR and Western 
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Blot analyses (panel B). Beside this also RNA levels of "mesenchymal" genes were investigated, by 

quantitative Real Time PCR analysis. As it is reported in Figure 4.19 panel C all the "EMT 

associated" markers here tested, i.e. N-cadherin, Vimentin and Fibronectin are up-regulated in 

response to EGF treatment at 24 hours, in respect to not treated cells, confirming the acquisition of 

a mesenchymal state, concomitantly to the lost of epithelial traits. Fibronectin is a very important 

extracellular matrix (ECM) glycoprotein, whose elevated production by cancer cells is classically 

associated with the acquisition on EMT. ECM plays important roles in development and 

homeostatic conditions, however cooperation between integrins and growth factor receptors 

misregulates downstream signaling contributing to pathological responses of cancer cells to soluble 

ligands, binding to EGFR and also TGF-β receptors. An increase in Fibronectin production and 

deposition into the ECM, in response to EGF treatment, leads to binding to integrins regulating cell 

adhesion and motility, stimulating invasive migration during EMT (Balanis et al., 2013). As 

explained before, loss of E-cadherin plays important roles in the transition of epithelial cells, but 

another member of the cadherin family, N-cadherin (Neuronal cadherin), contributes on the other 

side to the invasive phenotype. It has been demonstrated that expression of N-cadherin is associated 

with highly invasive tumour cell lines and its exogenous expression in breast cancer cells induces 

cell migration, invasion and metastasis (Hazan et al., 2000). This "cadherin switching" seems to be 

important for acquisition of mesenchymal features, as motility. Finally also up-regulation of the 

intermediate filament protein Vimentin, normally not expressed in differentiated cells, contributes 

to tumorigenic events, like EMT. Indeed Vimentin expression was shown to be elevated in several 

breast cancer cell lines, correlated to increased migration an invasion.  

Collecting all these data, that confirm the effective reliability of the EMT model created in MDA-

MB-468 cells, we have investigated HMGA expression in this system. 

 

 

 

 

 

 

 

 

 

 

 

 

                                                  

  

A 



 

          

 

 

Figure 4.19 EGF stimulation induces
Snail and Twist genes in MDA-MB
TBE10% gel. GAPDH is used as control and internal normalizer. 
encoding E-cadherin (E-cad) gene were measured by Real Time PCR in controls (grey bars) and cells treated 
with EGF 50 ng/mL for 24 hours (black bars). Expression was normalized against control cells. GAPDH was 
used as an internal control. The data are represented as the means  
of E-cadherin in MDA-MB-468 cells 
reduces expression of E-cadherin after 24 hours (lanes 3
used as internal normalization.C. Expression levels of mRNA encoding N
and Fibronectin (FN), genes were measured by Real Time PCR in controls (grey bars) and cells treated with 
EGF 50 ng/mL for 24 hours (black bars). Express
as an internal control. The data are represented as the means  ± SD (n=3).
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ure 4.19 EGF stimulation induces expression of EMT markers. A. PCR amplification products of 
MB-468 cells stimulated with EGF and in control cell (

TBE10% gel. GAPDH is used as control and internal normalizer. B. At the right, expression levels of mRNA 
were measured by Real Time PCR in controls (grey bars) and cells treated 

with EGF 50 ng/mL for 24 hours (black bars). Expression was normalized against control cells. GAPDH was 
used as an internal control. The data are represented as the means  ± SD (n=3). At the left, e

468 cells by Western Blot analysis using specific antibodies. 
cadherin after 24 hours (lanes 3-4) in respect to control cells (lanes 1

Expression levels of mRNA encoding N-cadherin (N
(FN), genes were measured by Real Time PCR in controls (grey bars) and cells treated with 

EGF 50 ng/mL for 24 hours (black bars). Expression was normalized against control cells. GAPDH was used 
as an internal control. The data are represented as the means  ± SD (n=3). 
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(FN), genes were measured by Real Time PCR in controls (grey bars) and cells treated with 

ion was normalized against control cells. GAPDH was used 



 

4.9 HMGA are up-regulated after EGF treatment

MDA-MB- 468 cells were harvested as total lysates and total RNA samples, aft

50 ng/mL in parallel with control not treated cells, for Real Time PCR and Western Blot analyses. 

As shown in Figure 4.20 panel A both HMGA1 and HMGA2 mRNA expression levels are 

regulated after EGF exposure in respect to control cells at 24 hours. What we have observed at a 

mRNA level is also confirmed at a protein level. As shown in Figure 4.20 panel B, HMGA2 seems 

to be almost absent in not treated MDA

increased, although slightly detectable, in EGF treated cells (lanes 4 to 6). HMGA1, already present 

in MDA-MB-468 cells presents an appreciable, increase in EGF treated ones as observable in 

Figure 4.20, although less in extent in compar

All the data obtained before, in respect to epithelial to mesenchymal transition in MDA

cells exposed to EGF (changes in morphology, F

switch) are directly or indirectly linked also to a

level, suggesting their possible involvement in this process also in another EMT cellular model. 

 

 

 

 

 

Figure 4.20 Expression of HMGA1 and HMGA2 is increased after EGF exposure. 
of mRNA encoding HMGA1 and HMGA2 genes were measured by Real Time PCR in controls (grey bars) 
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after EGF treatment 

468 cells were harvested as total lysates and total RNA samples, aft

50 ng/mL in parallel with control not treated cells, for Real Time PCR and Western Blot analyses. 

As shown in Figure 4.20 panel A both HMGA1 and HMGA2 mRNA expression levels are 

after EGF exposure in respect to control cells at 24 hours. What we have observed at a 

mRNA level is also confirmed at a protein level. As shown in Figure 4.20 panel B, HMGA2 seems 

to be almost absent in not treated MDA-MB-468 cells (lanes 1 to 3), wherea

increased, although slightly detectable, in EGF treated cells (lanes 4 to 6). HMGA1, already present 

468 cells presents an appreciable, increase in EGF treated ones as observable in 

Figure 4.20, although less in extent in comparison to HMGA2.  

All the data obtained before, in respect to epithelial to mesenchymal transition in MDA

cells exposed to EGF (changes in morphology, F-actin cytoskeleton reorganization, EMT markers 

switch) are directly or indirectly linked also to an increase of HMGA both at mRNA and protein 

level, suggesting their possible involvement in this process also in another EMT cellular model. 
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To demonstrate that HMGA raise, in this system, is directly linked to the EMT, we have performed 

silencing experiments, first of all, of HMGA1 mRNA. We have encountered some technical 

difficulties for the realization of this protocol due to the sufferance of MDA-MB-468 cells, for the 

combined treatment of siRNA and EGF in partially serum starved conditions (see Matherial and 

Methods for details); hereafter we have discussed the most successfully experiment setting until 

now. MDA-MB-468 cells of exponential growth were partially starved for serum and transfected 

with control siRNA (siCTRL), and two siRNAs designed against two different parts of HMGA1 

sequence, HMGA1 siRNA 1 (siA1_1) and HMGA1 siRNA 3 (siA1_3), designed against 3'UTR and 

ORF of HMGA1, respectively. After 24 hours silencing, cells were stimulated with EGF for 24 

hours in parallel with corresponding controls. Cells were harvested for total RNA extraction, 

retrotranscription and Real Time analysis of HMGA1 and some EMT markers, already previously 

examined. In Figure 4.21 panel A we can appreciate the dowregulation of HMGA1 after specific 

silencing both with and without EGF exposure. As we can observe from Figure 4.21 panel B in 

conditions of EGF exposure and successfully HMGA1 depletion, mRNA expression levels of 

Fibronectin are increased in respect to control cells (silenced for HMGA1 but not exposed to EGF), 

suggesting there is no direct link with HMGA1 expression or our obtained HMGA1 down-

regulation levels are not sufficient to induce Fibronectin modulation. Nevertheless cells only 

silenced for HMGA1 present a slightly but appreciable decrease of mRNA expression levels of 

Fibronectin, suggesting a role for HMGA1 in its modulation in an EGF independent context. We 

have also analyzed other two EMT markers, Vimentin and E-cadherin by Real Time PCR (Figure 

4.21, panel B). Vimentin does not seem to be modulated by HMGA1 down-regulation, showing 

increased mRNA expression levels in EGF exposed cells, depleted for HMGA1, in respect to 

control cells. E-cadherin shows instead a little but significant up-regulation  in EGF exposed cells, 

depleted for HMGA1, as expected. We can hypothesize that in this EMT model, in the light of the 

results and knowledge on other EMT models further discussed, HMGA1 could contribute to the 

maintenance of the "EMT status", whereas the initial induction factor is given by HMGA2, as 

already demonstrated in other cellular systems as NMuMG exposed to TGF-β (Thuault et al., 2006).  
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Figure 4.21 mRNA expression levels of HMGA1, Fibronectin, Vimentin and E-Cadherin after 
HMGA1 silencing. A. Expression levels of mRNA encoding HMGA1 gene were measured by Real Time 
PCR in controls (grey bars) and cells treated with EGF 50 ng/mL for 24 hours (black bars) transfected with 
control siRNA (siCTRL) and siRNA against HMGA1 (si_A1). Expression was normalized against control 
cells treated with siCTRL. GAPDH was used as an internal control. The data are represented as the means  ± 
SD (n=3). B. mRNA expression levels of Fibronectin, Vimentin and E-cadherin were measured in the same 
samples as in panel A. Expression was normalized against control cells treated with siCTRL. GAPDH was 
used as an internal control. The data are represented as the means  ± SD (n=3). 

 

4.10 EMT model: NMuMG cells and TGF-β 

Mouse mammary epithelial cell lines, such as EpH4 and NMuMG have been intensively studied for 

the implication of the epithelial mesenchymal transition, in establishing metastatic features of breast 

tumour cells (Gotzmann et al., 2004). In particular the Normal Mu rine Mammary Gland (NMuMG) 

cells have been used as a model of TGF-β inducible EMT. Members of the TGF-β superfamily are  

well recognized as major induction signals of EMT during developmental morphogenetic events, 

but also as master regulators of transdifferentiation in tumourigenesis (Yang and Weinberg, 2008). 

Of our particular interest Thuault and colleagues delineated a pathway that links TGF-β signaling to 

the control of epithelial differentiation via HMGA2 in murine mammary epithelial NMuMG cells. 

Indeed they established that HMGA2 confers a transcriptional input for the expression of Snail, 

Twist, Slug, ZEB1 and ZEB2, as known regulators of EMT. HMGA2 works as new target and 

linker of TGF-β to the major factors of tumour invasiveness and metastasis, describing a new 

transcriptional circuitry that mediates EMT (Thuault et al., 2006 and 2008; Tan et al., 2012).   

On this basis, beside the MDA-MB-468 cells model, we have developed this consolidated cellular 

model in NMuMG cells exposed to TGF-β to study in detail the role of HMGA in EMT. In 

particular in collaboration with Professor Robert Vignali of the University of Pisa, we aim to 
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demonstrate if the "HMGA gene molecular network", involved in the EMT and migration of neural 

crest cells, discovered by his group in Xenopus laevis (unpublished data), could be confirmed and 

validated in other cellular models i.e. in mammalians. To this aim we have chosen the well known 

EMT model, elicited by transforming growth factor-β (TGF-β) in murine mammary epithelial 

NMuMG cells, in which HMGA2 is functionally determinant. 

 

4.11 TGF-β stimulation on NMuMG cells induces mesenchymal morphology 

NMuMG cells are derived from the normal mammary glandular tissue of mice and normally display 

and retain characteristic epithelial features, as polarized morphology, tight cell-cell contacts and 

expression of epithelial markers. NMuMG cells were stimulated with Trasforming Growth Factor 

β1 (TGF-β) 5 ng/mL for 6 and 30 hours, in parallel to untreated control cells. After TGF-β 

treatment NMuMG cells lose their epithelial morphology, with progressive dissolution of cell-cell 

contacts.  Cells acquired an elongated fibroblast-like shape and disorganized structure, as it is 

visible in Figure 4.22 at two different magnifications, in particular after 30 hours of TGF-β 

exposure in comparison to control cells.  

 

 

 

 

Figure 4.22 Morphological changes in NMuMG cells after TGF-β exposure. Representative pictures 
illustrating morphological changes, at two different magnifications towards a mesenchymal phenotype both 
at 6 and 30 hours after TGF-β exposure at 5 ng/mL. The scale bar represents 100 µM in panel A and 50 µM 
in panel B. 
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Successively we have performed microscopy analyses to detect by Phalloidin staining, F-actin 

cytoskeleton reorganization, and immunofluorescence to evidence β-catenin relocalization using 

specific antibody, consistently with morphology alterations observed. From images in Figure 4.23 

we evidence a dramatic reorganization of the actin cytoskeleton in TGF-β treated cells in 

comparison to controls. After 30 hours of TGF-β exposure F-actin (red) is almost completely 

rearranged from a cortical pattern of the control cells, displayed on cell junctions, to a disorganized 

one with formation of a impressive number of stress fibers typical of cells that lose microfilament 

organization, becoming mesenchymal. At the same time also β-catenin (green) undergoes to 

extensive changes in its localization, moving from cell-cell junctions and cell membrane to the 

nucleus where can activate EMT genes transcription by Wnt signaling (Acloque et al., 2008).  

 

 

 

Figure 4.23 F-actin cytoskeleton relocalization. Representative images of cells that have been treated with 
TGF-β 5 ng/mL for 30 hours in respect to untreated ones (-TGF-β). Immunofluorescence for β-catenin 
(green). Cells have been stained with Phalloidin (red) to visualize F-actin cytoskeleton rearrangements. 
Nuclei are stained with Hoechst (blue). 
 

4.12 NMuMG cells express EMT markers after TGF-β exposure 

In order to confirm and validate this EMT model, in comparison also to our literature data and 

reference model (Thuault et al., 2006), we have performed Real Time PCR analyses of the major 

EMT markers, including Twist, Slug, Fibronectin and E-cadherin.  

Expression levels of Twist are too low in our NMuMG cells to be detected successfully both in Real 

Time PCR and classic PCR. In Figure 4.24 we can observe in comparison to not treated cells how 

TGF-β treatment at 30 hours in particular reduces the mRNA expression levels of the epithelial 

gene E-cadherin (panel A), whereas increases the mRNA expression levels of the mesenchymal 
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genes Fibronectin (both at 6 and 30 hours, panel B) and Slug (panel C), in particular after 6 hours of 

TGF-β exposure in respect to control cells, as expected.  Expression of GAPDH serves as internal 

control, whereas non treated cells are used as normalizer. The zinc finger transcription factor Slug 

(SNAI2), together with Snail, Twist and ZEB factors, is capable of altering the expression of a 

number of genes including E-cadherin, already described as fundamental for cell adhesion and 

epithelium maintenance. Thus the enhanced expression of Slug, results in the acquisition of an 

invasive and mesenchymal phenotype (Guo et al., 2012). The concomitantly increase in Fibronectin 

and decrease in E-cadherin, repressed in turn by Slug suggest and confirm, as explained before, the 

acquisition of an EMT status, demonstrated also by changes in morphology and reorganization of F-

actin cytoskeleton and β-catenin relocalization, in response to TGF-β treatment.  
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Figure 4.24 TGF-β stimulation induced expression of EMT markers. A. Expression levels of mRNA 
encoding E-cadherin (E-cad) gene at 6 and 30 hours after TGF-β 5 ng/mL treatment in respect to control 
cells, were measured by Real Time PCR in controls (grey bars) and treated cells (black bars). B and C. In the 
same samples as in A. mRNA expression of Fibronectin (FN) and Slug (Slug) genes were analyzed by Real 
Time PCR. Expression was normalized against control cells. GAPDH was used as an internal control. The 
data are represented as the means  ± SD (n=3). 

 

4.13 TGF-β stimulation induces HMGA2 but not HMGA1 up-regulation  

Once demonstrated the reliability of TGF-β induced EMT in NMuMG cells, we have investigated 

HMGA expression in this system, both at mRNA and protein level. Performing Real Time PCR 

analyses we confirmed previous literature data, in which TGF-β treatment in NMuMG breast cancer 

cell line recognize HMGA2 but not HMGA1, a major determinant in EMT (Thuault et al., 2006, 

2008; Tan et al., 2012). Indeed as shown in Figure 4.25 panel A HMGA2 mRNA expression levels 

are increased in TGF-β treated cells, in comparison to controls, at 6 hours after TGF-β exposure, 

starting to decrease at 30 hours after treatment. On the contrary HMGA1 mRNA maintain the same 

expression levels both in untreated and treated conditions, at 6 and 30 hours (panel B).  

Western Blot analysis confirms these data. Indeed treated cells present any increase in HMGA1, as 

we can see in Figure 4.25 panel D; TGF-β exposed cells (lanes 3 and 4) rather tend to decrease 

HMGA1 protein levels at 30 hours of treatment in respect to control cells (lane 1 and 2). HMGA2, 

instead, augment its expression in comparison to untreated cells, both at 30 hours and at an 

intermediate time point of 16 hours as depicted in Figure 4.25 panel C.        

Collecting all these data, that confirm the development of a solid EMT model in NMuMG cells 

accompanied by a specific up-regulation of HMGA2 instead of HMGA1, we have further analyzed 

a second set of genes, regulated by HMGA2 in the Xenopus laevis, to validate and elucidate the 

"EMT-HMGA2 molecular network" also in our murine cellular model. 
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Figure 4.25 TGF-β induces HMGA2 up-regulation. A. and B. Expression levels of mRNA encoding 
HMGA2 and HMGA1 genes, respectively, at 6 and 30 hours after TGF-β 5 ng/mL treatment in respect to 
control cells, were measured by Real Time PCR in controls (grey bars) and treated cells (black bars). 
Expression was normalized against control cells. GAPDH was used as an internal control. The data are 
represented as the means  ± SD (n=3). C. Expression levels of HMGA2 in NMuMG cells by Western Blot 
analysis using specific antibody. TGF-β treatment increases expression of HMGA2 after 16 and 30 hours 
(lanes 3-4 and 7-8) in respect to control cells (lanes 1-2 and 5-6 respectively). Actin was used as internal 
normalization. D. Expression levels of HMGA1 in NMuMG cells by Western Blot analysis using specific 
antibody at 30 hours after TGF-β treatment (lanes 3-4) in respect to control cells (lanes 1-2). Actin was used 
as internal normalization. 

 

4.14 EMT murine cellular model confirms HMGA2 molecular network in X. laevis 

HMGA1 and HMGA2 have been extensively described in mammals; they are encoded by two 

distinct genes, highly expressed during embryogenesis and reactivated and over-expressed in 

tumour progression (see Introduction).  Only HMGA2 is present in X. laevis (XLHMGA2), where it 

may play the functions of both HMGA1 and HMGA2 (Macrì et al., 2013). In particular group of R. 

Vignali demonstrated with a functional study in vivo that XLHMGA2 is expressed in X. laevis 

neural crest cells (NCCs), where it is essential for promoting the expression of Slug, Twist and 

other markers of NCCs and for allowing the EMT and migration of NCCs (Benini et al., 2006; 

Macrì et al., in preparation). Neural crest cells (NCCs) are a special population of cells that during 

development undergo EMT and migrate to different positions within the embryo to differentiate in 

several derivatives; NCCs and tumour EMTs are remarkably similar at both cellular and molecular 

level and employ essentially the same molecular machinery (Yang and Weinberg, 2008). 

Consequently a detailed understanding of the mechanisms controlling normal EMT, for example in 

neural crest cells as a good "model" for migration, would gain more insights on the molecular 

controls of EMTs and cell migration pathways used by cancer cells, also in different organisms. 

Indeed they have demonstrated that knockdown of XLHMGA2 leads to the down-regulation of 

several genes active in neural crest cells during EMT and migratory phases. In this light we have 

investigated the role of HMGA2-modulated genes in neural crest cells of X. laevis (R.Vignali, 

manuscript in preparation), involved in the biology of EMT, also in tumour cell culture models as 

EMT elicited by TGF-β in NMuMG cells. Given the similarity of the molecular events involved in 

EMT of NCCs and tumours, our study may be relevant for clarifying the molecular mechanisms 

driven by HMGA proteins in cancer progression.  

Thus we have further analyzed a particular set of genes, regulated by XLHMGA2 in the X. laevis, in 

our EMT model in NMuMG cells, trying also to underline the connection of the mammalian 

counterpart genes, if present or already known, with EMT and breast cancer. 
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NMuMG cells were stimulated with TGF-β 5 ng/mL for 6 and 30 hours, in parallel to untreated 

control cells for total RNA extraction and consequently retrotranscription and PCR or Real Time 

PCR analysis. As we can see from Figure 4.26 factors belonging to the Sox family, Sox9 and 

Sox10, were found to be up-regulated after TGF-β exposure in respect to control cells, confirming 

the data obtained in X.laevis where they act as neural crest markers during highly sustained NCCs 

migration. Expression levels of mRNA encoding Sox10 was too low in our NMuMG cells to be 

successfully relieved in quantitative Real Time PCR; in Figure 4.26 panel A it is reported the result 

of classic PCR, using as internal control and normalizer GAPDH expression levels. Sox10 is 

dramatically up-regulated after TGF-β treatment of 6 hours (lanes 4-6), in respect to untreated cells 

(lanes 1-3). Also Sox9 results to be increased in its mRNA expression level both at 6 and in 

particular at 30 hours after TGF-β exposure in respect to control cells (panel B). Sox9 and Sox10 

are two of the twenty Sox (Sry-related HMG box) genes transcription factors identified in human 

and mice, characterized by a highly conserved high-mobility group domain, being able to bind to 

DNA. The genes are found throughout the animal kingdom, are expressed in restricted spatial-

temporal pattern and play critical roles in stem cell biology, organogenesis and animal embryonic 

development. Very recently it has been demonstrated that Sox9, in cooperation with the well known 

EMT-associated transcription factor Slug is able to promote tumourigenic and metastatic abilities of 

human breast cancer cells, determining their mammary stem cell state through EMT processes and 

it is also associated with poor patient survival (Guo et al., 2012). Sox10 is one of the most studied 

Sox family genes, in respect to its importance in self-renewal and multipotency, due to the role in 

the survival of neural crest cells and their differentiation. Moreover, Sox10 was described last year 

to be present in invasive breast cancer cells, in particular associated with basal-like triple negative 

phenotype, and together with Sox9 and Slug was shown to be associated with poor overall survival 

in breast cancer (Cimino-Mathews et al., 2013; Riemenschnitter et al., 2013). Beside this also 

mRNA encoding one of the drivers of pluripotency i.e. Sox2 gene, whose over-expression is 

associated also with human cancers including breast carcinomas and EMT (Chen et al., 2008;West 

et al., 2013), was analyzed both with classic and quantitative Real Time PCR (data not shown) in 

treated and untreated cells but its expression was no reliable in our cells. Nevertherless we can 

hypothesize in this case that Sox2 in more linked with its role in neurogenic potential than with 

EMT processes. 
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Figure 4.26 TGF-β stimulation induces Sox factors up-regulation. A. PCR amplification products of 
Sox10 gene in NMuMG cells stimulated with TGF-β and in control cell (- TGF-β), loaded on TBE10% gel. 
GAPDH is used as control and internal normalizer. B. Expression levels of mRNA encoding Sox9 gene, at 6 
and 30 hours after TGF-β 5 ng/mL treatment in respect to control cells, were measured by Real Time PCR in 
controls (grey bars) and treated cells (black bars). Expression was normalized against control cells. GAPDH 
was used as an internal control. The data are represented as the means  ± SD (n=3). 
 

Also Msx1, Pax2 and Ap2 genes, were analyzed by classic and quantitative Real Time PCR. Msx1 

belongs to a first set of genes defined as neural plate border specifiers, that are activated by Notch 

and Wnt signaling pathways together with BMP, another TGF-β superfamily member and induce 

genes that trigger different programs in the neural crest such as the aforementioned Sox genes, Ap2, 

c-Myc and Id (Thiery et al., 2009). The homeobox gene Msx1 (belonging to Msx gene family, 

together with Msx2 and Msx3) is often expressed in sites of interaction between mesenchymal and 

epithelial tissues and in regions of cellular proliferation. Expression of Msx1 and Msx2 has been 

reported as critical in the mammary gland development (Satoh et al., 2004) Msx1 in our view could 

be considered as a "negative control" in our EMT model, because it is localized upstream in respect 

to XLHMGA2 in X.laevis network by R. Vignali group. This hierarchy is confirmed also in our 

EMT model, in which TGF-β induction, that leads to HMGA2 mRNA expression levels increase, is 

not able to alter Msx1 expression levels, as expected. As observed in Figure 4.27 Msx1 expression 

levels, obtained by PCR, are maintained similar fluctuations comparing TGF-β treated cells to 

controls both at 6 and 30 hours of induction. GAPDH expression levels are used as internal control 

and normalizer.  
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Figure 4.27 Msx1 gene, upstream in respect to HMGA2, is not influenced by TGF-β stimulation.PCR 
amplification products of Msx1 gene in NMuMG cells stimulated with TGF-β (lanes 4-6 and 10-12) and in 
control cell (- TGF-β; lanes 1-3 and 7-9), at 6 and 30 hours of treatment respectively, loaded on TBE10% 
gel. GAPDH is used as control and internal normalizer. 
 

Also Ap2 alpha (Activator Protein 2-alpha) and Pax2 (PAired-boX 2) genes were investigated in 

our analysis. They are both linked mainly with neural crest differentiation, but they have also been 

linked with carcinogenesis and breast cancer (Pellikainen and Kosma, 2007; Silberstein et al., 

2002). These genes could be considered two negative controls in our EMT system, being not 

involved in HMGA2-dependent EMT in X.laevis, but fundamentally considered as neural crest 

markers. As observed in Figure 4.28 by Real Time PCR analysis, Ap2 mRNA expression levels 

seems to be inaltered by TGF-β treatment (panel A) whereas Pax2 is rather down-regulated in 

treated cells in respect to control ones (panel B). GAPDH is used as internal control and expression 

was normalized to the levels in NMuMG untreated cells.  

 

 

 

Figure 4.28 Ap2 and Pax2 genes are not linked with TGF-β induced EMT in NMuMG cells. A and B. 
Expression levels of mRNA encoding Ap2 and Pax2 genes (panel A and B respectively), at 6 and 30 hours 
after TGF-β 5 ng/mL treatment in respect to control cells, were measured by Real Time PCR in controls 
(grey bars) and treated cells (black bars).Expression was normalized against control cells. GAPDH was used 
as an internal control. The data are represented as the means  ± SD (n=3). 
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After that we have analyzed a third set of downstream genes all correlated with neural crest cells, 

epithelial mesenchymal transition and migration as the transcription factor Zeb2, and the 

metalloproteinase ADAM12 (as mammalian counterpart very similar to ADAM13, expressed in 

neural crest cells, essential for migration in X.laevis). All these three genes were dowregulated 

concomitantly to XLHMGA2 knockdown in X. laevis suggesting an impairment in migrating 

abilities due to HMGA2 absence during EMT in neural crest cells (R.Vignali, manuscript in 

preparation). Moving to the mammalian counterpart in NMuMG cells we can observe that TGF-β 

induction in our EMT model in NMuMG cells, that leads to increasing of HMGA2 mRNA 

expression levels, leads also to an up-regulation of these genes, in comparison to untreated cells, 

confirming data observed in X.laevis. In Figure 4.29 panel A we can see, as a result of quantitative 

Real Time PCR analyses that Zeb2 is up-regulated both at 6 and 30 hours after TGF-β exposure in 

respect to control cells, whereas ADAM12 is up-regulated in particular after 30 hours of treatment 

in respect to untreated cells as it is reported in Figure 4.29 panel B by classic PCR analysis.  

 

 

       

 

Figure 4.29 Genes involved in migration are up-regulated in NMuMG cells, after TGF-β exposure. A. 
Expression levels of mRNA encoding Zeb2 gene were measured by Real Time PCR in controls (grey bars) 
and cells treated with TGF-β 5 ng/mL for 6 and 30 hours (black bars). Expression was normalized against 
control cells. GAPDH was used as an internal control. The data are represented as the means  ± SD (n=3). B. 
PCR amplification products of Adam12 gene in NMuMG cells stimulated with TGF-β (lanes 4-6) and in 
control cell (- TGF-β; lanes 1-3), at 30 hours of treatment, loaded on TBE10% gel. GAPDH is used as 
control and internal normalizer.  
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The up-regulation of these two genes is very significant in the context of EMT and cancer. 

Indeed the ZEB family of transcription factors (ZEB1 and ZEB2 proteins in upper vertebrates) 

regulates key elements during both embryonic development and cell differentiation but their role in 

cancerogenesis and EMT is absolutely recognized. A lot of evidences showed that ZEB proteins 

induce epithelial mesenchymal transition linking their expression with increased aggressiveness and 

metastasis in mice models and a wide range of primary human carcinomas (Sánchez-Tilló et al., 

2012). As explained in Introduction, it is the ability to repress E-cadherin and induce EMT that set 

ZEB1 and ZEB2 as important regulators of tumour progression. This is critical for maintenance of 

epithelial cell polarity and phenotype. ZEB factors not only repress E-cadherin but also other 

epithelial markers involved in cell polarity, components of tight junctions, gap junctions and 

desmosomes (desmoplakin), on the other hand activating mesenchymal genes such as Vimentin, 

Fibronectin and N-cadherin (Sánchez-Tilló et al., 2012). 

ADAM12 (first described in mouse under the name of meltrin-α) belongs to the members of "a 

disintegrin and metalloproteinases" multidomain family. ADAM genes are multifunctional, 

generally membrane bound, zinc proteases for which there are forty genes known (21 of these 

appearing in humans). Members of the ADAM family have a variety of roles, including fertility, 

proteolytic shedding of receptor ectodomains, adhesion and cell signaling (Nyren-Erickson et al., 

2013). Similar to the Matrix Metalloproteases (MMPs), catalytically active ADAMs are capable of 

degrading extracellular matrix proteins, mediating also cell-cell and cell-matrix interaction by 

binding integrins (Klein and Bischoff, 2011). ADAM12 has been suggested to modulate the 

cytoskeleton by altering β-1 integrins on the ECM, causing reorganization of actin-integrin binding 

between cytoskeleton and ECM, promoting cellular migration. ADAM12 has been associated with 

various pathological states, and its over-expression in cancer has been extensively reviewed in 

many tumours ranging from breast to lung cancer to glioblastoma. Of our particular interest it is 

considered one of the most prominent breast cancer-associated ADAM genes and it is mainly 

associated, analyzing a number of transcriptomic datasets, with breast tumours exhibiting 

aggressive characteristics and EMT molecular signatures  (Li et al., 2013).  

 

4.15 HMGA2 silencing on NMuMG cells after TGF-β exposure 

All these results seem to converge to a confirmation of the different genes investigated, analyzed in 

X. laevis, also in our EMT model in murine cells. To really demonstrate that these genes are 

HMGA2-dependent in their regulation for triggering EMT and clarify the HMGA2 regulatory 

network, we have carried out a siRNA interference experiment to downregulate HMGA2 mRNA 

expression levels. Two siRNAs have been designed against two different and not overlapping 
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sequences of the 3'UTR of HMGA2 gene, defined as HMGA2 siRNA 1 (si_A2_1) and HMGA2 

siRNA 2 (si_A2_2), and transfected in NMuMG cells first of all to assess the down-regulation 

obtained at two different cell confluences to set up the best experiment conditions. Control cells 

were parallel transfected with a control siRNA (siCTRL), with no specific target in eukaryotes. In 

Figure 4.30 we can observe mRNA expression analyses of HMGA2 gene by Real Time PCR, after 

72 hours of silencing with siCTRL and si_A2_1 and si_A2_2, at the two different cell confluences 

of 80.000 and 150.000 cells (panel A and B, respectively). In both cases down-regulation of 

HMGA2 reaches similar percentages, in particular of 60 % and 50 % at major cell confluence of 

150.000 cells/well probably due to the cell culture conditions of NMuMG cells, being more 

suffering at low confluences. siRNA si_A2_1 seems to be more efficient in the down-regulation of 

HMGA2 in respect to the other one, si_A2_2. 
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Figure 4.30 HMGA2 is down-regulated after silencing with specific siRNA. A and B. Expression levels 
of mRNA encoding HMGA2 gene were measured by Real Time PCR in NMuMG cells transfected with 
control siRNA (siCTRL) and siRNA against HMGA2 (si_A2_1 and si_A2_2) for 72 hours, at two different 
cell confluences, 80.000 and 150.000 cells respectively in panel A and B. Expression was normalized against 
control cells treated with siCTRL. GAPDH was used as an internal control. The data are represented as the 
means  ± SD (n=3). 
 

After that, we have set up different experiment conditions in terms of timing and siRNA 

concentrations, transfecting siCTRL and si_A2_1 and si_A2_2 in presence or absence of TGF-β. 

Cells were harvested, after silencing and TGF-β exposure at 5 ng/mL, for total RNA extraction and 

consequently RNA retrotranscription and Real Time analysis of the most significant genes 

previously investigated. Hereafter in Figure 4.31 we can observe the result of HMGA2 silencing in 

presence or absence of TGF-β stimulation with both siRNAs against HMGA2 and siCTRL (see 

Matherial and Methods for details) . As shown, in particular si_A2_1 is able to reduce significantly 

HMGA2 expression in presence of TGF-β to the level of control cells transfected with siCTRL, a 

trend observable also for si_A2_2 but at a slightly minor extent. Cell transfected with siCTRL, both 

control and treated ones, behave as expected with an increase of HMGA2 mRNA after TGF-β 

exposure. 

 

Figure 4.31 HMGA2 down-regulation in presence or absence of TGF-β. Expression levels of mRNA 
encoding HMGA2 gene were measured by Real Time PCR in controls cells (grey bars) and cells treated with 
TGF-β 5 ng/mL for 30 hours (black bars) simultaneously transfected with control siRNA (siCTRL) or 
siRNA against HMGA2 (si_A2_1 and si_A2_2). Expression was normalized against control cells treated 
with siCTRL (siCTRL ctrl, grey bar). GAPDH was used as an internal control. The data are represented as 
the means  ± SD (n=3). 
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In this light, obtaining a good HMGA2 silencing we have performed same Real Time PCRs of the 

most significant genes previously investigated as for example Sox9, Zeb2, ADAM12 and an 

internal positive control (known also from literature data, Thuault et al. 2006), Fibronectin. Despite 

the consistency of HMGA2 silencing also in presence of TGF-β we have not observed the down-

regulation of these analyzed genes, included positive control Fibronectin, as shown in Figure 4.32 

panel A. As we can see, Fibronectin continues to be up-regulated both with si_A2_1 and si_A2_2 in 

presence of TGF-β treatment (black bars, si_A2_1 and si_A2_2). The same behaviour is maintained 

also for the other genes examined; in panel B mRNA expression levels of Sox9 encoding gene are 

represented as example.  
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Figure 4.32 Fibronectin and Sox9 expression after HMGA2 silencing in presence or absence of TGF-β. 
A and B Expression levels of mRNA encoding Fibronectin (FN) and Sox9 (Sox9) genes were measured by 
Real Time PCR in controls cells (grey bars) and cells treated with TGF-β 5 ng/mL for 30 hours (black bars) 
simultaneously transfected with control siRNA (siCTRL) or siRNA against HMGA2 (si_A2_1 and 
si_A2_2). Expression was normalized against control cells treated with siCTRL (siCTRL ctrl, grey bar). 
GAPDH was used as an internal control. The data are represented as the means  ± SD (n=3). 
 
 

From our analyses it seems that in particular HMGA2 expression that is induced after TGF-β 

exposure is not totally been affected by silencing with specific siRNAs, whereas silencing of 

endogenous HMGA2 reaches good levels of down-regulation as shown in Figure 4.31 for both 

HMGA2 specific siRNAs. In this light, we hypothesize that silencing after TGF-β treatment was 

more difficult to obtain because of the strong effect depending on TGF-β signalling and although 

reaching good levels of silencing in respect to control condition (siCTRL-ctrl) as shown in Figure 

4.31, the HMGA2 expression levels between every control and correspondent treated samples (i.e 

siCTRL, si_A2_1 and si_A2_1 ± TGF-β) are maintained similar in intensity (~ 2 folds as delta) as 

shown hereafter in Figure 4.33, in which every treated sample is normalized against the 

corrispondent control. This reflects that the burst given by TGF-β somministration induces a 

consistent HMGA2 expression, influencing also others analyzed genes as positive control 

Fibronectin, which not results to be down-regulated as awaited (Thuault et al., 2006).  

 

B 
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Figure 4.33 TGF-β somministration induces a burst of HMGA2 expression of the same intensity as 
controls also in HMGA2 silenced cells. Expression levels of mRNA encoding HMGA2 gene were 
measured by Real Time PCR in controls cells (grey bars) and cells treated with TGF-β 5 ng/mL for 30 hours 
(black bars) simultaneously transfected with control siRNA (siCTRL) or siRNA against HMGA2 (si_A2_1 
and si_A2_2). Expression of every treated sample (black bars) was normalized against the corrispondent 
untreated sample positioned at 1 as relative intensity (grey bars). GAPDH was used as an internal control. 
The data are represented as the means  ± SD (n=3). 
 
 
Consequently we have carried out different set up experiments modulating timing and siRNAs 

levels, increasing their concentrations to limit TGF-β induction, but the results were similar to 

previous ones.  
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5. CONCLUSIONS  

The aim of my Thesis was to study the role of HMGA proteins in the process of Epithelial-

Mesenchymal transition, in particular in breast carcinoma. Consequently taking advantage of 

different breast cancer cell lines we have developed different EMT cellular models in which we 

have analyzed by Western Blot, Real Time PCR and functional assays the acquisition of 

tumourigenic aggressive features or the expression of particular markers involved in these 

processes. The plasticity of epithelial cells represented by EMT models recapitulates some aspects 

of tumour progression in vitro, providing the basis to identify how key molecular players as HMGA 

proteins contribute to tumourigenesis. MCF7 stable and inducible cell lines permit us to confirm, as 

first achievement of my Thesis, that over-expression of HMGA1 could confer some aggressive 

features, as demonstrated by migration and invasion capabilities as single cells by transwell assays 

in particular, but also by Real Time PCR analyses of EMT specific markers as CD44, Vimentin and 

Lef1, as major results. These data overlap and confirm partially what our laboratory have observed 

with the opposite model in MDA-MB-231 cells, where HMGA1 was depleted by shRNA (Pegoraro 

et al., 2013), in which also morphological and more robust EMT genes modulations changes are 

observable. These results seem to converge to a malignant transformation condition in which 

epithelial cells devoid of dramatic morphological changes, and maintain their polarized epithelial 

phenotype, but starting to modify molecular networks. Successively, a variety of molecular factors 

are able to induce total EMT which leads to dramatic architectural changes and reprogramming of 

regulatory networks involved in epithelial homeostasis (Gotzmann et al., 2004). In particular we can 

hypothesize that the depletion of an architectural transcription factor will imply a more immediate 

impact on the cellular system, whereas over-expression of the same factor could not have the same 

effect, depending also in its activity, maybe by the involvement and cooperation of others factors. 

Moreover in our MCF7 over-expressing systems we have over-expressed only the HMGA1a 

isoform, whereas the depletion of endogenous HMGA1 in MDA-MB-231 cells targets both 

isoforms of HMGA1. This result could also reflect a more complex molecular network in which 

both isoforms and also the interplay between them, have a fundamental role in the acquisition of 

aggressive properties. Moreover it has been demonstrated that endogenous HMGA1a and HMGA1b 

proteins isolated both from non-metastatic and metastatic cells display a consistent different post-

translational pattern, suggesting that the isoforms exhibit differences in their biological 

functions/activities (Edberg et al., 2005). Beside this of particular interest we have established that 

HMGA1 over-expressing cells confer a survival advantage to the cells, being able to form a 

significant higher number of colonies in respect to control cells, after DNA damage by doxorubicin 
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drug, giving new perspectives in the study of HMGA1 in DNA repair and genomic instability. 

There are some evidences for a role of HMGA in DNA repair process, influencing the cellular DNA 

damage in different manner depending on the involved DNA repair pathways and biological context 

considered (Reeves and Adair et al., 2005, Baldassarre et al., 2003, Li et al., 2009). 

The second aim of my Thesis was to develop other two cellular models to investigate in detail the 

role of HMGA proteins in EMT. The first one is created in the human breast carcinoma epithelial 

cell line MDA-MB-468, which converges to a mesenchymal status, after EGF exposure (Lo et al., 

2007). This cellular model was never been investigated for HMGA involvement. Consistent with 

strong phenotypic observations we have confirmed, by Phalloidin staining, F-actin cytoskeleton 

relocalization typical of cells that lose their microfilament organization and gained pro-invasive 

features. Moreover EMT markers and HMGA1 and HMGA2 have been analyzed by Real time PCR 

and Western blot demonstrating the over-expression of these two factors during EMT, induced by 

EGF in comparison to control cells, never been characterized before in this EMT model. Performing 

silencing experiment on HMGA1 we are not able to observe down-regulation of EMT markers. 

This could suggest that there is no direct link with HMGA1 expression and EMT in this system or 

our obtained HMGA1 down-regulation levels are not sufficient to induce EMT genes modulation. 

Nevertheless cells only silenced for HMGA1 present a slightly but appreciable decrease of mRNA 

expression levels of Fibronectin, suggesting a role for HMGA1 in its modulation in an EGF 

independent context. We can also hypothesize that in this EMT model, in the light of the results, 

HMGA1 could contribute to the maintenance of the "EMT status", whereas the initial induction 

factor is given by HMGA2, as already demonstrated in other cellular systems as NMuMG exposed 

to TGF-β (Thuault et al., 2006) and also reflecting on higher HMGA2 expression levels obtained in 

this model in respect to HMGA1. On this basis we will try to optimize silencing experiments of 

both HMGA1 and HMGA2, minimizing technical difficulties encountered. Concomitantly in the 

well known EMT model, elicited by transforming growth factor-β (TGF-β) in NMuMG cells, we 

have demonstrated by Real Time PCR of EMT markers and by immunofluorescence the effective 

reliability of the cellular model, confirmed also by a dramatically change in morphology of TGF-β 

treated cells towards a mesenchymal phenotype. We have further confirmed an overlap of the X. 

laevis molecular network, in collaboration with Robert Vignali's group, also in our murine cellular 

model, giving new proves on the similarity of the molecular events shared in EMT of NCCs and 

tumours. Of particular interest genes involved in migration in epithelial mesenchymal transition and 

cancer, such as the E-cadherin repressor Zeb2 and the metalloproteinase ADAM12 are up-regulated 

in response to TGF-β exposure. In this light, our study may be relevant for clarifying the molecular 

mechanisms driven by HMGA proteins in cancer progression, also in different organisms. 
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To finally demonstrate that these genes are directly HMGA2-dependent in their regulation for 

triggering EMT and clarify the HMGA2 regulatory network, we have carried out different siRNA 

interference experiment to downregulate HMGA2 mRNA expression levels in presence or absence 

of TGF-β. Despite the consistency of HMGA2 silencing, also in presence of TGF-β, we have not 

observed the down-regulation of the analyzed genes. In this light we will try to set up new silencing 

experiments changing siRNAs, timing and transfection conditions. 

Collecting all this data we can assume that HMGA are involved in EMT in different cellular 

models, although, beside technical problems, further analyses are necessary to enrich our 

comprehension about their role in initial induction or maintenance of EMT status. Moreover we will 

demonstrate if there is a direct or indirect link between HMGA protein over-expression and the 

modulation of the different set of genes analyzed during EMT, and if we could define an "HMGA-

EMT molecular network", discriminating also between HMGA1 and HMGA2 possible different 

roles in several pathways involved in the EMT process. In particular in collaboration with Professor 

Robert Vignali of the University of Pisa, we aim to demonstrate if the "HMGA gene molecular 

network", involved in the EMT and migration of neural crest cells could be validated in 

mammalians both in murine model but also in the human one, given by the breast cancer cell line 

MDA-MB-468 cells exposed to EGF. Concluding we can underline the relevance to develop 

cellular EMT models, being aware, however, that they do not reflect completely the tumour 

situation in vivo, but they are fundamental to simplify molecular networks and give the basis to 

unravel oncogene and also tumour suppression functions.  
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