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ABSTRACT 

 

The High Mobility Group (HMG) proteins are among the largest and best characterized family of 

non-histone chromosomal proteins. They have been subdivided into three subfamilies: HMGA, 

HMGB and HMGN. Each of the subfamilies has a unique functional sequence motif by which they 

are able to bind to specific structures in DNA or chromatin. 

The mammalian HMGA family consists of two functional genes: HMGA1 and HMGA2. Alternative 

splicing of the HMGA1 gene transcript give rise to HMGA1a and HMGA1b. HMGA2 protein is 

encoded by the other gene. 

HMGA proteins participate in specific protein-DNA and protein-protein interactions inducing 

structural changes in chromatin and formation of macromolecular complexes on the 

promoter/enhancer region of several genes. Indeed, they are reffered to as architectural transcription 

factors. Due to their multifunctionality, they participate in several biological processes such as virus 

integration and expression, embryogenesis and differentiation, apoptosis, senescence, neoplastic 

transformation, and DNA repair. 

The oncofetal characteristic attributed to HMGA proteins derives from the fact that they are (i) 

highly expressed during embryogenesis, (ii) absent or expressed at low level in adult tissues, and 

(iii) highly re-expressed in transformed cells. 

These factors are among the most post-translationally modified proteins in the nucleus and their 

activities are modulated by a wide variety of post-translational modifications (PTMs). 

In this work we looked for a link between HMGA PTMs and the neoplastic transformation process, 

taking advantage of breast cancer cell lines, in which the reversion of the neoplastic phenotype was 

induced by means of pharmacolgical treatment, and mass spectrometry analyses. 

Moreover, thanks to a new in vitro strategy developed in our laboratory for the identification of 

HMGA molecular partners, we demonstrated that HMGA1a protein associate with Ku70, a key 

factor involved in double strand breaks non-homologous end joining (NHEJ) DNA repair pathway. 

Numerous findings suggest that inhibition of DNA repair processes by HMGA proteins may 

contribute to the genetic and chromosomal instabilities commonly found in cancerous cells. 

Therefore, we investigated about the functional relationship among HMGA and the main members 

of NHEJ repair mechanism, focusing in particular on DNA-dependent protein kinase (DNA-PK) 

which is a key regulator of this patway. 
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ABBREVIATIONS 

 

4WJ: four-way junction 

A: acetylation 

AR: amphiregulin 

ASV: avian sarcoma virus 

ATF-2: activating transcription factor (ATF)-2 

ATM: ataxia-telangiectasia mutated 

ATR: ATM and Rad3-related 

ATRIP: ATR-Interacting Protein 

BER: base-excision repair 

BRCA1/2: breast cancer susceptibility gene 1/2 

BRIP1: BRCA1 Interacting Protein 

BTC: betacellulin 

CBP: CREB-binding protein 

CDK4: Cyclin-dependent kinase 4 

CK2: casein kinase 2 

CoAP: Co-Affinity Purification 

CRE: cAMP response element 

DDR: DNA Damage Responce 

DMSO: dimethylsulphoxide 

DNA-PK: DNA-dependent protein kinase 

DSB: double-strand break 

EGF: epidermal growth factor 

EMSA: Electrophoretic Mobilty Shift Assay 

EPR: epiregulin 

ER: estrogen receptor 

ErbB2/Neu/HER2: epidermal growth factor receptor 2 

ERCC1: Excision repair cross-complementation group 1 

GST: glutathione S-transferase 

HB-EGF: heparin-binding EGF 

HIPK2: homeodomain-interacting protein kinase 2 

HIV-1: immunodeficiency virus type 1 

HMG: High Mobility Group proteins 
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HPV18: human papillomavirus type 18 

HR: homologous recombination 

HRG: heregulin 

HSV-1: herpes simplex virus-1 

IFN-β: β-interferon 

IL-2Rα: human interleukin-2 receptor- α 

IR: insulin receptor 

IR: ionising radiation 

IRF-1/3/7: Interferon regulatory factor-1/3/7 

JCV: John Cunningham virus 

LAP-2: latency active promoter 2 

LC/MS: Liquid Chromatography/ Mass Spectrometry 

M/R/N: (Mre11)/Rad50/Nijmegen Breakage Syndrome 1 complex 

M: methylation 

MARs/SARs: Matrix/Scaffold Associated Regions 

MBP: maltose-binding protein 

MDM2: Mdm2 p53 binding protein homolog 

MMR: mismatch repair 

MoMuLV: Moloney murine leukemia virus 

Mre11:  

NBS1: Nijmegen Breakage Syndrome 1 

NER: Nucleotide Excision Repair 

NF-kB: Nuclear factor-kappaB 

NHEJ: non-homologous end-joining 

NRG: neuregulin 

P: phosphorylation 

PARP-1: Poli-ADP Ribose Polimeras-1 

PCAF: p300/CBP-associated factor 

PI-3-K: phosphatidylinositol-3-kinase 

PIKK: phosphatidylinositol-3-kinase related kinase 

PKC: protein kinase C 

PML: promyelocytic leukimia 

PPI: protein–protein interaction 

PRMTs: protein arginine methyltranferases 
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PTEN: Phosphatase and Tensin homologue 

PTMs: post-translational modifications 

RP-HPLC: Reverse Phase – High Pressure Liquid Chromatography 

RTKs: receptor tyrosine kinases 

SAHFs: Senescence-Associated Heterochromatic Foci 

SDSA: synthesis-dependent strand annealing 

SRF: serum-response factor 

SUMO: small ubiquitin-like modifier 

TAP: Tandem-Affinity Purification 

TFs: transcription factors 

TGFα: transfroming growth factor α 

WB: western blot 

XRCC4: X-ray repair complementing defective repair in Chinese hamster cells 4 
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INTRODUCTION 

 

1 | The High Mobilty Group protein family 

 

The High Mobility Group (HMG) proteins are among the largest and best characterized family of 

non-histone chromosomal proteins. They were discovered in mammalian cells more than 30 years 

ago and named according to their high electrophoretic mobility in acetic acid/urea PAGE (Goodwin 

et al., 1973). HMG proteins are ubiquitous and relatively abundant in all the cells of higher 

eukariotes. Tipically they have a high content of charged amino acids, a molecular mass minor than 

30 kDa, can be extracted from nuclei or chromatin with 0.35 M NaCl, and are soluble in 5% 

perchloric or trichloroacetic acid. HMG proteins function as DNA architectural elements that 

modify the structure of both DNA and their partners facilitating the assembly of DNA protein 

complexes. 

HMG proteins have been subdivided into three subfamilies: HMGA, HMGB and HMGN, 

previously known as HMGI/Y, HMG1/2, and HMG14/17 respectively (Bustin, 2001). All HMG 

proteins are characterized by a carboxy terminus rich in acidic amino acids, but each of the 

subfamilies has a unique functional sequence motif : the ‘AT-hook’ motif for the HMGA family, 

the ‘HMG-Box’ for the HMGB family, and the ‘Nucleosomal binding domain’ for the HMGN 

family. By their functonal motifs, each HMG family proteins are able to bind to specific structures 

in DNA or chromatin in a sequence-independent fashion, since they recognize structure rather than 

a particular nucleotide sequence: HMGA proteins bind to AT-rich stretches in B-form DNA and can 

also bind to non canonical DNA structures such as, for instance, four way junctions (Reeves and 

Nissen, 1990); the HMG-boxes are formed by three α-helices folded together to an L-shape 

structure which penetrates the minor groove and sharply bends the DNA (Weir et al., 1993; 

Hardman et al., 1995); HMGN proteins bind specifically to nucleosomes and alter both local and 

higher order structure of chromatin fiber (Bustin, 2001). 

 

1.2 | The HMGA factors: genes and proteins 

 

In 1983 Lund and colleagues discovered two new high mobility group-like proteins later 

categorized as HMGA proteins (Lund et al., 1983).  

HMGA proteins are widespread in nature and homologues have been found in yeast, insects, plants 

and birds. The mammalian HMGA family consists of two functional members: HMGA1 and 

HMGA2, produced by the transcription of HMGA1 and HMGA2 genes, respectively (Fig.1). 
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Chromosome mapping analysis have located the HMGA1 gene on human chromosome locus 6p21 

and on mouse chromosome 17. The human HMGA1 gene contains eight exon distributed over about 

10 kb (Friedmann et al., 1993), whereas the mouse orthologue contains six exons spanning about 7 

kb (Pedulla et al., 2001). On the other hand, the human HMGA2 gene is located at chromosomal 

locus 12q14-15 and contains at least five exons dispersed over a region of about 160 kb (Chau et al., 

1995), whereas the mouse orthologue is located at the pigmy locus on chromosome 10 and contains 

five exons spanning more than 110 kb. 
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AT AT AT

a. The human HMGA1 gene b. The human HMGA2 gene
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a. The human HMGA1 gene b. The human HMGA2 gene

 

Figure 1 | HMGA genes and corresponding proteins. a | The human HMGA1 gene spans 10 kb and consists of 8 

exons, among which only exons 5 to 8 are transcribed in mRNA and code (blue boxes) for HMGA1 proteins. Each of 

the exon 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. Between the first and the second AT-hook domains of the 

HMGA1a protein there are 11 amino acids wich are not present in the HMGA1b protein (yellow box). b | The human 

HMGA2 gene spans more than 140 kb and consists of 5 exons, all of them coding for the HMGA2 protein. Each of the 
first three exons codes for an AT-hook domain, whereas the fifth exon encodes for the acidic C-terminal tail. Exon 4 

codes for a spacer region wich does not have any omology with the HMGA1 proteins. A huge intronic sequence (> 140 

kb) separetes the third from the fourth exon. 

 

Alternative splicing of the HMGA1 gene transcript give rise to three RNA-messengers encoding 

HMGA1a (107 amino acids, 11.7 kDa), HMGA1b (96 amino acids, 10.6 Da) and HMGA1c (179 

amino acids, 19.7 kDa). The HMGA1a and HMGA1b isoforms differ by only 11 amino acids 

present in HMGA1a but not in HMGA1b (Fig.1 and Fig. 2). HMGA1c is produced from the 

HMGA1 gene by altenative splicing wich results in a frameshift so that HMGA1a and HMGA1c 

proteins are identical in their first 65 amino acids but differ thereafter (Johnson et al., 1989). 

However, HMGA1c was detected only once, beeing the other two proteins normally expressed. 

Transcripts from the HMGA2 gene code for the full-length HMGA2 protein (109 amino acids, 12 

kDa). Amino acid alignment of the three HMGA proteins (Fig. 2) shows that the HMGA2 protein 

has a high amino acid sequence homology (± 55%) with HMGA1a and HMGA1b, in fact HMGA1a 

and HMGA1b differ from HMGA2 for the first 25 amino acids and a short region of 12 amino acid 

residues between the third AT-hook and the C-terminal tail that is present in HMGA2 and does 

have any equivalent in the HMGA1 proteins. All HMGA proteins have three highly positively 
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charged regions differentially spaced along the protein molecules and called AT-hooks. Each AT-

hook motif is a stretch of nine amino acids containing the highly conserved repeat Arg-Gly-Arg-Pro 

(R-G-R-P), flanked by other positively charged residues, usually Arg or Lys (Fig. 2) (Aravind and 

Landsman, 1998). As mentioned above, HMGA AT-hook motifs recognize and bind into the minor 

groove of AT-rich DNA sequences. 
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Figure 2 | Primary structure of human HMGA proteins. Amino acid residues sequences of HMGA1a, HMGA1b, 
and HMGA2 proteins are shown in figure. AT-hooks (AT) are evidenced in green, the C-terminus in red (Sgarra et al., 

2004). 

 

HMGA proteins possess little if any secondary structure but, upon binding to DNA or other proteins 

they undergo a disorderd-to-ordered conformational change. Moreover, it has been demonstrated 

that they can induce conformational changes to the partner they bind to (Reeves and Beckerbauer, 

2001). Although different regions have been identified in HMGA proteins as sites of interaction 

with other nuclear factors, the one most frequently involved in protein-protein interaction comprises 

the second AT-hook and the amino acid residues between the second and the third AT-hook (Sgarra 

et al., 2009). 

HMGA C-terminal tail has a high percentage of negatively charged acidic residues and is 

costitutively phosphorylated by Casein Kinase II. The function of the acidic terminal tail is still not 

completely understood but it is belived that it may be important in modulating both protein-DNA 

and protein-protein interactions (Sgarra et al., 2004; Sgarra et al., 2008). 

 

1.2.1 | Mechanisms of action of HMGA proteins 

 

HMGA protein group participate in specific protein-DNA and protein-protein interactions inducing 

structural changes in chromatin and formation of macromolecular complexes on the 

promoter/enhancer region of several genes. Indeed, they are reffered to as architectural transcription 

factors that regulate the expression of numerous genes. 

The mechanisms of action of HMGA proteins could be summerized in: 
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1. Macromolecular complexes formation 

HMGA proteins have roles in assembling or modulating macromolecular complexes that are 

involved in various biological processes. In doing so HMGA proteins directly bind to DNA, 

modify its conformation and facilitate the binding of transcription factors on their own consensus 

sequences (Fig.3, part a). HMGA proteins have been shown to act as transcriptional architectural 

factors in the regulation of many genes, the best studied being the human β-interferon gene (IFN-

β). After viral infection, HMGA1 enhances the interaction of transcription factors (such as NF-

kB, ATF-2/c-jun, and IRF-1/3/7) with their binding sites within the IFN-β promoter/enhancer 

region by reversing the DNA curvature in consequence of its binding to AT-rich sequences 

(Thanos and Maniatis, 1992). HMGA1 proteins also engage in protein-protein interactions with 

the bound transcription factors, thereby stabilizing the macromolecular complex (enhanceosome). 

The DNA-protein complex formed on the IFN-β promoter serves as a stereo-specific platform to 

recuite RNA polymerase II and other co-factors necessary for transcription initiation (Yie et al., 

1999). 

HMGA proteins partecipate, acting in a manner very similar to that reported for IFN-β gene, in 

the regulation of a large set of genes, two examples of which are the human interleukin-2 

receptor- α (IL-2Rα) (Reeves et al., 2000) and the insulin receptor (IR) genes (Brunetti et al., 

2001). 

 

Figure 3 | Mechanisms of action of HMGA proteins. a | HMGA proteins can modulate or assemble macromolecular 

complexes directly binding to the DNA. In doing so, HMGA proteins modify DNA conformation facilitating the 

binding of transcription factors (TF). b | HMGA proteins also influence gene expression through direct protein-protein 

interaction with TF inducing changes in their DNA-binding affinity. c | HMGA proteins have the ability to alter 

chromatin structure. (Fusco and Fedele, 2007). 
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2. Protein-protein interactions 

HMGA can influence gene transcription also through direct protein-protein interactions with 

transcription factors by modifying their conformation and inducing changes in their DNA binding 

affinities (Fig.3, part b). HMG1a, for example, is able to enhance binding of serum-response 

factor (SRF) to DNA by interacting with it and enhancing, therefore, SRF transcriptional activity 

(Chin et al., 1998). On the other hand, HMGA interaction with transcription factors (TFs) can 

result in a diminisched binding affinity of TFs to DNA. HMGA2, for example, can interact with 

the transcriptional repressor p120
E4F

 and this interaction results in disruption of p120
E4F

 binding 

to the cAMP response element (CRE) site of the cyclin A gene promoter and subsequent 

activation of cyclin A gene transcription (Tessari et al., 2003). 

It is worthwhile to note that the minimal portion of the HMGA1 proteins that interacts with many 

protein partners, such as SRF (Chin et al., 1998), the NF-kB p50/p65 heterodimer (Yie et al., 

1997), the NF-kB p50 homodimer (Zhang and Verdine, 1999), and Tst-1/Oct-6 (Leger et al., 

1995), is restricted to the region between the second and the third AT-hook DNA-binding 

domains. In the matter of their extent of physical association with other proteins two points are 

notable: (i) the sites of interaction include part, or all, of one or more AT-hook peptide motifs plus 

some flanking regions, and (ii) these sites include amino acid residues that are known to be 

extensively post-translationally modified in vivo. Reversible biochemical modification are, 

therefore, likely to modulate specific HMGA-protein interaction in vivo such as the 

enhanceosome assembly in human IFN-β gene transcription (Munshi et al., 1998). 

3.Chromatin remodelling 

It is well known that each chromosome occupies a particular region of the nucleus. This 

organization involves, at least in part, attachments of chromosome regions to sites on the nuclear 

matrix called Matrix/Scaffold Associated Regions (MARs/SARs) (Laemmli et al., 1992). In this 

context, the highly AT-rich sequences have high affinity for the nuclear matrix and organize 

genomic DNA into topologically distinct loop domains that are important in transcription (Saitoh 

and Laemmli, 1994). HMGA1 proteins have been shown to be localized at the AT-rich G/Q- and 

C-bands as well as to the SARs of human and mouse chromosomes in metaphase (Disney et al., 

1989). These localizations suggest that HMGA proteins are actively involved in the dynamic 

changes of chromatin structure during cell division cycle. Chromatin structure plays a dominant 

role in the regulation of gene transcription in and HMGA proteins act as regulators of gene 

transcription by controlling the global structure of large loops or domains of chromatin binding of 

HMGA proteins to SARs at the base of repressed chromatin loops with concomitant displacement 
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of histone H1 from these sequences leads to a local opening of the chromatin and initiation of the 

gene activation process (Fig.3, part c) (Zhao et al., 1993). 

 

1.2.2 | Multiple functions of HMGA proteins 

 

Through their mechanisms of action, HMGA proteins, short and flexible molecules containing 

different interacting domains, are involved in several biological processes such as virus integration 

and expression, embryogenesis and differentiation, neoplastic transformation, apoptosis, 

senescence, and DNA repair. 

♣ HMGA proteins in virus integration and expression 

Striking importance of the role of HMGA proteins has been evidenced in both virus integration 

and viral genome expression in host cells. It has been demonstrated that this group of protein act 

as co-factors in the infectious process of immunodeficiency virus type 1 (HIV-1) (Farnet and 

Bushman, 1997), Moloney murine leukemia virus (MoMuLV) (Li et al., 1998; Li et al., 2000), 

and avian sarcoma virus (ASV) (Hindmarsh et al., 1999) by facilitating integration of double 

stranded linear cDNA copies of their genomes into host cell chromosomes. Li and colleagues 

proposed that binding of HMGA proteins to multiple AT-rich sites on retroviral cDNA in pre-

integration complexes leads to DNA compaction and the formation of active integrase-cDNA 

complexes. Moreover, by their binding to AT-rich sequences of viral promoter/enhancer regions, 

HMGA proteins control viral gene transcription. Examples include regulation of the early and late 

genes of the human John Cunningham virus (JCV) (Leger et al., 1995), the latency active 

promoter 2 (LAP-2) of herpes simplex virus-1 (HSV-1) (French et al., 1996), and the human 

papillomavirus type 18 (HPV18) oncogenes (Bouallaga et al., 2000).  

♣ HMGA proteins in embryogenesis and differentiation 

In normal cells the expression of HMGA proteins is restricted to embryogenesis, it decreases with 

organogenesis and in normal adult cells is very low or almost absent. In particular, both genes are 

expressed at high levels in the entire embryo until 8.5 dpc (Zhou et al., 1995; Chiappetta et al., 

1996). At later stages, the expression pattern becomes more restricted: HMGA1 expression is 

confined to specific body organs, while HMGA2 expression is restrected to mesenchimal tissues 

(Rogalla et al., 1996). 

A role for both proteins in development has been demonstrated. Studies carried out by Chada’s 

group demonstrated that mice showing a pygmy phenotype carry a disrupted HMGA2 gene. To 

exclude the possibility that another gene might be responsible for the pigmy phenotype, the same 

scientists generated a mouse null mutant for HMGA2 gene. Homozygous HMGA2
-/-

 mice 
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expressed the classical features of the pigmy phenotype, including reduced birth and adult weight, 

craniofacial defects and reduction of fat tissue (Zhou et al., 1995). The same group confirmed the 

role of HMGA2 in adipogenesis, demonstrating that the deficiency of the HMGA2 gene in mice 

results in resistance to obesity unduced by diet (Benson and Chada, 1994). Suppression of 

HMGA1 expression impairs differentiation of pre-adipocytic cells (Melillo et al., 2001), loss of 

HMGA1 gene function affects lymphohematopoietic differentiation (Battista et al., 2003) and 

HMGA1 is required for normal sperm development (Liu et al., 2003) and for insulin receptor 

regolation in pancreas, liver and in muscle tissue (Brunetti et al., 2001). 

It is clear that the HMGA proteins exert different biological roles. The HMGA2
-/-

 mouse for 

example shows a pygmy phenotype wich is not compensate for by the HMGA1 proteins (Zhou et 

al., 1995). In addtion, the HMGA1
-/-

 mouse shows a different phenotype developing cardiac 

hypertrophy, myelolymphoproliferative disorders and diabetes (Foti et al., 2005; Fedele et al., 

2006). 

♣ HMGA proteins in neoplastic transformation 

As mentioned above, HMGA proteins are hardly detectable in adult human tissues. The most 

studied and remarkable observation, however, is that there is a generalized re-expression of 

HMGA1 and often HMGA2 proteins in neoplastic cells. Overexpression of HMGA proteins was 

first observed in HeLa cells (Lund et al., 1983) and in cultured rat thyroid cells transformed by 

viral oncogenes (Giancotti et al., 1987). The first evidence of a direct role played by these factors 

in tumorigenesis came from transfection in normal rat thyroid cells of an antisense construct for 

HMGA2 that prevented retrovirally induced neoplastic transformation (Berlingieri et al., 1995). 

Overexpression of HMGA proteins led to transformation with anchorage-independent growth in 

Rat1a fibroblast and human lymphid CB33 cells and similar results have been obtained by 

overexpressing the HMGA1a protein in the human epitelial cell line MCF7 (Wood et al., 2000; 

Reeves et al., 2001; Treff et al., 2004). 

HMGA1 expression was show to correlate with rat prostate (Bussemakers et al., 1991) and mouse 

mammary epithelial cell transformation (Ram et al., 1993). In humans, overexpression of 

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

malignant epithelial tumors such as prostatic (Tamimi et al., 1993), colorectal (Chiappetta et al., 

2001), pancreatic (Abe et al., 2002), lung (Sarhadi et al., 2006), thyroid (Chiappetta et al., 1995), 

and breast cancer (Flohr et al., 2003; Chiappetta et al., 2004). In all these tumors, increasing 

concentrations of HMGA1 proteins are correlated with increasing degrees of malignancy or 

metastatic potential. 
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HMGA2 overexpression is also observed in various malignant tumor types such as sarcomas 

(Berner et al., 1997), oral squamose cell carcinomas (Miyazawa et al., 2004), non-small cell lung 

(Meyer et al., 2007), pancreas (Abe et al., 2003), and breast cancer (Rogalla et al., 1997). 

Transgenic mice overexpressing HMGA proteins confirmed the role of these proteins in 

tumorigenesis also in vivo: both HMGA1b and HMGA2 transgenic mice develop pituitary 

adenomas (Fedele et al., 2002), and HMGA1a transgenic mice develop aggressive, highly 

penetrant lymphoid malignancy (Xu et al., 2004). 

In addition of overexpression, HMGA disregulation as a result of specific chromosomal 

rearragements has also been reported in a variety of benign mesenchymal tumors such as lipomas 

(Ashar et al., 1995; Schoenmakers et al., 1995), pleiomorphic adenomas of the saliary glands 

(Geurts et al., 1997), uterine leiomyomas (Van de Ven, 1998), angiomyxomas (Nucci et al., 

2001), pulmonary chondroid hamartomas (Kazmierczak et al., 1999), and endometrial polyps 

(Hennig et al., 1996). Structural alterations of both HMGA genes have been reported, but 

rearrangements of the HMGA2 gene at chromosome region 12q13-15 are paricularly frequent 

especially in lipomas and leiomyomas, making HMGA2 probably the most commonly rearranged 

gene in human neoplasms. 

♣ HMGA proteins and apoptosis 

A mechanism by which HMGA proteins might have a role in cancer progression is through their 

inhibition of p53-mediated apoptosis. It has been found that HMGA1 proteins bind p53 in vitro 

and in vivo, and cooperates with p53 to activate transcription of the p53 inhibitor MDM2 (Fig.4), 

this results in a reduction in p53-dependent apoptosis in cells expressing exogenous HMGA1 and 

p53 proteins (Pierantoni et al., 2006; Frasca et al., 2006). HMGA1 proteins can also interfer with 

the apoptotic function of p53 by another mechanism that involves the proapoptotic p53 activator 

homeodomain-interacting protein kinase 2 (HIPK2): it is well known that p53 phophorylation at 

Ser46 by HIPK2 occurs only after sever, non-repairable DNA damage that irrevesibly drives cells 

to apoptosis. Therefore, HMGA1 overexpression inhibits the p53 apoptotic function by two main 

mechanisms: (i) it promotes endogenous HIPK2 relocalization in the cytoplasm, whereas HIPK2 

overexpression re-establishes HIPK2 nuclear localization and sensitivity to apoptosis (Pierantoni 

et al., 2007), and (ii) directly binds to p53 interfering with the p53-mediated transcription of 

apoptotic and cell-cycle arrest effectors, while HMGA1 protein cooperates with p53 in the 

transcriptional activation of the p53 inhibitor MDM2 (Fig.4). Consistent with this process, strong 

correlations among HMGA1 overexpression, HIPK2 cytolasmic localization and a low 

spontaneous apoptosis index was observed in human breast carcinomas expressing wild-type p53 
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(Pierantoni et al., 2007). Therefore, HMGA proteins inhibit p53-dependent apoptosis by 

modulating the transcription of p53 target genes and cytolasmic relocalization of HIPK2. 

 

 

Figure 4 | HMGA proteins and apoptosis. Schematic representation of p53 inhibition by HMGA1 protein: (i) HIPK2 

relocalization in the cytoplasm and (ii) direct HMGA binding to p53 (Image modified; Fusco and Fedele., 2007). 

 

♣ HMGA proteins and senescence 

Although the HMGA oncogenetic potential had clearly been established, Narita and colleagues 

suggested an unaspected tumor-suppressor role for these proteins (Narita et al., 2006). It has been 

shown that HMGA proteins accumulate on chromatin in senescent fibroblasts and are essential 

structural components of Senescence-Associated Heterochromatic Foci (SAHFs). HMGA proteins 

might cooperate with the p16
INK4a

 tumour suppressor to promote SAHFs formation and 

proliferative arrest, and stabilize senescence by contributing to the repression of proliferative-

associated genes. This antiproliferative role could probably be lost by co-expression of other 

oncogenes (such as HDM2 and CDK4) in human cancers (Narita et al., 2006). Moreover, because 

their protein partners might change depending on the cell type, HMGA-dependent gene regulation 

might also depend on the cellular context, which could account for the dual effect of HMGA1 on 

cell transformation. Indeed, it has been reported that the HMGA1 interaction with SUMO E2 

conjugase Ubc9 appears to modulate its oncogenic actvity and could contribute to enhancing or 

diminishing its transforming properties, depending on the context (Li et al., 2007). 

♣ HMGA proteins and DNA repair 

It is widely accepted that one of the crucial steps in carcinogenesis is the impairment of one or 

more DNA repair systems. Several evidences suggest an important role for HMGA proteins in 

DNA repair. In fact, HMGA1 compete with p53 for Holliday junction binding, exerting a negative 

influence on the DNA mismatch repair response (Subramanian and Griffith, 2002). Using 

transcriptional microarrays, Reeves and colleagues evidenced a number of genes involved in 

DNA repair that were negatively regulated in MCF7 cells by HMGA1 overexpression, suggesting 

that HMGA proteins can influece DNA repair in breast cancer cells (Reeves and Adair, 2005). 

Consistently, Borrmann and colleagues reported tha HMGA2 binds the promoter of nucleotide 
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excision-repair gene ERCC1 and negatively modulates its activity (Borrmann et al., 2003). 

Moreover, it has been shown that HMGA1 can downregulate BRCA1 expression, which is 

involved in homologous recombination, by binding directly to its promoter region (Baldassarre et 

al., 2003). 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 

(Baldassarre et al., 2005; Boo et al., 2005). In addition, Pentimalli and coworkers reported the 

interaction between HMGA1 and the ataxia-telangiectasia mutated (ATM) kinase, a key player in 

the cellular response to DNA damage caused by several agents such as oxidative stress, UV, and 

ionising radiation (IR). Interestingly, in vitro and in vivo experiments revealed that HMGA1 is 

phosphorylated by ATM, confocal microscopy revealed that HMGA1 colocalises with the 

activated form of ATM, and HMGA1 ectopic expression decrease MCF-7 cells survival following 

exposure to IR. Pentimalli’s experiments, therefore, support the hypothesis that HMGA1 might 

act as a downstream target of the ATM pathway in response to DNA damage (Pentimalli et al., 

2008). 

All these evidences highlight the negative role of HMGA in respect to DNA repair, and, moreover 

HMGA1 overexpression decrease human breast cancer derived MCF-7 cells survival following 

exposure to DNA-damaging agents by inhibition of Nucleotide Excision Repair (NER) (Adair et 

al., 2005). Finally,very recently it has been demonstrated that HMGA2 is involved in impairing 

DNA-dependent protein kinase (DNA-PK) during the non-homologous end-joining (NHEJ) 

process. HMGA2-expressing cells display, in fact, deficiency in overall and precise DNA end-

joining repair and accumulate more endogenous DNA damage (Li et al., 2009). 

 

 

Figure 5 | HMGA proteins and DNA repair. Schematic illustration of the involvement of HMGA proteins in DNA 

repair. After a DNA insult, cells repair their DNA by different DNA repair systems such as base-excision repair (BER), 

nucleotide-excision repair (NER), homologous recombination (HR), non-homologous end joining (NHEJ), and 

mismatch repair (MMR); HMGA proteins overexpression inhibits all of these processes. 
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1.2.3 | Post-translational modulation of HMGA functions 

 

The post-translational modifications (PTMs) of a protein determine and modulate its stability, 

conformation, localization, turnover and interactions. These biochemical modifications are dynamic 

and rapidly responsive to intra- and extra-cellular signaling events. HMGA proteins are among the 

most extensively mammalian nuclear modified proteins. The HMGA modification patterns change 

during the cell cycle in response to the physiological state of the cell, and are also cell-type specific 

(Banks et al, 2000; Diana et al., 2001; Zou and Wang, 2007). This group of proteins is subjected to 

a variety of PTMs such as phosphorylation, acetylation, methylation, ADP-ribosylation, and 

SUMOylation, that modulate their multi-interacting property with both DNA and proteins (Sgarra et 

al., 2009).  
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Figure 6 | HMGA post-translational modifications. Schematic illustration of PTMs and corresponding enzymes found 

for human HMGA1a protein. P: phosphorylation; A: acetylation; M: methylation (see text for details). Numbers at the 

amino acid symbols indicate the position of the modified residue along the protein sequence (Image adapted from 

Sgarra et al., 2004). 

 

♣ Phosphorylation 

In 1985, which was two years after the original identification of HMGA proteins in HeLa cells 

(Lund et al., 1983), phosphorylated HMGA1 proteins were detected in Ehrlich ascite cells (Lund 

et al., 1985). Since then, HMGA1 proteins have been observed to be among the most highly 

phosphorylated proteins in the nucles (Elton and Reeves, 1986). 

Further research revealed that HMGA proteins could be phosphorylated by several kinases. 

Nearly all of HMGA1a and HMGA1b proteins are constitutively phosphorylated by casein kinase 

2 (CK2) at the three serine residues of the C-terminal tail (Ser98, Ser101, and Ser102 in 

HMGA1a; Ser87, Ser90, and Ser91 in HMGA1b) (Ferranti et al., 1992). The C-terminal domain 

of HMGA1 proteins is not directly involved in DNA-binding, however experimental evidence on 

HMGA2 protein suggests that the acidic tail could have a role in the transcriptional regulation by 
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regulating the DNA-binding affinity (Sgarra et al., 2009). Phosphorylation of the serines located 

at the C-terminus could therefore represent a modulation of HMGA DNA-binding properties 

(Noro et al., 2003; Sgarra et al., 2004; Sgarra et al., 2009). Other phosphorylation sites have been 

detected that are related to the cell cycle, such as those at Thr52 and Thr77 due to p34
cdc2

, or to 

signal transduction pathways such as Thr20, Ser43 and Ser63 that are modified by protein kinase 

C (PKC). Phosphorylation of Thr52 and Thr77 of the human HMGA1a protein takes place at 

G2/M-phase of the cell cycle and causes a strong decrease of the DNA-binding affinity (Nissen et 

al., 1991; Reeves et al., 1991). On the other hand, phosphorylation by PKC of Thr20, Ser43, and 

Ser63 is the result of the treatment of mammary epithelial cells with phorbol esters that activate 

the Ca
2+

/phospholipid pathway (Banks et al., 2000). Likewise the p34
cdc2

 phosphorylation, a 

significant reduction of DNA-binding affinity has been found for HMGA1a protein modified by 

PKC. Using the promoter region of the IFN-β gene as a model, Wisniewski and coworkers 

demontrated that HMGA1a and HMGA1b engage all three AT-hooks in binding DNA, whilst 

HMGA2 employs its N-terminal and central AT-hooks. (Schwanbeck et al., 2000; Piekielko et al., 

2001). Phosphorylation at Thr41 and Thr66 in HMGA1b by p34
cdc2

 kinase impairs the contacts of 

the first AT-hook with the IFN-β promoter, wheras phosphorylation of HMGA2 by the same 

kinase affects mainly the binding of the second AT-hook (Zhang and Wang, 2007). Recently 

Zhang and colleagues showed that HIPK2 and p34
cdc2

 could induce the phosphorylation of 

HMGA1a protein at the same sites, though these two kinases exhibit different site preferences, 

suggesting that phosphorylation of HMGA protein may be highly regulated, wich in turn may 

control the expression of its target genes (Zhang and Wang, 2007). 

Hyper-phosphorylation in HMGA1a protein was detected in early apoptotic leukemic cells, which 

may be related to protein’s displacement from chromatin and, consequently, allows faster DNA 

digestion. Hyper-phosphorylation is followed by a de-phosphorylation process that facilitates re-

aggregation of DNA during the formation of highly condenced chromatin in apoptotic bodies, 

suggesting a direct link between apoptosis and the degree of phosphorylation in HMGA1a in 

leukemic cells (Diana et al., 2001). 

♣ Acetylation 

Other than phosphorylation, HMGA1 proteins are also post-translationally acetylated on lysine 

residues in vivo, in particular the N-terminus of HMGA1a and HMGA1b is constitutively 

acetylated in vivo (Banks et al., 2000). 

The histone acetyltransferases CREB-binding protein (CBP) and p300/CBP-associated factor 

(PCAF) were found to be able to acetylate both HMA1a and HMGA1b. However, the acetylation 

mediated by these two enzymes has distinct biological outcomes: (i) HMGA1a acetylation by 
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PCAF potentiates the gene transcription of IFN-β by stabilizing enhanceosome and preventin 

HMGA1a acetylation by CBP, wheras (ii) HMGA1a acetylated by CBP destabilzes the 

enhanceosome,. The major acetylation sites induced by CBP and PCAF are Lys64 and Lys70, 

respectively (Munshi et al., 1998; Munshi et al., 2001). A recent study revealed that both PCAF 

and p300 could acetylate Lys14, Lys66, and Lys73 (Zhang et al., 2007). Moreover, all the five 

lysine residues were also acetylated in PC-3 human prostate cancer cells, though the acetylation 

profile is different from either p300- or PCAF-induced acetylation, suggesting that both enzymes 

might be involved in inducing the acetylation of HMGA1 proteins in PC-3 cells (Zhang et al., 

2007). 

A correlation between the acetylation of Lys64 and Lys70 and the metastatic state of breast cancer 

cells has also been reported (Edberg et al., 2004). An increased acetylation was observed in 

HMGA1a from metastatic cells compared to proteins purified from non-metastatic cells. Analysis 

of cells treated with histone deacetylase inhibitors revealed that hyper-acetylation increased 

significantly the dynamic properties of HMGA1 proteins in both heterochromatin and 

euchromatin (Harrer et al., 2004). Thus, acetylation of HMGA proteins plays an important role in 

their chromatin interactions. 

♣ Methylation 

Among the PTMs of HMGA proteins, methylation was the most recently reported (Sgarra et al., 

2003; Edberg et al., 2005; Sgarra et al., 2006). In the studied cell systems only HMGA1a was 

found to be methylated, suggesting functional specificity between the two splice variants of 

HMGA1 (Zou et al., 2007). 

Arginine methylation is catalyzed by protein arginine methyltranferases (PRMTs), which are 

classified into type I and type II enzymes. Although both enzymes catalyze the formation of 

monomethylarginine, type I enzymes induce the formation of asymmetric dimethylarginine, 

whereas type II enzymes catalyze the formation of symmetric dimethylarginine (McBride and 

Silver, 2001). Sgarra and coworkers reported that methylation occurs on Arg25 in the first AT-

hook (Sgarra et al., 2003), and later was found that Arg25 can be mono- and di-methylated in PC-

3 cells; in addition, both forms of dimethylation (symmetric and asymmetric dimethylation) were 

detected (Zou and Wang, 2005). Recent studies reveald that PRMT6, belonging to the type I 

enzyme group, induce efficiently the methylation of Arg57 and Arg59, located in the second AT-

hook of HMGA1a (Miranda et al., 2005; Sgarra et al., 2006). In addition, Arg83 and Arg85, 

located in the third AT-hook, could be methylated by PRMT6 to a lower extent than Arg57 and 

Arg59, and a very low level of methylation occured in the first AT-hook (Sgarra et al., 2006). 

Conversely, PRMT1 and PRMT3 preferentially methylate Arg25 and Arg23 in the first AT-hook. 
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PRMT3 has less specific methyltransferase activity than PRMT1 and exhibits lower expression 

level in the nucleus than in cytoplasm. Therefore, PRMT1 is more likely responsible for the 

methylation of Arg25 in vivo (Zou et al., 2007). However, PRMT1 is a type I enzyme, whereas 

both the symmetric and asymmetric dimethylation at Arg25 were observed, suggesting that other 

PRMTs may also be involved in the methylation of HMGA1a. 

During apoptosis there is a continous increase of the HMGA1a methylation degree at Arg25 that 

reaches the highest level when completely de-phosphorylated protein is observed (Sgarra et al., 

2003). The function of this modification is currently under investigation. 

♣ ADP-ribosylation 

It has been demonstrate that the ADP-ribosylation of HMGA proteins is induced by incubation 

with Ca
2+

 (Giancotti et al., 1996). It is unlikely that Ca
2+

 is the direct cause of the ADP-

ribosylation of HMGA proteins, however, it is possible that this modification could be linked to 

the Ca
2+

 activation of endogenous endonucleases during apoptotic DNA fragmentation process in 

wich it is known that Poly(ADP-ribose) polymerase is involved in. In fact it has been reported that 

this enzyme is activated following DNA single-strand and double-strand breaks, to which the 

polymerase binds (Kaufmann et al., 1993). Therefore, Ca
2+

-induced ADP-ribosylation of HMGA 

proteins at nuclease-sensitive sites could be related to the morphological changes of chromatin 

which take place during collapse of nuclear structure in apoptosis (Giancotti et al., 1996). 

♣ SUMOylation 

Covalent attachment of ubiquitin and small ubiquitin-like modifier (SUMO) to proteins plays an 

important role in regulating cellular functions (Hay, 2005; Bossis and Melchior, 2006). Both 

modifications depend on similar, but distinct, enzyme cascades and, whereas ubiquitination 

generally promotes protein degradation, SUMOylation largely serves to regulate different cellular 

processes, including nuclear transport, genome integrity, signal transduction, and transcriptional 

regulation (Gill, 2004). By screening for novel HMGA2-interacting proteins, Cao and coworkers 

demostrated that HMGA2 is SUMOylated in vitro and in vivo by SUMO-1 enzyme and that 

Lys66 and Lys67 are involved in this post-translational modification (Cao et al., 2008). 

It was demonstrated that the expression of HMGA2 resulted in the SUMOylation-dependent 

down-regulation of promyelocytic leukimia (PML) protein level and a concordant reduction in the 

average size and number of PML nucler bodies. Moreover, it was demonstrated that HMGA2 

leads to PML down-regulation through ubiquitin-proteasome-dependent protein degradation (Cao 

et al., 2008). As PML is known as a tumor suppressor (Salomoni and Pandolfi, 2002), the 

evidence that HMGA2 promotes its degradation may provide an additional correlation between 

HMGA proteins and tumorigenesis. 
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It is worthwhile to note that, in addition to the overexpression of HMGA proteins as potential 

cancer markers for both neoplastic transformation and metastatic progression, also HMGA PTMs 

could give relevant information regarding cancer tissues and cells. Indeed, given the fact that 

binding affinity of HMGA proteins to both DNA and other proteins is highly regulated by their 

post-translational modifications, several studies have suggested that the examination of the PTMs of 

HMGA proteins may provide valuable informations about the cancer cells state. For example, 

different types of PTMs of HMGA1 proteins were found in vivo comparing human breast epithelial 

cell lines with different stages of neoplastic progression (Banks et al., 2000; Edberg et al., 2005; 

Zhang et al., 2007). HMGA1 are already ascribed as cancer cell markers, but to look at their post-

translational modifications could increase their diagnosis and prognosis value. 

 

2 | Breast cancer 

 

Breast cancer is the most common cancer and the second leading cause of cancer mortality in 

women with about one in nine being affected during their life. Clinically, breast cancer is a 

remarkably heterogeneous disease ranging from benign fibroadenoma to very aggressive 

undifferentiated carcinoma. Traditionally, pathologic determinations of tumor size, lymph node 

status, endocrine receptor status, and human epidermal growth factor receptor 2 (ErbB2/Neu/HER2) 

status have driven prognostic predictions and therapy recommendations for patients. Evidence from 

gene expression microarrays suggests the presence of multiple molecular subtypes of breast cancer 

and breast tumours can now be classified in molecular subtypes on the basis of gene expression: the 

estrogen receptor (ER)-positive/luminal-like and the ER-negative/basal-like, ER-negative /ErbB2-

positive, and ER-negative /normal breast. Subsequent data expanded the classification to distinguish 

between luminal A and luminal B (Perou et al., 2000; Sorlie et al., 2001).  

Breast cancer results from genetic and environmental factors leading to accumulation of mutations 

in essential genes. These mutations can be either germline or sporadic events. Growth factors and 

their receptors, intracellular molecules, regulators of cell cycling, and proteases have all been shown 

to be altered in sporadic breast cancer (Vogelstein and Kinzler, 1994). Major breast cancer 

predisposing genes which are highly penetrant are the Ataxia-Telangiectasia Mutated (ATM) gene 

(Chenevix-Trench et al., 2002), the breast cancer susceptibility gene 1 (BRCA1) (Miki et al., 1994) 

and 2 (BRCA2) (Wooster et al., 1995) Other genes responsible for hereditary breast cancer include 

BRCAX (Kainu et al., 2000), p53 (Li et al., 1988; Done et al., 2001), and the BRCA1 Interacting 

Protein (BRIP1) gene (Seal et al., 2006). Mutation in the RAD51 gene was also found in patients 

http://www.au-kbc.org/research_areas/bio/projects/bcinfo/glossary/glos.html#dic27
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?cmd=entry&id=191170
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with familial breast cancer (Antoniou et al., 2007). Moreover, ErbB2 overexpression, and a loss of 

Estrogen Receptors (ERs), correlates with a poor prognosis. (Slamon et al., 1987). 

 

2.1 | The importance of ErbB2 receptor in breast cancer 

 

The role of growth factors and their receptors in cell growth and differentiation is well established, 

and deregulation of growth receptors and elements of their signaling pathways is known to occur 

during the progression of a normal cell to a malignant phenotype. In this respect, deregulation of 

ErbB receptors has been implicated in the development and malignancy of numerous types of 

human cancers, in particular amplification of the gene encoding ErbB2 is one of the first consistent 

genetic alterations found in primary human breast tumours (Slamon et al., 1987; Berger et al., 

1988). 

ErbB receptors belong to subclass I of receptor tyrosine kinases (RTKs) superfamily. There are four 

members of the ErbB family: ErbB1/HER1/epidermal growth factor receptor, ErbB2/Neu/HER2, 

ErbB3/HER3 and ErbB4/HER4. All family members share common structural elements, including 

an extracellular ligand-binding domain, a single membrane-spanning region and a cytoplasmic 

protein tyrosine kinase domain. A family of ligands, the EGF-related peptide growth factors, binds 

the extracellular domain of ErbB receptors leading to the formation of both homo- and hetero-

dimers. Dimerization consequently stimulates the intrinsic tyrosine kinase activity of the receptors 

and triggers autophosphorylation of specific tyrosine residues within the cytoplasmic domain. These 

phosphorylated residues serves as docking sites for signaling molecules involved in the regulation 

of intracellular signaling cascades. Finally, downstream effects on gene expression determine the 

biological response to receptor activation (Peles and Yarden, 1993; Riese and Stern, 1998). There 

are numerous ErbB specific ligands such as the epidermal growth factor (EGF), the amphiregulin 

(AR), the transfroming growth factor α (TGFα), the betacellulin (BTC), the heparin-binding EGF 

(HB-EGF), the epiregulin (EPR) and the neuregulin1 (also called HRG or heregulin), 2, 3 and 4 

(NRG1-4) (Olayioye et al., 2000), each with an EGF-like domain that confers them binding 

specificity. 

Increasing evidences suggest that the primary function of ErbB2 is to be a coreceptor. Indeed, 

ErbB2 is the preferred heterodimerization partner for all other ErbB family members (Fig. 7) 

(Graus-Porta et al., 1997) and plays a role in the potentiation of ErbB receptor signaling (Beerli et 

al., 1995). Such cooperation would contribute to the maintenance of increased proliferation rates 

associated with tumor development. Many human tumours that contain ErbB2 also exhibit 

autocrine stimulation of ErbB1 via expression of one of its numerous ligands (Salomon et al., 1995) 
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and mammary tumours derived from transgenic mice overexpressing HER2/neu also exhibit co-

overexpression of endogenous ErbB1 (Di Giovanna et al., 1998). In addition, expression of ErbB3 

is seen in many of the same ErbB2 overexpressing tumors, including breast cancer (Lemoine et al., 

1992). Moreover, many ErbB2-overexpressing breast tumours display elevated levels of 

phosphotyrosine on ErbB3, probably as a result of spontaneous dimerization with ErbB2 (Alimandi 

et al., 1995). 

 

Figure 7 | ErbB2 is the preffered dimerization partner for the other ErbB receptors. Ligand binding to ErbB1, 

ErbB3 or ErbB4 induces the formation of receptor homodimers and ErbB2-containing heterodimers. Only some of the 

possible ligand-receptor combinations are represented in the figure. ErbB3 homodimers do not produce a signal 
(indicate by the X), since the receptor has impaired kinase activity (Olayioye et al., 2000). 

 

Overexpression of ErbB2 triggers ligand-independent activation of the kinase domain, apparently as 

a result of spontaneous dimer formation (Slamon et al., 1989). This ligand-independent activation, 

combined with ErbB2 role as a partner for the other ErbB receptor, provides explanations for the 

oncogenic potential of ErbB2 and its involvement in many human tumors such as breast cancer. 

 

2.2 | HMGA proteins and breast cancer: a brief remark 

 

Numerous studies have indicated that high levels of HMGA1 mRNA are directly correlated with 

metastatic progression among several mouse mammary tumor cell lines (Ram et al., 1993), and both 

in vitro and in vivo HMGA1b protein binds to and inhibits the activity of both human and mouse 

BRCA1 promoters. Moreover, an inverse correlation between HMGA1 and BRCA1 mRNA and 

protein expression was found in human mammary carcinoma cell lines and tissues (Baldassarre et 

al., 2003). Furthermore, it has been demonstrated that human breast epithelial cells harboring 

tetracycline-regulated HMGA1 transgenes acquire the ability to form both primary and metastatic 

tumors in nude mice only when the transgenes are actively expressed (Reeves et al., 2001). All of 

these data would suggest an important role of the HMGA1 overexpression in the process of breast 

carcinogenesis. 

The higher level of HMGA1 proteins was found to be strictly correlated with the high expression of 

HRG and the metastasizing capability of cells (Liu et al., 1999). HRG, also called hereguline, is a 
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growth factor originally isolated from hormone-independent and invasive breast cancer cells 

(Holmes et al., 1992; Peles et al., 1992). It is expressed in about 30% of invasive breast cancers, it 

correlates with the metastatic phenotypes of breast cancer cells in vitro and in vivo (Staebelr et al., 

1994), and it activates the ErbB receptor pathway (Lupu et al., 1996). Liu and coworker compared 

(i) nonmetastatic MCF-7 cells with MCF-7 cells containing an HRG cDNA construct that became 

metastatic, and (ii) metastatic MDA-MB-231 cells with MDAMB-231 cells containing an antisense 

HRG construct that became nonmetastatic (Liu et al., 1999). This experiments allowed them to 

examine how HMGA1 expression varies with malignant progression in human breast cancer cells: 

HRG overexpression, that promote metastasizing ability, resulted in an increased expression of 

HMGA1 proteins. This demonstrated that there is a direct correlation between an increased 

HMGA1 protein level and high HRG expression that is linked to metastatic progression in human 

breast cancer cells. Indeed, changes in their level of expression seem to correlate with, or reflect the 

changes in the status of breast cancer cells malignancy. 

Moreover, there is a correlation between HMGA overexpression, DNA repair and breast cancer: as 

said before, Reeves and colleagues evidenced a number of genes involved in DNA-repair that were 

negatively regulated in MCF7 cells by HMGA1 overexpression, suggesting that HMGA proteins 

can influece DNA repair in breast cancer cells (Reeves and Adair, 2005). Moreover, HMGA1 

overexpression was found to decrease human breast cancer derived MCF-7 cells survival following 

exposure to DNA-damaging agents by inhibition of Nucleotide Excision Repair (NER) (Adair et al., 

2005); Baldassarre and coworkers had shown that HMGA1 can downregulate BRCA1 expression 

and that there is an inverse correlation between HMGA1 and BRCA1 expression in human breast 

carcinomas (Baldassarre et al., 2003). Taken together, these findings suggest that inhibition of DNA 

repair processes by HMGA proteins may contribute to the genetic and chromosomal instabilities 

commonly found in cancerous cells which overexpress these proteins. 

 

3 | DNA repair 

 

DNA breaks are continously produced during the life of a cell and are believed to be the most 

dangerous for genome integrity and cell viability. Eukaryotic cells defend their genome integrity by 

efficient DNA repair mechanisms (Lindahl and Wood, 1999; Friedberg, 2003). A global signaling 

network, called the DNA Damage Responce (DDR), senses different types of damage and 

coordinates a response that includes acrivation of transcription, cell cycle control, apoptosis, 

senescence, and DNA repair processes (Zhou and Elledge, 2000). At the core of the DNA damage 

signaling apparatus there are three related protein kinases, Ataxia Telangiectasia Mutated (ATM), 
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ATM and Rad3-related (ATR), and DNA-dependent protein kinase (DNA-PK), wich are activated 

by DNA damage (Fig. 8). DNA-PK and ATM, wich is regulated by the Meiotic recombination 11 

(Mre11)/Rad50/Nijmegen Breakage Syndrome 1 (NBS1) (M/R/N) complex, sense double-strand 

breaks (Kastan and Bartek, 2004), instead, ATR, wich is regulated by the ATR-Interacting Protein 

(ATRIP), senses single-strand DNA generated by processing of DSBs or present at stalled 

replication forks (Lowndes and Murguia, 2000). Both kinases then phosphorylate substrates to 

initiate a signaling cascade (Shiloh, 2006). 

In principle, damage to individual bases and single-strand breaks can be repaired by short and long 

patch Base Excision Repair (BER), bulky DNA adducts and photoproducts can be removed by 

Nucleotide Excision Repair (NER), and DNA double-strand breaks can be repaired by either 

Homologous Recombination (HR) or Non-Homologous End Joining (NHEJ). 

 

 

Figure 8 | Cell responses to DNA damage. DNA-PK, ATM, and ATR are recruited to the sites of DNA damage 

through analogous mechanisms involving Ku70/80 heterodimer, NBS1, and ATRIP respectively (see text for details). 

Ku heterodimer and Artemis play critical roles in the repair of damaged DNA through NHEJ by interacting with 

XRCC4/Cernunnos/DNA ligase IV. Phosphorylation of Ku70/80 and Artemis by DNA-PK and ATM control cell cycle 

arrest and the DNA repair function. ATM triggers the repair of damaged DNA through HR by interacting with the 

M/R/N complex. ATM phosphorylates CHK2, which phosphorylates p53 to arrest the cell cycle, while damage is being 

repaired. When the attempt to repair the damage fails, the cell undergoes apoptosis via the p53 pathway. The Ku 

heterodimer also affects ATM-dependent ATR activation and the stability of p53 is also controlled by MDM2 (dotted 
lines). (Image modified Morio and Kim, 2008). 

 

DNA double-strand breaks (DSBs) pose a serious threat to cell viability and genome stability. DSBs 

arise from normal cellular processes such as V-D-J recombination (Franco et al., 2006) and free 

radicals such as those poduced by metabolism of cellular respiration (reactive oxygen species 

(ROS)), as well as from exogenous sources, such as ionizing radiation (IR), chemical agents, UV 

light or other form of genotoxic stress (Bosco et al., 2004; Limoli et al., 2002). Non-Homologous 
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End Joining (NHEJ) and Homologous Recombination (HR) are the two major pathways for DNA 

DSBs repair. 

 

3.1 | Non-Homologous End Joining 

 

NHEJ, which does not require the presence of a homologous template, is the predominant repair 

pathway for DSBs produced by IR. The DNA-dependent protein kinase (DNA-PK) plays a central 

role in regulating NHEJ (Collis et al., 2005). It has been classified on the basis of sequence analysis 

as a member of the phosphatidylinositol-3-kinase (PI-3-K)-related kinase (PIKK) super family, 

which includes ATM and ATR proteins (Chan et al., 1996). DNA-PK is composed of a catalytic 

subunit (DNA-PKcs) and the Ku heterodimer (comprising the Ku70 and Ku80 subunits), which act 

as a regulatory subunit (Lees-Miller, 1996). DNA-PK contains a DNA-binding domain, a catalytic 

domain, and a Ku binding domain. NHEJ is initiated when two Ku heterdimers recognize and stably 

bind to broken DNA ends (Fig. 9). Then they serve to recruit two DNA-PKcs molecules to the 

damage site (Meek et al., 2007) and, once bound to DNA, DNA-PKcs is activated phosphorylating 

itself and other targets such as, for instance, the nuclease Artemis, which is important for opening 

hairpins formed during V-D-J recombination (Jeggo and O'Neill, 2002; Ma et al., 2002). The two 

separate DNA-PK complexes interact with each other to bridge the two DNA ends (Spagnolo et al., 

2006) facilitating the alignment of the two ends for repair (Uematsu et al., 2007; Weterings and 

Chen, 2007). Finally, DNA ligase IV, with its binding partners XRCC4 and XLF/Cernunnos, seals 

the break (Grawunder et al., 1997; Gu et al., 2007; Yano et al., 2008). 
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ArtemisArtemisArtemis

 

Figure 9 | Model of the recruitment and assembly of the NHEJ factors. The Ku heterodimer (yellow) recognizes and 

binds the DSBs. The DSBs-bound Ku recruits DNA-PKcs (red) and the complex XRCC4 (green)/ligase IV (blue) to 

assemble a functional NHEJ machinery. DNA-PKcs autophosphorylation likely mediates conformational changes in 

DNA-PK that are required for DNA end processing. In the final step, ligase IV rejioins the broken DNA ends and 

further DNA-PKcs mediated phosphorylation induces the dissociation of the NHEJ complex (Image modified; 
Costantini et al., 2007). 

 

3.2 | Homologous Recombination 

 

Homologous Recombination is considered a more accurate mechanism for DSBs repair because 

broken ends use homologous sequences elsewhere in the genome to prime repair synthesis. Thus, 

HR efficiency is regulated by the template avaiability, and it is not surprising that HR is more 

efficient in diploid than in haploid yeast (Paques and Haber, 1999). 

HR initiates with extensive 5’ to 3’ end-processing at broken ends (Fig.10), the resulting 3’ ssDNA 

tails are bound by Rad51 and the resulting Rad51 nucleoprotein filaments search for homologous 

sequences. The Srs2 helicase is thought to dissociate Rad51 from ssDNA, allowing normal base-

pairing with the complementary sequence and subsequent strand extension by DNA polymerase. 

The extended strand can dissociate and anneal with the ssDNA on the opposite side of the DSB in a 

process called ‘synthesis-dependent strand annealing (SDSA)’, or both ssDNA ends may produce a 

double Holliday junction that is resolved to yield crossover or non-crossover recombinants. Once 

intermediates are resolved, the remaining ssDNA gaps and nicks are repaired by DNA polymerase 

and DNA ligase (Szostak et al., 1983; West et al., 2003; Krogh and Symington, 2004). 
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Figure 10 | DSB repair model of Szostak. DSB formation is followed by 5′-to-3′ resection of the ends. The resulting 3′ 

ends invade a homologous template to initiate new DNA synthesis. Two Holliday junctions are formed and are resolved 

independently by cutting the crossed (open arrowhead) or noncrossed (closed arrowhead) strands, resulting in crossover 

or noncrossover products (Paques and Haber, 1999). 

 

3.3 | Cell cycle regulation of DSBs repair pathways 

 

The balance between NHEJ and HR shifts during the cell cycle and recent studies have begun to 

clarify the molecular mechanisms that regulate this cyclical shift (Fig.11). 

Because template accessibility influences HR efficiency, it not surprising that cells upregulate HR 

during S and G2 phases of the cell cycle, when sister chromatids are available. In fact, sister 

chromatids are the preffered template for HR repair in yeast and mammalian cells (Kadyk and 

Hartwell, 1992). However, the presence of a homologous template is not sufficient for HR 

competence, in fact HR is tightly regulated by CDK-dependent cell cycle controls.There are 

evidences that ssDNA end resection, homologous recombination and ceckpoint activation require 

the cyclin-dependent kinase (CDK1) (Ira et al., 2004). Indeed, HR is blocked in early G1 when 

CDK1 is inactive (Aylon et al., 2004). 

A key requirement for mammalian NHEJ is the phosphorylation of clusters of serine and threonine 

residues in DNA-PKcs, targeted by DNA-PKcs itself and ATM (Douglas, et al. 2002). 

Phosphorylation of Ser2056 and Thr2609 is reduced in irradiated S phase cells (Chen et al., 2005) 

and this may be part of a regulatory system that downregulates NHEJ during S phase. It is 

worthwhile to note that NHEJ remains active during S and G2 phases of the cell cycle (Takata et al., 

1998) and this, therefore, indicates that NHEJ competes for DSBs repair (Roth and Wilson, 1985). 
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Moreover, it is well known that several proteins are involved in both DNA repair pathways, 

including BRCA1, histone H2A.X, Poli-ADP Ribose Polimeras-1 (PARP-1) and ATM. Although 

NHEJ factors are recruited to DSBs more rapidly than HR factors, there is a significant period of 

time when both sets of factors are present at damage sites (Kim et al., 2005). Therefore, DNA repair 

pathway choice may be regulated by one or more proteins that act in both HR and NHEJ pathways. 

 

 

Figure 11 | Cell cycle regulation of DSBs repair pathway choice. The cell cycle is shown at the top and G0 indicates 

quiescent (non-cycling) cells. Specific mechanism that regulates NHEJ or HR in the indicated cell cycle phases are 

indicated (Image modified; Shrivastav et al., 2008). 
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AIM OF THE STUDY 

 

The high mobility group A (HMGA) are oncofetal chromatin architectural factors highly expressed 

during embryogenesis, mostly not detectable in adult tissues (Zhou et al., 1995; Chiappetta et al., 

1996) and whose re-expression, observed in almost all cancer specimens, is usually associated with 

a highly malignant phenotype and a poor prognosis. There are several experimental evidences 

showing that (i) in cell lines of different neoplastic aggressiveness HMGA are differentially 

modified (Diana et al., 2005; Sgarra et al., 2009; Reeves et al. 1991) and that (ii) their post-

translational modifications (PTMs) play an important role in the modulation of their activities. 

The aim of this study was to try to evidence a direct link between HMGA PTMs and the neoplastic 

transformation process. 

For our porpouse we: 

1. induced the reversion of the neoplastic phenotype and analyzed HMGA post-translational 

modification in a cellular system which could be pharmacologically modified with respect to 

its transformed phenotype. 

2. induced DNA damage in two glioblastoma cell lines which differ from each other for the 

presence of a normal DNA-PK activity. This part of the work has been introduced because 

of novel data emerging from an interacting proteomic screening performed in our laboratory 

Thanks to a new in vitro strategy we demonstrated that HMGA1a protein associates with 

Ku70, a key factor involved in the non-homologous end joining (NHEJ) DNA repair 

pathway. Since several findings suggest that inhibition of DNA repair processes by HMGA 

proteins may be one of the mechanism by which HMGA exert their oncogenic activity and 

contribute to the genetic and chromosomal instabilities commonly found in cancerous cells 

(Reeves and Adair, 2005), we tried to further elucidate the role of this DNA repair-related 

interaction. 
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MATERIALS AND METHODSI 

 

1 | Cell Culture 

 

MDA-MB 453 and AU565 human breast cancer cell lines overexpressing HER-2/neu were grown 

in Dulbecco’s Modified Essential Medium (DMEM) supplemented with 10% fetal bovine serum, 2 

mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin (EuroClone). SKBr3 human 

breast cancer cell line overexpressing HER2/neu was cultured in RPMI1640 medium supplemented 

with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin 

(EuroClone). All cells were grown in a humidified incubator at 37°C under 5 % CO2 in air, handled 

under a biological hood, and propagated as suggested by the American Type Culture Collection 

(ATCC). 

Human glioblastoma M059K (expressing normal levels of DNA-PK) and M059J (lacking DNA-PK 

activity) cell lines were grown in DMEM supplemented with 10% fetal bovine serum, 2 mM L-

glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin (EuroClone) in a humidified incubator 

at 37°C under 5 % CO2 in air. Cells were propagated as suggested by ATCC, and handled under a 

biological hood. 

 

2 | Cell proliferation assay 

 

Tyrosine kinase activity enhanced by HER-2/neu overexpression plays a critical role in the 

development of human breast cancer (Slamon, 1987; Sistonen, 1989). Therefore, an inhibition of 

the HER-2/neu tyrosine kinase activity may be able to repress cell transformation. It was 

demonstrated that Emodin (a 3-methyl-l,6,8-trihydroxyanthraquinone isolated from Polygonum 

cuspidatum), inhibits the activity of p185
neu

 tyrosine kinase, preferentially blocking the growth of 

the HER2/neu-overexpressing human breast cancer cells, and inducing differentiation of these cells 

(Zhang, 1995). 

Breast cancer cell lines were washed twice with PBS (137 mM NaCl; 27 mM KCl; 4.3 mM 

Na2HPO4; 1.4 mM KH2PO4; pH 7.4), detached by trypsinization, and seeded at 12000 cells/well 

(MDA-MB 453 and SKBr3 cell lines) or 6000 cells/well (AU565 cells) in a 96-well microtiter 

plate. Once attached, cells were treated with various concentrations (10 µM, 40 µM, and 80 µM) of 

Emodin (Sigma) or with the appropriated concentration of dimethylsulphoxide (DMSO; control), 

and incubated for different times (point Ø, 24, 48, 72, and 96 hours). Cells were kept in complete 

medium during treatment. The effect of Emodin on cell growth was examined by WST-1 assay. In 

brief, 10 µl of Cell Proliferation Reagent WST-1 solution (1:10 final dilution; Roche) were added to 



Materials and methods 

32 

each well and incubated for 1 to 2 hours in humidified atmosphere at 37°C. The absorbance of the 

samples was measured against a background control as blank using a microplate reader (TECAN) at 

450 nm, with a reference wavelenght of 620 nm. 

 

3 | Colony formation in soft agar 

 

Breast cancer cell lines were seeded at 510 cell/cm
2
 and 5100 cells/cm

2
 in culture medium 

containing 0.3 % low melting temperature agarose (NuSieve
®
GTG

®
agarose) and 40 µM (for MDA-

MB453 and AU565 cell lines) or 80 µM (for SKBr3 cells) Emodin over a 0.6 % agarose layer and 

incubated for two weeks at 37°C. Colonies were then stained with MTT solution (1 mg/ml; Sigma) 

for 2 hours at 37°C, counted and compared with colonies grown with 0.02 % DMSO (control). 

 

4 | Cell survival assay 

 

M059J and M059K glioblastoma cell lines were washed twice with PBS, detached by 

trypsinization, and seeded at 7000 cells/well in a 96-well microtiter plate. Once attached, cells were 

treated with various concentrations (2.5 µg/ml, 10 µg/ml, and 20 µg/ml) of Bleocin (a radiomimetic 

chemical agent; Calbiochem) or with complete medium (control), and incubated for different times 

(point Ø, 24, 48, and 72 hours). Cells were kept in complete medium during treatment. The effect of 

Bleocin on cell vitality was examined by WST-1 assay as mentioned above. 

 

5 | Protein extraction 

 

Selective extraction of HMGA proteins and histone H1 with 5 % (w/v) perchloric acid (PCA) and a 

protease inhibitor cocktail (10 mM Hepes pH 7.9; 10 mM KCl; 1.5 mM MgCl2; 0.1 mM DTT; 0.5 

mM PMSF) was performed three times from control and treated cells. After centrifugation at 2500 g 

at 4°C, HCl at the final concentration of 0.3 M and 9 volumes of cold acetone were added in the 

supernatant. The solution was left at –20°C for 12 hour. The precipitated proteins were recovered 

by centrifugation, supernatant was discared and the pellet dried at room temperature. Extracted 

proteins were resuspended in H2O mQ and the solution was purified with centrifugal PVDF filters 

of 0.45 µm (Millipore). 

Alternatively, the total proteins of treated and untreated cells were extracted with SDS sample 

buffer (62.5 mM Tris pH 6.8; 2 % SDS; 10 % Glicerol; 50 mM DTT). 
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6 | Electrophoretic analysis 

 

Electrophoretic analysis of extracted proteins was carried out on SDS-PAGE. The running gels 

were 8 % or 15 % polyacrylamide gels (polyacrylamide T=8 % or 15 % C=3,3 %; 0,38 M Tris/HCl 

pH 8,8; 0,1% SDS; 1 mg/ml (NH4)2S2O8); the stacking gel was 5 % polyacrylamide 

(polyacrylamide T=5 % C=3.3 %; 0,13 M Tris/HCl pH 6,8; SDS 0,1%; 1 mg/ml (NH4)2S2O8). 

Samples were accumulated at the interface using a constant 50 V for 30 minutes and separated at a 

constant 200 V for about 2 hours at room temperature in SDS/Tris/Tricine buffer (25 mM Tris; 25 

mM Tricine; 0.1 % SDS; pH 8.1). 

Proteins were visualized by staining gels with 0.005 % (w/v) Coomassie R250 in methanol/acetic 

acid/water (5/4/1 v/v) for about 20 minutes, and destained with acetic acid/water (3/1 v/v). 

 

7 | Western blot analysis 

 

Proteins separated by SDS-PAGE were transferred to nitrocellulose filter paper (Whatman 

International) at 4°C for 16 hours using a constant 30 V (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 % CCl3COOH; 3 % C7H6O6S). 

Nonspecific binding on the nitrocellulose filter paper was minimized with a blocking buffer 

containing 5 % nonfat dry milk and 0.1 % (v/v) Tween 20 in PBS. The treated filter paper was 

incubated with primary antibodies (see the table for details) for 1 hour at room temperature, 

followed by incubation with horseradish peroxidase-conjugated secondary antibodies (Sigma; 

1:5000; see the table for details) for one hour at room temperature. Bands were visualized with the 

enhanced chemiluminescence system (ECL Plus Western Blotting Detection System, Amersham 

Biosciences). 

 

PRIMARY ANTIBODY SECONDARY ANTIBODY 

α-HMGA1a* (1:1000) α-rabbit-perox 

α-HMGA2* (1:1000) α-rabbit-perox 

α-PARP-1 (1:1000; Boeringer and BD Biosciences) α-mouse-perox 

α-p85 fragment (1:1000; Abcam) α-rabbit-perox 

α-actin (1:1000; Sigma) α-rabbit-perox 

α-Ku70 (1:1000; Santa Cruz Biotechnology) α-mouse-perox 

α-Ku80 (1:250; Santa Cruz Biotechnology)  α-mouse-perox 
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α-ligase IV (1:1000; AbD serotec) α-rabbit-perox 

α-DNA-PKcs (1:1000; Santa Cruz Biotechnology) α-mouse-perox 

α-MBP (Santa Cruz Biotechnology; 1:2000; ) α-rabbit-perox 

α-γH2A.X (Millipore; 1: 1000) α-mouse-perox 

 

8 | Immunofluorescence microscopy analysis 

 

Treated and untreated cells were grown on glass coverslips. After the treatments cells were washed 

twice with PBS, fixed for 20 minutes in 3 % (v/v) paraformaldehyde in PBS, washed three times 

with PBS and incubated with 0.1 M glycin in PBS for 15 minutes. Cells were then permeabilized 

with 0.3 % (v/v) Triton X-100 in PBS for 5 minutes, washed three times with PBS and blocked in 

PBS containing 0.5 % (w/v) BSA (blocking solution) for 30 minutes. Cells were incubated with 

primary antibodies (see the table for details) for 2 hours at 37°C in a humified chamber, then 

washed three times with blocking solution and incubated with the secondary antibodies for 1 hour at 

37°C in humified chamber. After three times washing, cells were stained with 500 ng/ml Hoechst 

(Sigma) in PBS for 10 minutes at room temperature. All secondary antibodies (Jackson 

ImmunoResearch Laboratories) were diluted 1:100 in PBS. 

 

PRIMARY ANTIBODY SECONDARY ANTIBODY 

α-HMGA1a* (1:700) α-rabbit/mouse-TRITC 

α-histone H1 (1:700; AbCam) α-mouse-FITC 

 

Cells were examined using a confocal (Leica DMIRE2) microscope equipped with fluorescence 

optics. The fluorescence images were collected with a 63X magnification and oil-immersion 

objective and analysed by ImageJ program. 

 

9 | Antibodies purification (*) 

 

A polyclonal antibody was raised in rahbits using the synthetic peptide SSSKSSQPLASKQE 

specific for the HMGA1 proteins, or with the synthetic peptide RGEGAGQPSTSAQ specific for 

the HMGA2 protein. Serum from immunized rabbits was purified in order to obtain α-HMGA1a or 

α-HMGA2 antibody. For this porpouse the Affi-Gel 10 support (BIORAD), wich contains a neutral 

10-atom spacer arm, was used to couple HMGA1a or HMGA2 protein as ligands for serum specific 

antibodies. 
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The coupling reaction was performed as follows: 

 2 ml of Affi-Gel 10 uniform resuspension was transfered to a test tube and the gel beads 

were washed three times with 10 ml of cold 10 mM sodium acetate pH 4.5 

 gel beads were washed three times with 10 ml of cold MOPS 0.1 M pH 7 (coupling buffer) 

and incubated with 2 mg of HMGA1a (or HMGA2) recombinant protein. The coupling 

reaction was performed for 12 hours at 4°C on a rocker 

 once coupling reaction was finished, the supernatant was discared and the gel was blocked 

with 2 ml of 1 M ethanolamine/HCl pH 8 for 1 hour at room temperature 

 beads were then washed three times with 10 ml of 0.1 M MOPS pH 7, two times with 10 ml 

PBS, one time with 4 ml 1.5 M NaCl, and finally three times with 10 ml PBS 

Once the Affi-Gel 10 support was coupled with the correct ligand (i.e. HMGA1a or HMGA2 

protein), an immunoaffinity purification of antibodies from rabbit’s serum was performed as 

follows: 

 serum from immunized rabbit was added to the coupled gel beads together with PBS (600 µl 

of PBS per ml of serum) and 0.5 % Triton X-100 and incubated on a rocker for 2 hours at 

room temperature 

 supernatant was discared and beads were washed three times with 10 ml PBS 

 gel beads were transferred to an elution column and antibodies were detached with 2 ml of 

0.2 M Glycine/HCl pH 2.8 

 the physiological pH was restored adding 250 µl of 2 M Tris/HCl pH 8 

 the purified antibodies were tested for their specificity by western blotting with HMGA1a 

and HMGA2 recombinant proteins and stored at – 20°C 

 

10 | Apoptosis induction and detection 

 

Breast cancer cell lines seeded at 35000 cells/cm
2
 were treated with 2 µM Doxorubicin, an 

antracycline antibiotic isolated from Streptomyces peucetius which interact with DNA by 

intercalation in order to induce apoptosis. Treatment was performed for different times (points Ø, 

48, and 72 hours). 

Two experimental procedures are commonly used to detect apoptosis in cultured cells: the PARP-1 

cleavage detection by protein extraction and western blot analysis (described above) and the DNA 

fragmentation assay. 

The protocol for the latter analysis, adapted for 2x10
5 
cells/ml, is described here: 
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after doxorubicin treatment, culture medium was removed and centrifuge at 2500 g for 5 minutes to 

collect detached cells. Adherent cells were detached by scraper, collected by centrifuge at 1300 g, 

pooled with pellet made of detached cells, resuspended in 60 µl of lysis buffer (10 mM Tris pH 7.4; 

100 mM NaCl; 25 mM EDTA; 1 % sarcosine) and then incubated with 3.2 µl proteinase K (25 

mg/ml) at 45°C for 2 hours. At the end of incubation, 4 µl RNase (10 mg/ml) were added in the 

suspension and incubation prolonged for 2 hours at 37 °C. Cellular DNA extracted was 

subsequently electrophoresed on a 2 % agarose gel with 0.5 µg/µl ethidium bromide in TAE buffer 

(0.4 M Tris; 0.01 M EDTA pH 8; 0.05 M glacial acetic acid) at 60 V for about 30 minutes. Before 

the electrophoretic analysis, samples were added with 6X loading dye solution (MBI Fermentas). 

Gels were visualized under ultraviolet transillumination. 

 

11 | Reverse Phase – High Pressure Liquid Chromatography (RP-HPLC) 

 

HMGA and histone H1 proteins can be analysed/purified by RP-HPLC. This kind of 

chromatography utilizes a non-polar stationary phase constituted by silica beads derivatized with a 

straight chain alkyl group, and a mobile phase that is a gradient elution solution of H2O and 

acetonitrile. HMGA and histone H1 proteins, previously extracted by 5 % PCA and filtered on 0.45 

µm filters were fractionated by RP-HPLC using a RP Supelco Discovery BIO Wide Pore C5 

column (2.1 x 250 mm, 5 µm) and a Perkin-Elmer Life Sciences apparatus (series 200 LC pump 

and 785A UV-Vis detector). Proteins were eluted by a step gradient (Solvent A: H2O mQ 0.1 % 

trifluoroacetic acid (TFA); Solvent B: 95 % CH3CN 5 % H2O 0.1 % TFA) that was developed in 

order to achieve the better separation among HMG family proteins in order to purify also histone 

H1. The percentage of solvent A and B was changed as follows: 

 

Time (min) Flow (ml/min) % A % B Gradient 

8.00 0.20 92 8 Isocratic 

7.00 0.20 86 14 Linear 

35.00 0.20 76 24 Linear 

5.00 0.20 0 100 Linear 

10.00 0.20 0 100 Isocratic 

5.00 0.20 92 8 Linear 

25.00 0.20 92 8 Isocratic 
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The chromatograms were detected by a spectrofotometer (Absorbance recorded at 220 nm) and 

analysed by Turbochrom Navigator 4.0 software (Perkin-Elmer). 

The separation solvent of all the fractions was evaporated and proteins resuspended in H2O mQ and 

stored at -20°C. 

 

12 | Electrophoretic Mobilty Shift Assay (EMSA) 

 

The 
32

P-labeled four-way junction DNA, the 
32

P-labeled-HCRII DNA, and the 
32

P-labeled-E3 DNA 

fragments were prepared as follows: 

 4 µl [γ
32

-P]ATP (3000 Ci/mmol) were added to the mix of reaction (12 µl H2O mQ; 1 µl 

ssDNA (10 pmol/µl); 1 µl T4-PNK (Epicentre); 2 µl T4-PNK buffer 10X (Epicentre) and 

incubated at 37°C for 1 hour 

 after the incubation the T4-PNK was inactivated by boiling for 2 minutes 

 2.2 µl of 3 M NaCl (final concentration must be 0.3 M) and 2 µl of complementary ssDNA 

fragment (20 pmol/µl) were added to the mix of reaction and boiled for 10 minutes 

 the mix of reaction was gradually kept at room temperature to allow a better dsDNA pairing 

 80 µl of TEN buffer (BIORAD) were added to the mix of reaction that is then centrifuge in 

a chromatography column (Micro Bio-Spin
TM

 Columns, BIORAD) to remove 

unincorporated [γ
32

-P]ATP 

Increasing ammounts of HMGA1a protein, extracted from treated and untreated cells and purified 

by HPLC, and incubated together with labeled DNA (0.1 pmol/µl) in 180 mM NaCl, 1 mM MgCl2, 

0.01 % bovine serum albumin, 8% glycerol, and 10 mM Tris-HCl (pH 7.9) at 4°C for 20 minutes. 

The complexes of proteins with DNA were run on 7 % polyacrylamide gel containing 45 mM Tris, 

44 mM boric acid, and 1 mM EDTA (pH 8). The gel was vacuum dried (model 583 gel dryer, 

BIORAD) at 80°C and exposed to autoradiography (GE Healthcare). 

Sequences of DNA fragments used are reported: 

 

E3:   5’-AGAAAAACTCCATCTAAAAAAAAAAAAAAAAAAAAAAAAAAACA-3’ 

4WJ Leg1:  5’-CCCTATAACCCCTGCATTGAATTCCAGTCTGATAA-3’ 

4WJ Leg2:  5’-GTAGTCGTGATAGGTGCAGGGGTTATAGGGG-3’ 

4WJ Leg3:  5’-AACAGTAGCTCTTATTCGAGCTCGCGCCCTATCACGACTA-3’ 

HCRII:  5’-GACACATTAATCTATAATCAAATA-3’ 
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In EMSA experiments HMGA1a or histone H1 proteins extracted from treated samples were 

compared with equal amounts of proteins extracted from control cells. Exact protein quantification 

was performed taking advantage of HPLC separation and absorbance detection at 220 nm: the area 

of each protein peak was determined and the quantity assigned on the basis of a calibration curve 

previously generated with increasing quantities of a protein standard. HMGA1a and H1 proteins 

were separated by RP-HPLC using a Zorbax 300SB-C18 column (0.5 x 150 mm, 3.5 µm; Agilent) 

and an Agilent 1200 Series Capillary Pump coupled with an UV-Vis detector. Proteins were eluted 

by a step gradient (Solvent A: H2O mQ 0.05 % trifluoroacetic acid (TFA); Solvent B: CH3CN 0.05 

% TFA; LC-MS grade solvents, Chromasolv, Fluka) that was developed in order to achieve the 

better HMGA protein purification. The percentage of solvent A and B for HMGA1a analysis was 

changed as follows: 

 

Time (min) Flow (µl/min) % A % B Gradient 

4.00 15 92 8 Isocratic 

10.00 15 60 40 Linear 

1.00 15 0 100 Linear 

1.00 15 0 100 Isocratic 

1.00 15 92 8 Linearc 

10.00 15 92 8 Isocratic 

 

The percentage of solvent A and B for H1 analysis was changed as follows: 

 

Time (min) Flow (µl/min) % A % B Gradient 

4.00 15 80 20 Isocratic 

10.00 15 48 52 Linear 

1.00 15 0 100 Linear 

1.00 15 0 100 Isocratic 

1.00 15 80 20 Linearc 

10.00 15 80 20 Isocratic 
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13 | Co-Affinity Purification (CoAP) assay  

 

293T cells were seeded at 35000 cell/cm
2
 and transiently transfected with a vector expressing the 

HMGA1a human protein in fusion with the Maltose Binding Protein (MBP-HMGA1a) or MBP 

alone as a control. The mix of reaction was prepared as follows: 

 100 µl of pcDNA3 MBP-HMGA1a (0.1 µg/µl) or 100 µl pcDNA3 MBP (0.1 µg/µl) were 

gently mixed with 29 µl of 2.5 M CaCl2 and 137 µl of H2O mQ. The solution was droped on 

266 µl of 2X HEPES-buffered saline (HBS: 0.27 mM NaCl; 0.01 mM KCl; 0.0002 mM 

Na2HPO4 2H2O; 0.0011 mM dextrose0.004 mM HEPES) pH 7.05 and left at room 

temperature for 30 minutes 

 the mix containing the cDNA (532 µl total volume) was droped on seeded cells 

 cells were mainteined in a humidified incubator at 37°C under 5 % CO2 in air. After 16 

hours culture medium was discared and cells were washed with PBS; new complete medium 

was added to transfected cells till the day after 

 cells were lysed with 1 ml of lysis buffer (50 mM Tris/HCl pH 8; 0.01 % NP-40; 50 mM 

NaCl; 5 % glicerol; 2 mM DTT; 2.5 mM EDTA; 5 mM NaF) for 30 minutes at 4°C 

 ultrasonics were applaied to the samples three times for 5 seconds with 20 % amplitude 

(BRANSON Digital Sonifier
®
) 

 samples were centrifuge for 15 minutes at 4°C and supernatant was recovered 

 each total cell lisate was incubated with 45 µl of resurpended amylose resin (NEW 

ENGLAND BioLabs) for 2 hours at 4°C on a rocker 

 after incubation beads were washed three times with lysis buffer and affinity captured MBP-

HMGA1a and MBP proteins were eluted by boiling in SDS sample buffer, separeted by 

SDS-PAGE and analysed by western blot using specific antibodies 

 

14 | In vitro phosphorylation assay 

 

[γ
32

-P]ATP, HMGA1a full lenght protein, HMGA1a 1-89, 1-62, 34-107 and 45-106 deleted 

sequences, and DNA-dependent protein kinase catalytic subunit (DNA-PKcs; Promega) were used 

for the reaction. The mix of reaction was prepaired with: 

 10 µl DNA-PK reaction buffer 5X (250 mM HEPES pH 7.5; 500 mM KCl; 50 mM MgCl2; 

1 mM EGTA; 0.5 mM EDTA; 5 mM DTT) 

 5 µl DNA-PK activation buffer 10X (10 µ/ml calf thymus DNA in Tris/EDTA pH 7.5 (10 

mM Tris/HCl; 1 mM EDTA)) 
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 1 µl 10 mM ATP (200 µM final concentration) 

 0.2 µl 3.3 µM [γ
32

-P]ATP (3000 Ci/mmol) 

 10 µg of substrate 

 0.4 µl BSA (10 µg/µl) 

 1 µl DNA-PK (116 U/µl) 

 H2O mQ at 50 µl final volume 

The reaction works for 16 hours at 30°C and finally is blocked by boiling at 95°C for 3 minutes. 

CK2 enzyme was used in the control reactions. The mix of reaction was prepaired with: 

 5 µl CK2 buffer 10X (20 mM Tris/HCl pH 7.5; 50 mM KCl; 10 mM MgCl2) 

 2 µl 3.3 µM [γ
32

-P]ATP (3000 Ci/mmol) 

 10 µg of substrate 

 2 µl CK2 (5 U/µl) 

 H2O mQ at 50 µl final volume 

The reaction works for 16 hours at 30°C and finally is blocked by boiling at 95°C for 3 minutes. 

Reactions were centrifuged in a chromatography column (Micro Bio-Spin
TM

 p-6 Columns, 

BIORAD) to remove unincorporated [γ-
32

-P]ATP. 

 

15 | Liquid Chromatography/Mass Spectrometry (LC/MS) 

 

LC/MS is an analytical chemistry technique that combines the physical separation capabilities of 

liquid chromatography (in particular HPLC) with the mass analysis capabilities of mass 

spectrometry. LC/MS is a powerful technique used for many applications which has very high 

sensitivity and specificity, and we had used it in order to detect post-translational modifications of 

HMGA1a and histone H1 variant proteins extracted from treated and untreated cells. 

For LC/MS analyses, PCA extracts were conditioned to a final concentration of 0.1% trifluoroacetic 

acid and LC/MS analyses were carried out using a PerkinElmer Life Sciences apparatus (Series 200 

LC Pump) with a RP Supelco Discovery BIO Wide Pore C5 column (1  150 mm, 5 m) directly 

interfaced with an ESI interface to an ion trap HCTultra mass spectrometer (Bruker Daltonics). 

HPLC separations were performed using a water/acetonitrile (LC/MS Chromasolv, Fluka) gradient 

with 0.05% TFA as a modifier. 

Gradient for HMGA1a protein was: 
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Time (min) Flow (ml/min) % A % B Gradient 

8.00 0.20 92 8 Isocratic 

7.00 0.2 86 14 Linear 

35.00 0.20 76 24 Linear 

5.00 0.20 0 100 Linear 

10.00 0.20 0 100 Isocratic 

5.00 0.20 92 8 Linear 

25.00 0.20 92 8 Isocratic 

 

Gradient for histone H1 variants was: 

 

Time (min) Flow (ml/min) % A % B Gradient 

5.00 0.20 76 24 Isocratic 

67.00 0.2 56 44 Linear 

5.00 0.20 0 100 Linear 

5.00 0.20 0 100 Isocratic 

5.00 0.20 76 24 Linear 

15.00 0.20 76 24 Isocratic 

 

An analytic flow of 30 μl/min was generated by splitting the original master flow of 0,2 ml/min 

before its entrance in the sample injection valve. 

MS acquisition parameters were the following: Full MS scan: m/z 600-1100; Mass range mode: 

standard/enhanced; ion charge control (ICC) active allowing the storage of a maximum of 200000 

ions in a maximum accumulation time of 200 msec. 

Acquired spectra were elaborated with Data Analysis software (v.3.4, Bruker Daltonics).  
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RESULTS: HMGA and their post-translational modifications in the 

contest of neoplastic transformation 

 

It is wide accepted that the overexpression of HMGA proteins is a common feature of human 

malignant neoplasias such as those of prostate (Tamimi et al., 1993), colon (Chiappetta et al., 2001), 

thyroid (Chiappetta et al., 1998), lung (Sarhadi et al., 2006), pancreas (Abe et al., 2000), gastric 

(Nam et al., 2003), ovary (Masciullo et al., 2003), and breast (Chiappetta et al., 2004; Flohr et al., 

2003). However, recently it was demonstrated that HMGA proteins have also a tumor-suppressor 

role, which is in contrast to their oncogenic properties (Narita et al., 2006). One explanation was 

that HMGA proteins might interact with different molecular partners depending on cell type and 

cellular contest, thereby exerting different roles (Fusco and Fedele, 2007). Moreover, it is well 

known that HMGA post-translational modifications regulate binding affinity of these proteins, and 

several studies have suggested that the analysis of HMGA PTMs may provide valuable information 

about their mechanism(s) of action in neoplastic transformation (Banks et al., 2000; Edberg et al., 

2004; Diana et al., 2005). 

To better investigate the relationship between HMGA PTMs and neoplastic transformation, we 

choose breast cancer cell lines as biological models in which we (i) induce the reversion of the 

neoplastic phenotype and (ii) check by LC/MS analysis HMGA PTMs. In this work we focused our 

attention in the study of HMGA PTMs in MDA-MB 453, AU565, and SKBr3 breast cancer cell 

lines treated with Emodin, a p185
neu

 inhibitor, in order to induce the reversion of the neoplastic 

phenotype. 

 

1 | Emodin impairs the oncogenic activity of p185
neu

: check of the drug treatment 

 

Experimental evidences demonstrated that Emodin inhibits the tyrosine kinase activity of p185
neu

 

and that the use of this inhibitor in HER2/neu-overexpressing cells has a strong impact on their 

neoplastic phenotype (Zhang et al., 1995). Therefore, we decided to check and confirm whether 

Emodin inhibits cell proliferation of the p185
neu

 overexpressing cells that we choose for our 

analysis, i.e. MDA-MB 453, SKBr3, and AU565. 
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1.1 | Suppression of cell proliferation 

 

As it is possible to see, comparing the growth curves of treated and untreated (control) cells 

reported in Figure 1,we were able to find the proper conditions to arrest the growth of all the three 

cell lines choosen. 

Indeed, 40 µM Emodin was effective in suppressing cell proliferation of MDA-MB 453 and of 

AU565 cells (panels A and B, respectively), whereas, 80 µM Emodin was required for an efficient 

SKBr3 growth arrest (panel C). 10 µM Emodin did not affect at all cell proliferation. These results 

indicate that Emodin suppresses growth of our HER-2/neu-overexpressing breast cancer cell lines. 
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Figure 1 | Emodin inhibits cell proliferation of p185
neu

 overexpressing cell lines. Breast cancer cell lines MDA-MB 

453 (A), AU565 (B), and SKBr3 (C) were treated with various concentrations (10 µM, 40 µM, and 80 µM) of Emodin 

or with 0.02 % dimethylsulphoxide (DMSO; control), and incubated at 37°C for different times (Ø, 24, 48, 72, and 96 

hours). The effect on cell proliferation was examinated by WST-1 assay. 
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1.2 | Emodin induces differentiation of breast cancer cells 

 

It had been demonstrated that HER2/neu-overexpressing cells can be induced into differentiation by 

Emodin treatment (Zhang et al., 1995). In fact, when MDA-MB453 cells were treated with 40 µM 

of Emodin in complete medium for 48 hours, cells displayed a flat morphology with larger nuclei 

and increased cytoplasm, which were shown to be characteristic for differentiation (Plowman et al., 

1993), compared with control cells (0.02 % DMSO) which were moderately adherent and had a 

rounded morphology (Fig. 2). We were able to observe this strong cell morphology change only in 

MDA-MB 453 cells and not in the other two cell lines (data not shown). 
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Figure 2 | Cell morphology changes after Emodin treatment. MDA-MB 453 breast cancer cell line was treated with 
40 µM Emodin in complete medium for 48 hours and compared with cells treated with 0.02 % DMSO (control). The 

change in cell morphology was checked by microscopy analysis. Two different fields are shown both for Emodin 

treatment (A and A’) and control (B and B’). 

 

These results indicate that Emodin induces differentiation of HER-2/neu-overexpressing breast 

cancer cells, suggesting that the enhanced tyrosine kinase activity of p185
neu

 may prevent breast 

cancer cells from differentiation. 

 

1.3 | Emodin inhibits the anchorage-independent growth of HER2/neu-overexpressing cells 

 

As a further control of the proper efficiency of the Emodin treatment (Zhang et al., 1995), treated 

and untreated cells were seeded into soft agarose and monitored for colony formation (Fig. 3). 
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The colony forming activity of HER-2/neu-overexpressing breast cancer cells MDA-MB453, 

SKBr3, and AU565 in soft agarose containing 40 µM Emodin (for MDA-MB 453 and AU565 cell 

lines) and 80 µM Emodin (for SKBr3 cells) was suppressed dramatically as can be seen in Figure 3 

where no colonies are visible in Emodin treated plates in comparison with untreated ones. 
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Figure 3 | Inhibition of colony forming activity. MDA-MB 453, SKBr3, and AU565 cells were seeded in culture 

medium containing 0.3 % agarose, with or without Emodin, and incubated for two weeks at 37°C. Colonies were 

stained with MTT solution, counted and compared with colonies grown with 0.02 % DMSO (control). 

 

 

2 | Emodin treatment does not induce apoptosis 

 

Since the goal of this work was to highlight a relationship between HMGA PTMs and neoplastic 

transformation, it was critical to ascertain that Emodin does not induce other cellular processes in 

which HMGA proteins have been demonstrated to be involved in at a post-translational level, such 

as for instance apoptosis (Diana et al., 2001). Indeed, hyper-phosphorylation in HMGA1a protein 

was detected in early apoptotic leukemic cells, followed by a de-phosphorylation process, 

suggesting a direct link between apoptosis and the degree of phosphorylation in HMGA1a in 

leukemic cells (Diana et al., 2001). Therefore, we investigate whether Emodin would induce 

apoptosis in our breast cancer cell lines. 

Two experimental procedures are commonly used to detect apoptosis in cultured cells: the detection 

of PARP-1 cleavage and of DNA fragmentation. 
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Figure 4 | Emodin does not induce apoptosis in MDA-MB 453 and AU565 cells. MDA-MB 453 (panel A) and 

AU565 (panel B) cells were treated with 40 µM Emodin or with 2 µM Doxorubicine for 48 hours and 96 hours 

respectively. Cells were lized in SDS lysis buffer and proteins were analysed by SDS-PAGE and Western blot using 

specifc α-PARP-1 and α-PARP-1 p85 fragment antibodies. Actin was used as a normalizer. C: control (DMSO), E: 

Emodin, D: Doxorubicin. 

 

A characteristic of apoptosis is the proteolitic cleavage of Poli-ADP Ribose Polimeras-1 enzyme 

(PARP-1) and the release of a 85 KDa fragment (Tewari et al., 1995). As shown in Figure 4, after 

treatments with 40 µM Emodin the PARP-1 fragment of 85 KDa was not detectable in comparison 

with cells treated with  2 µM Doxorubicin, which is a well known apoptotic inducing drug. In fact, 

PARP-1 has the correct 113 KDa molecolar weight in MDA-MB 453 untreated (lanes 1 to 3, panel 

A) and Emodin treated cells (lanes 4 to 6, panel A); the PARP-1 cleavage is instead gradually 

observable in cells treated with Doxorubicin (lanes 7 to 9, panel A). Emodin does not substantally 

induce apoptosis also in AU565 treated cells. In fact, as shown in panel B of figure 4, the PARP-1 

p85 fragment is clearly visible in Doxorubicin treated cells (lanes 2 to 5, middle) compared to 

Emodin treated cells (lanes 1 to 5, top) in which a very small amount of p85 PARP-1 fragment is 

detectable. 

Another characteristic of apoptosis is the DNA condensation and its cleavage by endogenous 

endonucleases (Arends et al., 1990). As shown in panel A of figure 5, MDA-MB 453 untreated 

(lanes 1, 3 and 5) and 40 µM Emodin treated cells (lanes 2 and 4) show an intact DNA, compared to 

2 µM Doxorubicin treated cells (lane 6). Unbroken DNA is also visible in AU565 untrated (lanes 4, 



Results 

47 

6, 8 and 10, panel B) and 40 µM Emodin treated cells (lanes 3 and 7, panel B), compared to 2 µM 

Doxorubicin treated cells (lanes 5 and 9, panel B). 
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Figure 5 | Emodin does not induce apoptosis in MDA-MB 453 and AU565 cells. MDA-MB 453 (panel A) and 

AU565 (panel B) cells were treated with 40 µM Emodin or with 2 µM Doxorubicine for 48 and 72 hours, respectively. 

Genomic DNA was separated on 2 % agarose gels. C: control (DMSO), E: Emodin, D: Doxorubicin. 

 

 

3 | HMGA expression level do not change in Emodin treated cells 

 

In humans, overexpression of HMGA proteins has been described in a large number of different 

types of neoplasias, and in all of these tumors increasing amounts of HMGA proteins correlate with 

increasing degrees of malignancy or metastatic potential. 

Therefore, it was of interest to investigate whether HMGA 

expression levels change as a concequence of Emodin 

treatment in breast cancer cells. As shown in figure 6, no 

significant differences in HMGA1a expression levels were 

detected in MDA-MB 453 treated cells compared with 

untreated ones. As confirmed by Western blot analysis, 

HMGA2 expression is absent in MDA-MB 453 cells. 

 

 

Figure 6 | HMGA1a expression levels in MDA-MB 453 cells. HMGA 

proteins, selectively extracted by 5 % PCA, from MDA-MB 453 breast 

cancer cell line untreated (C) and treated (E) with 40 µM Emodin for 48 

hours were separeted on SDS-PAGE together with HMGA1a and 

HMGA2 recombinant proteins as controls. Western blot analysis was 

performed with α-HMGA1 and α-HMGA2 specific antibodies (middle 
and lower panels). E: Emodin; C: DMSO (control). 

30—

20.1—

14.4—

C E

1 2

HMGA1a

H
M

G
A

1
a

H
M

G
A

2

C E

HMGA2

1 2 3 4

20.1

20.1

—

—

KDa

Blue Coomassie

H
M

G
A

2

H
M

G
A

1
a

-

-

WB: α-HMGA1

WB: α-HMGA2

30—

20.1—

14.4—

C E

1 2

HMGA1a

H
M

G
A

1
a

H
M

G
A

2

C E

HMGA2

1 2 3 4

20.1

20.1

—

—

KDa

Blue Coomassie

H
M

G
A

2

H
M

G
A

1
a

-

-

WB: α-HMGA1

WB: α-HMGA2



Results 

48 

4 | HMGA post-translational modifications are linked to the neoplastic phenotype 

 

HMGA proteins interaction with both DNA and other proteins is highly regulated by their post-

translational modifications, therefore, the study of their PTMs may provide valuable informations 

about their role in the contest of the neoplastic phenotype. 

To this aim we examined HMGA PTMs in our breast cancer cell lines treated with Emodin. It is 

known that HMGA proteins are constitutively acetylated at N-terminus (1A) level. Moreover, it is 

known that they are constitutively di- and tri-phosphorylated at their acidic C-terminal tail (2P and 

3P) and that they can also be constitutively mono- and di-methylated (1M and 2M) at the level of 

Arg25 (Sgarra et al., 2009). As a consequence, combinations of these post-translational 

modifications had been found in our LC/MS analysis (i.e. Figure 7 panel A: 1A, 2P, 1M indicate a 

protein which is monoacetylated, diphosphorylated and monomethylated). HMGA1a reconstructed 

mass spectra reported in Figure 7, indicate that Emodin treament induce changes in HMGA post-

translational modifications. In particular, as regards the Emodin treated MDA-MB 453 cells, it is 

evident an increase of the relative abundance of 3P forms when this cells are compared to control 

ones (Figure 7, panel A, compare the change of relative abundances of 3P peaks (1A-3P and 1A-3P-

1M) with that of 2P peaks (1A-2P and 1A-2P-1M)). Using the same comparison criteria, it is also 

possible to observe a slight increase in HMGA1a methylation (Figure 7, panel A). 

As regards AU565 and SKBr3 cells it is clear that Emodin treatment causes a strong 

hypermethylation (Figure 7, panel B and C: compare the change of relative abundances of 1M 

peaks between treated and untreated cells). 
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Figure 7 | In vivo HMGA1a PTMs during Emodin treatment. MDA-MB 453(A) and AU565 (B) cell lines were 

treated with 40 µM Emodin or 0.02 % DMSO (control) for 48 or 72 hours, respectvely; SKBr3 (C) cells were treated 

with 80 µM Emodin for 72 hours. After treatments HMGA1a protein was extracted with 5 % PCA and its PTMs 

detected by LC/MS analysis. Reconstructed mass spectra are reported. A: Acetylation; M: Methylation; P: 

Phosphorylation. 

 

 

5 | HMG post-translational modifications in breast cancer treated cells 

 

To investigate whether the changes in post-translational modifications were specific for HMGA1a 

protein we looked also at the HMGN protein family and its PTMs. Indeed, HMGN proteins share 

the same molecular context of HMGA proteins but perform different molecular functions. 

As shown in Figure 8, no changes in HMGN1 protein post-translational modifications following 

Emodin treatment are detectable, neither in MDA-MB 453 cells (panel A) nor in AU565 and SKBr3 

(panel B and C, respectively). Identical data were obtained with HMGN2 protein (data not shown). 

Therefore, these observations strongly suggest that the link between post-translational modification 

changes and the neoplastic phenotype is specific for HMGA proteins and not for highly related but 

different proteins such as HMGNs. 
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Figure 8 | | In vivo HMGN1 PTMs during Emodin treatment. MDA-MB 453 (A) and AU565 (B) cell lines were 

treated with 40 µM Emodin or 0.02 % DMSO (control) for 48 or 72 hours, respectively; SKBr3 (C) cells were treated 

with 80 µM Emodin for 72 hours. After treatments HMGN1 protein was extracted with 5 % PCA and its PTMs detected 

by LC/MS analysis. Reconstructed mass spectra are reported. P: Phosphorylation; Ox: Oxidation. 

 

 

6 | The reversion of the neoplastic phenotype strongly affects Histone H1 post-translational 

modifications  

 

HMGA proteins act as regulators of gene transcription by controlling the structure of chromatin. 

There are evidences that both HMGA1 and histone H1 proteins are able to bind to the same DNA 

regions (in particular to the SARs/MARs sequences) and that histone H1 binding to chromatin is 

modulated at least in part by a competition process involving the HMGA proteins (Zhao et al., 

1993). Therefore, HMGA PTMs had been compared with those of Histone H1 in both treated and 

untreated cells in order to evidence a possible HMGA/histone H1 link during the process of 

neoplastic transformation. The same LC/MS approach used for HMGA proteins was adopted in 

order to evaluate histone H1 post-translational modifications. It is relevant to highlight that histone 

H1 can be found in six isoforms (H1.0-5) and that we were able to detect in our LC/MS analysis 

four of the (H1.0, H1.2, H1.4, and H1.5). 

As can be seen in Figure 9, where histone H1 isoforms of MDA-MB 453 cells were analysed, the 

only histone isoform which does not undergo an evident post-translational modification alteration is 

H1.0 (panel A). On the countrary, all the other isoforms undergo a massive dephosphorylation 

process, as can be clearly seen by the disappearance of phosphorylated peaks after Emodin 

treatment (panel B and C). 

The same histone H1 PTMs profile and changes were also detected in SKBr3 cell line (data not 

shown). 
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Figure 9 | | In vivo histone H1 variants PTMs during Emodin treatment. MDA-MB 453 cells were treated with 40 

µM Emodin or 0.02 % DMSO (control) for 48 hours. After treatments histone H1 protein variants were extracted with 5 

% PCA and PTMs detected by LC/MS analysis. Reconstructed mass spectra are reported. A: Acetylation; P: 

Phosphorylation. Panel A: histone H1.0; panel B: histone H1.2 and H1.4, panel C: histone H1.5. 
 

 

7 | Searching for a role of PTMs changes: HMGA1a and Histone H1 DNA-binding properties 

 

LC/MS analysis evidenced the different pattern of HMGA and histone H1 PTMs as a concequence 

of Emodin treatment. Since HMGA and histone H1 binding affinity to DNA is highly regulated by 

their post-translational modifications, we investigated whether PTMs changes caused by Emodin 

treatment confer to HMGA and histone H1 different DNA binding properties. For this purpose we 

adopted an electrophoretic mobilty shift assay (EMSA) using HMGA1a and histone H1 selectively 

extracted and purified both from Emodin treated and untreated MDA-MB 453 breast cancer cells 

(Fig. 10 and Figure 11). 

As shown in Figure 10, EMSA was performed with decreasing amounts of HMGA1a and constant 

DNA probe concentration. E3 (lanes 1 to 10), HCRII (lanes 12 to 21), and four-way junction (4WJ, 

lanes 23 to 30) DNA fragments were used in this study as HMGA1a binding sequences. These 

DNA probes reproduce (i) promoter/enhancer sequences known to be bound by HMGA (E3: a 

region of Insulin receptor gene promoter (Brunetti et al., 2001); HCRII: a modified region of 

HOXD9 gene promoter (Arlotta et al., 1997)) and (ii) a non-canonical DNA structure (4WJ) to 

which HMGA are known to bind as well (Sgarra et al., 2009). 
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Figure 10 | DNA binding of HMGA1a. Decreasing amounts of HMGA1a protein (5, 2.5, 1.2, 0.6 pmoles, lanes 2-5, 7-

10, 13-16, 18-21; 2.5, 1.2, 0.6 pmoles, lanes 24-26 and 28-30) extracted from treated and untreated MDA-MB 453 cells 

and purified by HPLC, were incubated together with labeled DNA fragments (0.1 pmol/µl). The complexes of proteins 

with DNA were run on 7 % polyacrylamide gel. The gel was vacuum dried and exposed to autoradiography. 
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Analysing Figure 10, no significant differences were observed in HMGA1a DNA binding affinity 

comparing untreated and treated samples (compare lanes 2-5 with lanes 7-10, lanes 13-16 with 

lanes 18-21, and lanes 24-26 with lanes 28-30). 

As reported above, there are evidences that H1 binding to chromatin is modulated at least in part by 

a competition process involving the HMGA proteins, therefore we tried to detect changes also in 

histone H1 DNA binding affinity. 
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Figure 11 | DNA binding of histone H1. Decreasing ammounts of H1 protein (1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 

and 0.1 pmol) extracted from MDA-MB 453 treated and untreated cells and purified by HPLC, were incubated together 
with labeled DNA fragments (0.1 pmol/µl). The complexes of proteins with DNA were run on 7 % polyacrylamide gel. 

The gel was vacuum dried and exposed to autoradiography. F: free DNA; D: DMSO (control); E: Emodin. 

 

Figure 11 display an EMSA performed with decreasing amounts of histone H1 protein extracted 

both from untreated and treated cells (lanes 3-12, and lanes 14-23, respectively). Constant 

concentration of four-way junction DNA fragment was used as histone H1 binding sequence. Also 

in this case, no significant differences were observed in H1 DNA binding affinity comparing 

untreated and treated samples (compare lanes 3-12 with lanes 14-23). 

 

8 | HMGA1a and Histone H1: a different behaviour with respect to nuclear localization 

 

EMSA analysis did not evidence changes in HMGA and histone H1 DNA binding affinity in 

consequence of Emodin treatment. However, it was worthwhile to note that EMSAs are in vitro 

analysis in which the in vivo contacts are not reproduced. This is due to the fact that DNA is not 

arrayed in nucleosomes and no other chromatin structural proteins are present. Therefore, to 

demonstrate any possible change in HMGA and H1 DNA binding we performed 
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immunofluorescence microscopy analyses in order to detect protein relocalizations after Emodin 

treatment. For this porpouse, MDA-MB 453 cells were stained with Hoechst in order to visualize 

hetrerochromatin DNA and with specific α-HMGA1a and α-histone H1 antibodies in combination 

with properly fluorescent dye-coniugated secondary antibodies (Figure 12). 
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Figure 12 |Effect of Emodin on HMGA1a and histone H1 cell localiztion. MDA-MB 453 untreated (control) or 

treated (40 µM Emodin) cells, were analysed by confocal microscopy following double-immunofluorescence staining 
with antibodies against HMGA1a (red channel) and histone H1 (green channel) proteins. Chromatin was stained with 

Hoechst (blue channel). 

 

As shown in Figure 12, comparing untreated (control) and treated (40 µM Emodin) cells there is an 

evident relocalization process of HMGA1a (red) and histone H1 (green) proteins. In the nucleus of 

MDA-MB 453 untreated cells HMGA1a protein is higly expressed and show an uniform nuclear 

distribution. After Emodin treatment HMGA1a aggregates forming nuclear foci. In control cells 
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Histone H1 has a perinuclear localization and, following Emodin treatment H1 aggregates in 

nuclear foci. Moreover, HMGA1a and histone H1 do not colocalize neither in untreated nor treated 

cells (Histone H1/HMGA1a). 
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RESULTS: HMGA proteins and non-homologous end joining 

 

HMGA proteins are considered important nodes in the chromatin context, establishing a complex 

network of interactions with both promoter/enhancer sequences and nuclear factors. Interaction 

proteomic data have evidenced that most cellular functions are performed by a tight cooperation 

among proteins. One of the main advantages in protein–protein interaction (PPI) investigation is the 

possibility of acquiring functional information through the possibility of assigning a molecular 

context to a protein by discovering its molecular partners (‘guilt-by-association’ principle) (Sgarra 

et al., 2008). Consequently, different strategies for the identification of PPIs have been developed. 

Therefore, in order to identify new HMGA molecular partner we tried to adopt a Tandem-Affinity 

Purification (TAP) assay. At that time (2006/2007), TAP was considered a new valuable 

experimental procedure to discover protein-protein interactions. Unfortunately, this method was not 

successful for our investigation as we meet different unexpected experimental difficulties (data not 

shown). 

Afterwards, we developed a new in vitro strategy for the identification of HMGA molecular 

partners based on the combination of an RP-HPLC prefractionation procedure, 2-DE gels, blot-

overlay and MS (Sgarra et al., 2008). To demonstrate that our approach was a reliable screening 

method we confirmed a representative number of interactions in vitro by GST pull-down and far-

Western and in vivo by co-affinity purification. This approach allowed us to enlarge the HMGA 

molecular network confirming their involvement also in non-transcriptional-related processes such 

as RNA processing and DNA repair (Sgarra et al., 2010). One of the molecular partners confirmed 

to associate in vitro and in vivo with HMGA1a protein was Ku70 protein, which is involved in 

double strand breaks repair trough non-homologous end joining (NHEJ). 

Different evidences correlate HMGA with DNA repair (Adair et al., 2005; Baldassarre et al., 2003; 

Reeves and Adair, 2005). Inhibition of DNA repair processes by HMGA proteins may contribute to 

the genetic and chromosomal instabilities commonly found in cancerous cells which overexpress 

these proteins. Therefore, considering HMGA/Ku70 interaction as a starting point, we decided to 

investigate HMGA involvement in NHEJ. 

 

1 | HMGA1a associate in vivo with endogenous NHEJ proteins 

 

In order to provide furher evidences of an involvement of HMGA in NHEJ, we look whether 

HMGA1a in vivo associate with other protein members of this DNA repair pathway. To this end we 

used the co-affinity purification strategy, in which an HMGA1a protein fused to the maltose-
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binding protein was used as a bait in order to purify HMGA molecular partners. HEK293T cells 

were transiently transfected with a vector expressing the HMGA1a human protein in fusion with the 

maltose-binding protein (MBP-HMGA1a) or MBP alone as a control. Total cell lisates were 

incubated with amylose resin and MBP-HMGA1a and MBP proteins were affinity captured. 

Proteins bound to MBP-HMGA1a or MBP were eluted with SDS sample buffer and western blot 

analysed. As it is possible to see in Figure 14, Ku70, Ku80, Ligase IV and DNA-PK proteins were 

specifically purified with MBP-HMGA1a (lane 2) and not with MBP alone (lane 4). 
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Figure 13 | HMGA1a and endogenous NHEJ proteins interaction detected by CoAP. 293T cells were transiently 

transfected with a vector expressing the HMGA1a human protein in fusion with the Maltose Binding Protein (MBP-

HMGA1a) or MBP alone as a control. Total cell lisates were incubated with amylose resin and affinity captured MBP-

HMGA1a and MBP proteins were recovered. Bound proteins were eluted by SDS sample buffer, separeted by SDS-

PAGE (T = 10%) and analysed by western blot using specific antibodies for DNAPKcs, Ligase IV, Ku70 and Ku80. 1 
% of the lisate used in the CoAP was loaded as a control (input). 
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2 | HMGA1a is in vitro phosphorylated by DNA-PK 

 

Since we evidenced that HMGA1a was in complex with DNA-PK and phosphorylation events by 

this enzyme are important signals for the proper activation of NHEJ DNA damage response, we 

tested whether HMGA1a protein could be a DNA-PK substrate. To this end we performed an in 

vitro phosphorylation assay using recombinant HMGA1a protein, DNA-PK and [γ
32

-P]ATP as 

phosphate donor. It was thus possible to demonstrate that HMGA1a protein can be phosphorylated 

in vitro by DNA-PK (Fig. 15). HMGA1a protein was in fact phosphorylated by both CK2 (positive 

control, lane 1) and DNA-PK (lane 3 and lane 4). 

 

1 2 3 4 5 6 7

HMGA1a
26

20

KDa

CK2 

DNA PK 

Time (h)

HMGA1a + + + + +

+

+ +

16 0,5 16 0,5 16

1 2 3 4 5 6 7

HMGA1a
26

20

KDa

CK2 

DNA PK 

Time (h)

HMGA1a + + + + +

+

+ +

16 0,5 16 0,5 16

1 2 3 4 5 6 7

HMGA1a
26

20

KDa

CK2 

DNA PK 

Time (h)

HMGA1a + + + + +

+

+ +

16 0,5 16 0,5 16

1 2 3 4 5 6 7

HMGA1a
26

20

KDa

CK2 

DNA PK 

Time (h)

HMGA1a + + + + +

+

+ +

16 0,5 16 0,5 16

 

 

Figure 14 | HMGA1a is in vitro phosphorylated by DNA-PK. HMGA1a recombinant protein was in vitro incubated 

with DNA-PK, CK2 or alone, in the presence of [γ32-P]ATP at pointed time (h: hours). Gel permeation purified proteins 
were analysed by SDS-PAGE (T = 15 %) and the presence of  incorporated 32P was detected by autoradiography. 

 

 

3 | In vitro phosphorylation of full lenght HMGA1a and its deletion mutants 

 

To map DNA-PK phosphorylation sites on HMGA1a protein, we performed in vitro 

phopsphorylation assays using HMGA1a full lenght protein and its deleted sequences (Fig. 16). 
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Figure 15 | Aminoacid sequences of HMGA1a full length and deleted proteins. Sequences of HMGA1a forms used 

in phosphorylation assays are here aligned. Consensus sites for DNA-PK are colored in red. 

 

Equimolar quantities of HMGA1a 1-106, 1-89, 1-62, 34-106 and 45-106 proteins were incubated 

with DNA-PK for 16 hours and analysed by LC/MS in order to detect the phosphorylation level of 
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each form (Fig. 17). Comparison of spectra evidenced that 1-89 and 34-106 deleted forms, lacking 

respectively the C-terminal and the N-terminal protein portions, are more phosphorylated than full 

length protein, eventhough the S98Q and S8Q DNA-PK consensus site were not present. In fact the 

full lenght protein display a monophosphorylated and a diphosphorylated form, instead the 

mentioned delated forms present also a triphosphorylated form. Moreover, the diphosphorylated 

peaks are clearly more intense in the deleted forms compared to the full lenght diphosphorylated 

peak. These data suggest a negative modulatory role of the N- and C-terminal portions of HMGA1a 

in respect to DNA-PK phosphorylation. Moreover, comparison of 1-89 (panel B) with 1-62 (panel 

C) deleted form mass spectra, and of 34-106 (panel D) with 45-106 (panel E) mass spectra suggest 

that the regions comprising aa 35-64 and 63-89 could be essential for an efficient DNA-PK 

phosphorylation. 
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Figure 16 | In vitro phosphorylation of HMGA1a full length (1-106) and its deleted forms. HMGA1a 1-106 (A), 1-

89 (B), 1-62 (C), 34-106 (D) and 45-106 (E) were incubated with DNA-PK for 16 hours and analysed by LC/MS. 

Reconstructed mass spectra are reported. P: Phosphorylation. 

 

 

4 | HMGA C-terminal tail modulates DNA-PK activity versus HMGA1a 

 

Further experiments were performed in order to confirm the negative modulatory role of the C-

terminal tail on HMGA1a phosphorylation by DNA-PK. Equimolar amounts of HMGA1a 1-106 

and 1-89 proteins were mixed and in vitro phosphorylated by DNA-PK at different time (30 

minutes, 1, 5, and 16 hours) and then analysed by LC/MS (Fig. 18). 
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As shown in Figure 18, the abundance of phosphorylated forms of HMGA1a 1-89 and 1-106 

progressively increase during the reaction. However, compairing 1-89 with 1-106 protein, at each 

time point it is evident that the 1-89 form is always more phosphorylated with respect to HMGA1a 

full length. This experiment confirm the negative modulatory role of the C-terminal tail on DNA-

PK activity towards HMGA1a. 
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Figure 17 | HMGA1a time course in vitro phosphorylation. A mix of equimolar amounts of HMGA1a 1-106 and 1-89 

proteins were in vitro phosphorylated by DNA-PK for different time (30 min, 1 h, 5 h and 16 h) and then analysed by 

LC/MS. Reconstructed mass spectra are reported. P: Phosphorylation. 

 



Results 

64 

5 | In vivo HMGA1a PTMs during DNA damage responce 

 

Further experiments were performed to demonstrate that HMGA1a is also an in vivo substrate for 

DNA-PK. For this pourpose two glioblastoma cell lines, M059J and M059K, have been used. These 

cell lines were together isolated from the same tumor specimen. M059K cells express normal levels 

of DNA-dependent protein kinase while M059J cells lack DNA-dependent protein kinase activity. 

Cells were exposed to a radiomimetic chemical (Bleocin) in order to generate DNA double strand 

breaks and assayed for their sensitivity with different drug concentrations in order to evaluate 

whether Bleocn treatment strongly affect cell viability (Fig. 19). 

As can be seen from growth curves reported in Figure 19, and in accordance with literature data, 

M059J seems to be more sensitive to Bleocin treament with respect to M059K. From the time 

course experiment it is also evident that after 24 hours of treatment, independently from the Bleocin 

concentrations used, both cell lines continue to grow indicating their viability. As a first choice for 

our in vivo HMGA phosphorylation assay, we choose the 10 µg/ml Bleocin concentration. 
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Figure 18 | Cell survival assay. M059J and M059K glioblastoma cell lines were seeded at 7000 cells/well in a 96-well 

microtiter plate and treated with various concentrations (2.5 µg/ml, 10 µg/ml, and 20 µg/ml) of Bleocin or with 

complete medium (control), and incubated for different times (point Ø, 24, 48, and 72 hours). Cells were kept in 

complete medium during treatment. The effect of Bleocin on cell viability was examined by WST-1 assay. 
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To confirm that the selected treatment conditions (both in term of time and concentration) 

effectively induce DNA damage, we treated M059J and M059K cell lines and analysed the 

phosphorylation of histone H2A.X by western blot (Fig. 20). Histone γH2A.X (which is the 

conventional way in which histone H2A.X phosphorylated at the level of Ser139 is indicated) is a 

marker of DNA damage and it is known to accumulate in large intranuclear foci (Rogakou at al., 

1998). 

As shown in Figure 20, the phosphorylation of histone H2AX is strongly induced already after 24 

hours of treatment in both cell lines (lanes 3 and 4). 
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Figure 19 | Treatment with 10 µg/ml Bleocin for 48 hours induce DNA damage in glioblastoma cell lines. M059J 

and M059K cell lines were treated with 10 µg/ml Bleocin for 24 hours. The presence of γH2A.X was checked by SDS-

PAGE and western blot analysis using a specific α- γH2A.X antibody. 

 

HMGA1 expression profile has been analysed in both cell lines and it turned out that HMGA 

proteins are more expressed in M059J than in M059K cells (Fig.21, panel A). As shown in panel B, 

HMGA expression profile does not change after Bleocin treatment (compare lanes 1 with lanes 3 

and 5, and lanes 2 with lanes 4 and 6). 
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Figure 20 | HMGA expression profile in M059J and M059K cell lines. A | Total lisates of M059K and M059J (lane 1 

and 2, respectively) subconfluent cells were separeted by SDS-PAGE (T = 15%) and analysed by western blot using a 

specific α-HMGA1a antibody. B | M059J and M059K cell lines were treated with 10 µg/ml Bleocin for 24 and 48 

hours. Total lisates of treated (lane 3 to 6) and untreated (lane 1 and 2) cells were separeted by SDS-PAGE (T = 15%) 

and analysed by western blot using a specific α-HMGA1a antibody. 
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Afterwards, M059J and M059K cells were treated with 10 µg/ml Bleocin for 24 hours, collected 

and HMGA1a proteins extracted with 5% perchloric acid. PTMs were detected by LC/MS analysis. 

As it is possible to see in Figure 22, both in M059J and M059K Bleocin treated cells appears a 

tetraphosphorylated HMGA1a form (4P and 4P-1M). From the results above reported it is not 

possible to confirm in vivo the phosphorylation of HMGA1a by DNA-PK. 
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Figure 21 | In vivo HMGA1a PTMs during DNA damage response. M059J and M059K treated and untreated cells 

were collected and HMGA1a proteins were selectively extracted. HMGA1a PTMs were detected by LC/MS. 

Reconstructed mass spectra are reported. P: Phosphorylation; M: Methylation. 
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DISCUSSION:  HMGA post-translational modifications and neoplastic 

transformation 

 

Since their original description 25 years ago, there has been no doubt that HMGA proteins have a 

key role in the process of neoplastic transformation and that their expression is a marker of poor 

prognosis for most human carcinomas (Giancotti et al., 1985; Giancotti et al., 1989; Chiappetta et 

al., 1995). The evident correlation between HMGA protein expression and the malignant phenotype 

led to several studies aimed at determining their role in the process of cell transformation and it 

clearly turned out that their expression is causally associated with carcinogenesis (Berlingieri et al., 

1995; Wood et al., 2000). As an addition level of complexity in HMGA molecular mechanism of 

action, it is emerging the idea that, in addition of their expression levels, also the post-translational 

modifications they are affected by could play an important role in the onset of cancer (Fusco and 

Fedele, 2007). The importance of HMGA PTMs relies on several experimental evidences showing 

that HMGA modification patterns (i) change during the cell cycle, and in response to the 

physiological state of the cell, (ii) is cell-type specific, and (iii) change in cell lines of different 

neoplastic aggressiveness (Banks et al., 2000; Diana et al., 2001; Zou and Wang, 2007; Sgarra et 

al., 2009). These secondary biochemical modifications may profoundly alter HMGA binding 

affinity to both DNA and their molecular partners, and consequently affect their biological activit ies 

(Munshi et a., 2001; Harrer et al., 2004; Sgarra et al., 2009). Therefore, it could be of crucial 

importance to have insights into the post-translational mechanism(s) of HMGA activity modulation 

in the context of neoplastic transformation. However, such a kind of information must be achieved 

trying to minimize effects not related to cancer development. HMGA post-translational 

modifications have been already compared within cell lines displaying different neoplastic 

phenotypes (Sgarra et al., 2009) but these comparisons were biased by the fact that non isogenic 

systems were used and thus inter-cellular variability was added to cancer-related effects. The work 

reported in this thesis is the first in which, starting from the same cellular system and by means of 

pharmacological treatment, neoplastic phenotypes is compared to a reverted one as regard HMGA 

post-translational modifications. 

Several experimental data suggest an important role of the HMGA1 overexpression in the process 

of breast carcinogenesis (Ram et al., 1993; Reeves et al., 2001; Baldassarre et al., 2003) and HMGA 

changes in expression levels seem to correlate with the status of breast cancer cells malignancy (Liu 

et al., 1999). Therefore, three breast cancer cell lines were chosen as our biological model. One of 

the peculiar characteristic of these cells is the overexpression of HER2/neu gene encoding the 

receptor tyrosine kinase receptor p185
neu

, whose up-regulation contributes to tumor progression. It 



Discussion 

68 

had been demonstrated that blocking this receptor tyrosine kinase activity it is possible to interfere 

with the neoplastic transformation development. Indeed, the use of p185
neu

 inhibitors on HER2/neu-

overexpressing cells can affect cell proliferation and differentiation (Zhang et al., 1995). Therefore, 

we blocked p185
neu

 activity in our breast cancer cell lines with a specific inhibitor, and checked for 

growth arrest and differentiation induction. 

As a direct consequence of p185
neu

 activity inhibition, HMGA1a protein turned out to be 

specifically differentially modified, pointing out a direct link between the neoplastic phenotype and 

HMGA post-translational modification status. As expected, the changes in post-translational 

profiles are slightly different in each cell line with respect to the others analysed, however, 

HMGA1a hypermethylation turned out to be a common feature. 

HMGA are known as DNA binding proteins that regulate gene expression by modulating chromatin 

compactness (Laemmli et al., 1992; Saitoh and Laemmli, 1994) and affecting the binding properties 

of regulatory factors to their own DNA target sequences (Chin et al., 1998; Yie et al., 1999; Reeves 

et al., 2000; Brunetti et al., 2001). From one side, post-translational modifications such as 

phosphorylation alter HMGA binding affinity to DNA (Diana et al., 2001; Sgarra et al., 2004) and 

on the other side, DNA binding impairs the efficiency of HMGA1 methylation by PRMTs (Zou et 

al., 2007) underlining a strict interplay between PTMs and DNA binding. Our experimental 

evidences suggest therefore that, as a consequence of p185
neu

 activity interference, cells undergo a 

growth arrest process and a differentiation induction which could be accompanied by a decrease of 

affinity of HMGA to DNA. With regard to this aspect, it is worthwhile to note that there are several 

evidences demonstrating a competition between HMGA and histone H1 proteins toward DNA 

(Catez et al., 2004, Hill and Reeves, 1997). 

The dynamic and continous interaction of nuclear regulatory factors and structural proteins with 

chromatin plays a key role in regulating the fidelity of gene expression and in establishing the 

cellular phenotype. Histone H1 interaction with nucleosomes stabilizes the higher-ordered compact 

chromatin structure (Thomas, 1999), thereby restricting the ability of regulatory factors to access 

their binding sites (Cheung et al, 2002; Herrera et al., 2000). Consequently, loss of H1 results in 

both upregulation and downregulation of the expression of specific genes (Alami et al., 2003). Like 

HMGA proteins, histone H1 post-translational modifications alter its binding affinity to DNA. H1 

phosphorylation could be a general mechanism by which the repressive chromatin environment 

made by histone H1 DNA binding could be alleviated allowing the action of ATP-dependent 

chromatin remodelling factors (Dou, et al., 2002). It is therefore relevant that data supporting a 

detachment of HMGA from chromatin are associated with experimental evidences supporting a 

strong change in Histone H1 chromatin binding. Moreover, the dephosphorylation process that we 
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observed at the level of several histone H1 isoforms is known to be responsible, at least in the 

studied cellular system (Yellajoshyula and Brown, 2006) of a proper cellular differentiation 

execution program. 

Despite the fact that we were not able to evidence changes in DNA binding affinity in vitro, neither 

for HMGA1a nor for histone H1, immunofluorescence analyses show a nuclear relocalization 

process, both for HMGA1a and histone H1. HMGA1a and histone H1 are found not to colocalize, 

neither in proliferating nor in growth arrested and differentiated cells. 

Since H1 is expressed at higher levels with respect to HMGA proteins (about 1/10) (Giancotti et al., 

1993) and that a massive change in post-translational modifications occurs on histone H1, it is very 

likly that histone H1, being dephosphorylated, binds to DNA displacing HMGA1a. HMGA proteins 

have been demonstrated to be essential for neoplastic transformation, but their relevant roles also in 

other processes, such as for instance embryonic development, cannot be underscored. Despite the 

fact that during development HMGA expression levels are very high (Chiappetta et al., 1996), the 

resulting biological outcome is significantly different from cancer development. These data 

therefore suggest that, in order to gain a better elucidation of HMGA functions, the properties of 

other relevant chromatin organizer proteins HMGA cooperate with should be taken into 

consideration as well. 

Further experiments should be performed to clarify the functional relationship between HMGA1a 

and histone H1 in the contest of neoplastic tranformation. 
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DISCUSSION:  HMGA proteins and non-homologous end joining 

 

Thanks to a new in vitro strategy developed in our laboratoty, we demonstrated that HMGA1a 

protein associate with Ku70 (Sgarra et al., 2008), a key factor involved in double strand break repair 

through the non-homologous end joining pathway (Morio et al., 2008). DNA breaks are believed to 

be the most dangerous for genome integrity and cell viability, and eukaryotic cells maintain their 

genome integrity by efficient DNA repair mechanisms (Lindahl and Wood, 1999; Friedberg, 2003). 

Therefore, one of the crucial steps in carcinogenesis is the impairment of one or more DNA repair 

systems. Recently, several works correlated HMGA expression to enhanced cell sensitivity in 

response to different DNA damaging agents (Baldassarre et al., 2003; Adair  et al., 2005; Reeves et 

al., 2005; Pentimalli et al., 2008). Inhibition of DNA repair processes by HMGA proteins may 

contribute to the genetic and chromosomal instabilities commonly found in cancerous cells and may 

suggest a causative role in neoplastic transformation for this group of proteins. 

We demonstrated that HMGA1a protein associate in vivo with Ku70, Ku80, Ligase IV, and DNA-

PK. Since DNA-PK phosphorylates its substrates on Serines or Threonine followed by a Glutamine 

residue, we looked for and find out the presence of these S/TQ motifs on the HMGA1a protein 

sequence. Subsequently, we demonstrated that HMGA1a is a DNA-PK target in vitro. To map 

DNA-PK phosphorylation sites on HMGA1a protein, we performed in vitro phosphorylation 

experiments using both HMGA1a full lenght protein and some deletion mutants. Such experiments 

allowed us to show a negative modulatory role of both the HMGA1a N-terminus and C-terminal tail 

on DNA-PK activity towards HMGA1a itself. This is an aspect that has been further developed in 

our laboratory and that deserve a brief comment. Indeed, very recently we were able to demonstrate 

that this regulatory mechanism involving the acidic C-terminal tail is not restricted to DNA-PK but 

affects also other HMGA modifying enzymes, such as for instance cdc2p34, PRMT1, and PRMT6 

and that this could be due to an HMGA structural conformational transition (our unpublished data). 

Several evidences underlined the functional importance of the HMGA C-terminal domain (Fusco 

and Fedele, 2007). In particular, HMGA proteins missing the acidic C-terminal tail show an 

increased transformation potential (Fedele et al., 1998; Li et al., 2007) and an increased growth rate 

(Pierantoni et al., 2003) with respect to the full-length proteins. The influence of an acidic and 

phosphorylated C-terminal domain on the biological activity of a protein seems to be a rather 

frequent mechanism of protein function regulation. For example, the C-terminal domain of the 

tumor suppressor PTEN (Phosphatase and Tensin homologue) acts as an autoinhibitory domain of 

the catalytic activity of PTEN itself (Odriozola et al., 2007). A possible molecular mechanism at the 

basis of the negative modulation we observed is suggested by the role of the C-terminal tail of 
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HMGB1. In this protein, the acidic C-terminal tail contacts the N-terminal portion of the protein 

and modulates its DNA binding activities (Wang et al., 2007). In summary, our data regarding the 

modulation of the acidic C-terminal tail in respect to HMGA post-translational modifications could 

be the molecular key to interpret the higher transforming ability of HMGA truncated forms. 

Very preliminary experiments were performed to investigate whether HMGA1a is an in vivo DNA-

PK substrate. Two glioblastoma cell lines were chosen for our analysis: M059J lacking DNA-PK 

activity and M059K that has normal DNA-PK activity. After DNA damage induction we visualized, 

even if at a low extent, an HMGA1a hyper-phosphorylation that, however, we were not able to 

assign specifically to DNA-PK activity, since it occurs also in M059J cell which does not have 

DNA-PK activity. One possible explanation may lie in that both M059J cells and M059K express 

the active ATM protein, which may compensate for DNA-PK activity loss. Pentimalli and 

coworkers, in fact, demonstrated that HMGA1 interact with and is phosphorlated by ATM in vitro 

and in vivo (Pentimalli et al., 2008). In addition, these experiments suggest also that DNA damage-

related HMGA phosphorylation involves only a small fractions of HMGA proteins, showing how it 

could be restricted to DNA damage sites and not being spread to the whole chromatin and therefore 

it could be difficult to evidence considering the whole HMGA content. 

Further effort should be necessary to demonstrate that HMGA protein are in vivo substrates for 

DNA-PK and to this aim cell synchronization, the use of specific inhibitors against DNA damage 

activated kinases, more efficient DNA damage induction protocols, and specific anti-DNA-PK 

phosphorylated HMGA antibodies should be employed. 
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CONCLUSIONS 

 

The aim of this work was to investigate a correlation between HMGA post-translational 

modifications and neoplastic transformation in breast cancer cells. 

Indeed, PTMs may profoundly affect HMGA biological activities (Munshi et al., 2001; Harrer et 

al., 2004; Sgarra et al., 2009). By combining pharmacological cell treatment, LC/MS analysis, and 

fluorescence microscopy we highlighted macroscopic changes both at the level of post-translational 

modification and nuclear localization, in critical chromatin structural proteins such as HMGA1a and 

histone H1. 

Supported by literature data and our microscopy experiments, we hypothesize that these HMGA1a 

and histone H1 PTMs might reflect changes in DNA-binding affinity, which in turn could be linked 

to chromatin remodelling responsible for gene expression alterations leading to a different iated 

phenotype. 

One more time, it is evident how oncogenic signals have to deal with chromatin organization. 

Indeed, the inhibition of a transmembrane tyrosin receptor kinase lead to post-translational 

modification of nuclear structural proteins which, in turn, could directly be linked to cell phenotype 

change. The understanding of a biological/pathological process imply the possibility of interfering 

with it. Could be possible to interfer with neoplastic transformation by trying to make cells adopting 

a chromatin status of differentiated cells? Which are the driving proteins in establishing a 

differentiated status of the chromatin? To give an answer to these questions it will be essential to 

understand the reciprocal relationship between histone H1 and HMGA proteins. However it is 

possible to speculate that histone H1 has a dominant effect with respect to HMGA proteins, which 

in turn could have a role, when histone H1 allow them to bind to DNA, to maintain an open and 

accessible chromatin structure. 

HMGA can exert their oncogenic activity by means of several mechanisms, from gene expression 

alterations to DNA repair impairment. By proteomic approaches we were able to highlight that one 

of the several different DNA repair pathways HMGA interfer with could be the NHEJ. Inhibition of 

DNA repair prcesses by HMGA proteins may contribute to the genetic and chromosomal 

instabilites commonly found in cancerous cells and may support the causative role in neoplastic 

transformation for this group of proteins. Trying to demonstrate the involvement of HMGA proteins 

in NHEJ mechanism we found out that they associate with the main protein macromolecular 

complex of this DNA repair response, i.e. DNA-PK, that they are efficiently phosphorylated by this 

kinase and that cancer-associated deletion mutants of HMGA proteins are even better substrates. 

Data not reported in this thesis support a decoy function for HMGA, which could be even more 
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efficient for the cancer-associated deleted mutants, with respect to the essential activity of DNA-PK 

in the proper execution of NHEJ. Also in this case further investigations are needed to clarify the 

molecular mechanism HMGA proteins are involved in to interfer with this pathway. 
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