
 

 

INTRODUCTION 
 

 The High Mobility Group (HMG) superfamily : a general overview 

 

 Improper gene expression in the developing organism brings about a variety of  abnormalities 

and establishes many diseases, including neoplasia. The chromatin fiber structure is of vital 

importance  in the regulation and fidelity of gene expression, while epigenetic regulation is 

determined by chemical changes in histones and DNA itself. 

The High Mobility Group (HMG) superfamily of proteins is involved in the structure dynamics 

and activity of the chromatin fiber, thus it can be expected that it affects development and 

tumorigenesis. These proteins clearly have a pivotal role in the structural and functional features 

of the chromatin fiber, nevertheless many aspects of their biological function and its impact on 

the cellular phenotype is still to be thoroughly understood. 

The HMG proteins’ chemical and physical similarities, their involvement in diverse DNA-

dependent processes at chromatin level have been the criteria by which they have been grouped 

in the same superfamily. There are three families constituting the superfamily: 

 

� HMGN : two proteins characterize this family, namely HMGN1 and HMGN2. Their 

main feature is the presence of  a positively charged nucleosome binding domain 

(NBD) and an acidic C-terminal chromatin unfolding domain (CHUD). These two 

proteins bind to nucleosomes and alter both the local and the higher order structure of 

the chromatin fiber. 

� HMGB : there are three protein variants that are members of this family. Their 

common characteristic are the two DNA-binding domains, named HMG Boxes and 

the highly acidic C-terminal. The HMG boxes are given by three α-helices forming 

an L-shaped structure which partly penetrates in the DNA minor groove and causes 

its sharp bending. It is the slight differences in the HMG boxes that confer specificity 

to these proteins  while the affinity to various DNA structures is modulated by the 

acidic C-terminal (Hock et al. 2007). 

� HMGA : this family consists of four proteins, characterized by the presence of 

several functional motifs called AT-hooks  which determine the DNA minor groove 

binding of these proteins. By binding to AT rich stretches in B-form DNA HMGA 



 

proteins cause conformational changes thus paving the way to a subsequent 

recruitment of additional components to the binding sites. 

 

 

Figure 1. Main characteristics of the three HMG protein families  (Hock et al., 2007). HMGA1c bears an 

asterisc because of the fact that it contains two AT-hooks instead of the canonical three. 

 

There is no sequence-specific preference in DNA binding of the HMG proteins thus their 

functional specificity depends on interactions with regulatory factors and on  their ability to 

target specific chromatin conformation (Bianchi 2005, Reeves 2001). In living cells HMGs 

remodel chromatin in a dynamic fashion and at the level of local binding sites there is a 

continuous turnover of HMG proteins in competition with one another. However, it is not only 

among themselves that these proteins compete; one other competitor for DNA binding is the 

histone H1. This highly dynamic environment renders chromatin extremely plastic  both from 

the functional and the structural point of view. 

 

The HMGA protein family 

 

The HMGA genes 

 

The first time these proteins have been isolated was from HeLa cells (Lund  et al. 1983). Firstly 

there were three known members composing the family: HMGA1a, HMGA1b and HMGA2. 

Later on a fourth member, HMGA1c, was discovered (Nagpal et al. 1999) however its exact 

function is still unknown. 

The HMGA1 proteins are alternative splicing variants of the same gene HMGA1 located on 

chromosome 6p21. This gene spans 10Kb and consists of 8 exons of which only exons 5 to 8 are 

translated and code for the HMGA1 proteins. Each of the the exons from 5 to 7 encodes a single 

AT-hook domain (AT) while exon 8 encodes for the acidic C-terminal domain and contains the 

1.3 Kb long  3’ untranslated region.  

Compared to the HMGA1a protein, the HMGA1b lacks 11 aa residues between the first and the 

second AT-hook. 



 

The human HMGA2 gene is located on chromosome 12q13-15 (Chau et al. 1995), spans more 

than 140Kb and consists of 5 exons, all of which encode for the HMGA2 protein. Each of the 

first three exons codes for an AT-hook domain, while the fourth and the fifth exon encode for 

the C-terminal tail. 

The similarities in the general organization of the HMGA genes indicate a common ancestral 

gene that by exon duplication and shifting phenomena generated the two genes (Manfioletti et al. 

1995). 

 

 

Figure 2. Gene organization and aminoacidic sequence of the human HMGA proteins. Aminoacids corresponding 

to the AT-hooks are highlited in green, those composing the acidic tail are in blue, those involved in the HMGA1 

alternative splicing are in yellow. In the genome, introns are indicated by means of arabic numbers, exons in roman 

numbers; the resulting transcripts are rod-shaped and do not reflect the real proportions. Transcribed, but not 

translated sequences are in gray, exons containing coding sequences for the AT hooks are in green, while the exon 

comprizing the acidic C-terminal tail is in blue while the spacing sequence, exclusive for the HMGA2 protein is 

pink colored. 

 

 

The HMGA protein structure 

 

Member proteins of this family have their primary structure as a common feature: 

� An N-terminal domain only the first twenty amino acids of which are the same in 

HMGA1 and HMGA2 
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� Three highly conserved basic domains which are involved in the protein binding to DNA 

(AT-hooks). The main characteristic of these domains is the P/GRGRP sequence which is 

flanked by positively charged amino acids (Reeves and Beckerbauer, 2001) 

� A C-terminal tail rich in acidic amino acids. This acidic tail is constitutively 

phosphorylated by Casein Kinase II (CKII or CK2) which further enhances its negative 

charge (Ferranti et al. 1992). The function of this highly negatively charged C-tail is still 

being examined, however it seems to be important in interaction of the protein with DNA 

(Noro et al, 2003) and other proteins (Sgarra et al, 2005). 

 

At evolutionary level this protein family is highly conserved. In addition to this, even though 

HMGA2 is a protein product of a different gene respect to HMGA1, it still shares about 55% of 

sequence homology with the latter. 

 

 

SESGSKSSQPLASKQEKDGT---EKRGRGRPRKQPP(VSPGmHMGA1 1
hHMGA1 1

SARGEGAGQPSTSAQGQPAAPVPQKRGRGRPRKQQQ-----

TIGEKRPRGRPRKWPQQVVQKKPAQE-TEETSSQESAEED

SESSSKSSQPLASKQEKDGT---EKRGRGRPRKQPP(VSPG

TAPGRKPRGRPKK-----LEK----EEEEGI-SQESSEEEQ
TTPGRKPRGRPKK-----LEK----EEEEGI-SQESSEEEQ

TALVGSQ)KEPSEVPTPKRPRGRPKGSKNKGAAKT--RKVT
TALVGSQ)KEPSEVPTPKRPRGRPKGSKNKGAAKT--RKTT

SARGEGAGQPSTSAQGQPAAPAPQKRGRGRPRKQQQ-----

---------EPTCEPSPKRPRGRPKGSKNKSPSKAAQKKAE
---------EPTGEPSPKRPRGRPKGSKNKSPSKAAQKKAE

ATGEKRPRGRPRKWPQQVVQKKPAQEETEETSSQESAEED

mHMGA1 38
hHMGA1 38

mHMGA1 77

hHMGA1 77

mHMGA2 1

hHMGA2 1

mHMGA2 37
hHMGA2 37

mHMGA2 70
hHMGA2 70

37
37

36
36

76
76

69
69

106
106

107
108

Figure 3. Comparison between the aminoacidic sequences of HMGA proteins in humans (h) and 

mice (m). Aminoacidic residues are red highlited and they differ between the species; aminoacid 

residues making part of the C-terminal acidic tail are in blue. Green squares highlight aminoacids that 

compose the AT hooks and the aminoacids absent from the HMGA1b isoform are colored in yellow . 



 

 

Alternative splicing of the HMGA1 gene translation product produces three isoforms: 

1. HMGA1a: 11 KDa 

2. HMGA1b: 10,6 KDa 

3. HMGA1c:  27 KDa 

HMGA1c is a non-canonical alternative splicing product, sharing the first 65 amino acid 

residues yet it lacks the third AT-hook and presents a long C-terminal tail given by a deletion in 

the mRNA which brings about a frameshift.(Chieffi et al, 2002). 

As far as HMGA2 protein is concerned (12 KDa of molecular weight) there have been splicing 

variants recently discovered but characterized only from the transcriptional point of view (Hauke 

et al, 2005). 

A typical characteristic of the HMGA proteins is that they do not show any secondary nor 

tertiary structure when free in solution, yet DNA interaction causes a shift in an ordered planar 

or hook conformation, perfectly adhering to the minor groove of DNA rich in A and T, which is 

why the domains interacting with DNA are called AT-hooks. 

 

 

Figure 4. A scheme of the protein structure of HMGA proteins. The distances between the various AT-hooks 

are representative of the real proportions. (Sgarra et al, 2004) 

 

 

 

The AT-hook/DNA interaction is based on a hydrofobic interaction at the level of the 

palindromic P/GRGRP sequence where arginines and prolines are involved and water molecules 

are lost (Reeves 2000) 

Moreover, the flanking positively charged arginines by means of their lateral chains stabilize the 

binding to DNA by establishing electrostatic interactions with the negatively charged DNA 

phosphate groups (Reeves and Beckerbauer, 2001). 
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It is the AT rich DNA sequences that HMGA proteins preferentially bind to, both in vivo and in 

vitro. However there is no a real consensus site involved in the binding, but rather than a 

particular base sequence HMGA proteins recognize and bind to particular non-canonical DNA 

conformations, like bendings and supercoiled DNA (Bustin and Reeves, 1996). In addition, they 

are capable of causing structural changes in DNA by the sinergical binding of more AT-hooks.  

Figure (Sgarra et al, 2004). 

Other than DNA, HMGA proteins establish protein-protein interactions as well with other 

nuclear factors. In most of the cases it is the second AT-hook and the amino acid residues 

between the second and the third AT-hooks that are involved in this kind of interactions. This 

region is in turn the one mostly subjected to post-translational modifications, crucial in the 

process of modulation of the protein-protein and protein-DNA interactions (Sgarra et al, 2005; 

Tessari et al, 2003) 

 

Post-translational modifications of the HMGA proteins 

 

HMGA proteins are characterized by a high rate of post-translational modifications (PTMs). 

Owing to their ability to be subjected to dynamic modifications, HMGA proteins can swiftly 

respond to intra- and extracellular signals. PTMs like phosphorylations, acetylations, 

methylations and ADP-ribosylations modulate HMGA proteins’ capacity to bind to their 

substrates which further enhances their flexibility and versatility (Reeves, 2001). 

PTMs involving HMGA1a proteins are the following: 

 

 

 

a) Phosphorylation 

� Ser 98, 101 and 102 present at the level of the C-terminal tail are constitutively 

phosphorylated by casein kinase 2 (CK2) yet the function of this modification has still 

not been well defined (Ferranti et al, 1992; Palvimo et al, 1989) 

� Thr 52 and 77 are phosphorylated by the Cdc2 kinase during the G2-M phase in the cell 

cycle. By means of this modification the binding affinity of the protein for DNA is 

diminished (Nissen et al, 1991) 

� Thr 20, Ser 43 and 63 are modified by the C protein kinase (CPK). These kinds of 

modifications are related to the various neoplastic phenotype of cells (Banks, 2000) 

 



 

b) Acetylation 

� It occurs at the N-terminal and it is constitutive 

� Lys 70  involved in the IFN-β gene transcription enhanceosome stabilization while 

acetylation of Lys 64 brings about its destabilization (Yie et al, 1999). 

 

c) Methylation 

� Arg 25 sited at the center of the first AT-hook, probably involved in the apoptotic 

process (Sgarra et al, 2003; Diana et al, 2001) 

� Arg 57 and 59 are methylated by the protein arginine methyltransferase 6 (PRMT6). 

Each one of these residues can be mono- or di-methylated in a mutually exclusive 

manner. The function of this modification is still being studied (Sgarra et al, 2006) 

 

d) ADP-ribosylation 

� This kind of modification is performed by Poly(ADP) Rybose Polymerase (PARP) has 

still not been clarified up to this point and it is not known which are the exact amino acid 

residues involved. However it is assumed that this process is somehow related to 

apoptosis (Giancotti et al, 1996) 

 

The three HMGA variants are differentially modified in the context of the same cell and these 

modifications vary in function of the cell type and the process considered (Diana et al, 2001).  A 

hypothesis has been put forward regarding the various types of  PTMs modulating the HMGA 

proteins’ functions: a process similar to the one known to modulate histone activity, also known 

as the “histone code” (Sgarra et al, 2004). 

 

 

HMGA proteins and gene regulation 

 

 

The structural plasticity of the HMGA proteins is at the basis of their functional activity. The 

whole family is classified as “a family of architectural factors”, proteins with no transactivating 

function per se but contributors to the regulation of gene expression. These proteins are the 

molecular “adaptors” which function is to recruit transcriptional factors, alter local DNA 

structure, and as a consequence, global chromatin structure. In this manner correct assembly of 



 

the transcriptional complexes is achieved at specific regulatory regions (Bustin and Reeves, 

1996). 

One of the most thoroughly studied gene transcription regulation involving the HMGA proteins 

is the virus-inducible interferon-β (IFN- β) gene (Thanos and Maniatis, 1992). In the absence of 

virus, the enhancer sequence of this gene assumes a conformation which impedes binding of 

transcriptional factors. 

Following virus infection this gene is activated by the formation of a complex given by the NF-

κB, IRF, ATF-2/c-Jun factors and HMGA1a as its components. The function of the latter is 

exerted in two ways (Yie et al, 1997; 1999): 

� By inducing allosteric changes, enhancing transcriptional factors’ affinity to their binding 

sites 

� It stabilizes this complex by establishing protein-protein interactions with the 

transcriptional factors 

Thus HMGA protein functions as the molecular “glue” holding the pieces of this complex called 

enhanceosome together. The enhanceosome acts as the platform where RNA polymerase II and 

other cofactors are recruited in the process of the gene transcription initiation. 

This multiprotein complex modifies and remodels a nucleosome situated downhill the TATA-box 

consensus sequence, thus enabling the gene transcription initiation. This enhanceosome recruits 

PCAF/GCN5 which acetylates both the nucleosome and the HMGA1a protein (K70) stabilizing 

the complex. Subsequently a different acetyl transferase, CBP, modifies the HMGA1a protein  

(K64) destabilizing the enhanceosome complex and blocking the gene transcription (Munshi et 

al, 1998; 2000). 



 

 

HMGA proteins take part in the expression regulation of other genes as well, like for instance 

the interleukin-2 receptor gene (IL-2Rα) (Reeves et al, 2000), the insulin receptor (IR) (Brunetti 

et al, 2001) and the cyclin A gene (Tessari et al, 2003). 

The IFN- β gene transcriptional regulation model comprises both action mechanisms of the 

HMGA proteins: that given by protein-protein interactions and the protein-DNA one. 

Another case in which protein-protein interactions established by HMGA take part in gene 

regulation is the case of  the c-fos gene. Here HMGA1a interacts with the SRF (Serum Response 

Factor) transcriptional factor enhancing its ability to bind the CarG box element of the promoter 

(Chin et al, 1998). An analogous activity of the HMGA1a protein has been seen in the IgGµ 

gene regulation where HMGA1a by interacting with with the transcription factor PU.1 induces 

conformational changes in the latter which in turn enhances its DNA binding affinity (Lewis et 

al, 2001). 

Not always do HMGA proteins act as transcriptional activators. In the case of the interleukin 4 

(IL-4) gene they act as repressors. Here they compete with the NF-AT nuclear factor for the 

same DNA binding site thus impeding its transcription (Klein-Hessling et al, 1996). 

Chromatin is an intrinsically dynamic structure  and its condensation levels vary in the course of 

the cell cycle: during mitosis chromatin is extremely condensed and compact, whereas in 

interphase it is looser in certain regions thus accessible to gene transcription (euchromatin) and 

more compact in others (heterochromatin) and inaccessible to transcription factors.  
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It is well known that HMGA proteins bind to SAR/MAR (Scaffold/Matrix Associated Region) 

sequences having more than 70% AT content (Laemmli et al, 1992). SAR sequences are 

involved in the binding of the chromatin loop formation both in metaphasic and interphasic 

chromosomes. Immunocytochemistry studies of metaphasic chromosomes have demonstrated 

the collocalization of HMGA proteins and topoisomerase II. These are associated to SAR 

sequences  at the level of Q/C chromosome bands, known to be rich in AT (Saitoh and Laemmli 

1994). As far as interphase chromosomes are concerned, there are three subpopulations of 

HMGA proteins, each associated to chromatin in different condensation state.The most abundant 

subpopulation of this family is found in heterochromatin regions and is probably involved in the 

maintenance of the chromatin condensed state. The second subpopulation is found associated to  

highly decondensed chromatin, being probably involved in gene transcription. The third one is 

located in the nucleoplasm. It has been assumed that the different localization of the three 

different subpopulations could be reflecting distinct biological funtions of the HMGA proteins. 

The condensation rate of chromain is a dynamic process which mainly depends on the activity of 

histone H1 which binds the linker DNA between two nucleosomes thus rendering DNA more or 

less accessible. In vivo binding of histone H1 to SAR regions is a cooperative process and it is 

also the case with HMGA proteins. This has lead to the supposition of a mechanism of 

competition between the two proteins for the same sequences by which HMGA protein binding 

would lead to the detachment of histone H1 and opening of the chromatin structure (Zhao et al, 

1993). This has been further confirmed by a more recent work (Catez et al, 2004) where it has 

been shown that increasing quantities of HMGA1 protein displace histone H1 leading to its 

increased nuclear mobility. 

 

Figure 6. Competition model between HMGA proteins and histone H1 at level of the SARs. The blue cilinders 

represent nucleosomes 
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HMGA proteins and embryogenesis 

 

High expression of HMGA proteins is present during embryogenesis which suggests that they 

have an important role in development. As a matter of fact, knockout mice for both HMGA 

genes have been characterized and have revealed essential roles of these proteins in different 

aspects of development. In Hmga1-null and heterozygous mice cardiac hypertrophy and type 2 

diabetes have been observed (Foti et al, 2005). These observations have lead to the conclusion 

that proper cardiomyocytic cell growth and function of the insulin pathway require a 

quantitatively appropriate expression of HMGA1 proteins. 

As far as HMGA2 is concerned, Hmga2-null and heterozygous mice studies have shown a 

pygmy phenotype with a decreased body size of 20% in heterozygous and 60% in homozygous 

mice and a drastic reduction of the adipose tissue. This suggested an important role of Hmga2 

gene in the control of body growth and adipocyte proliferation and differentiation processes 

(Zhou et al, 1995).  

These observations have demonstrated that the two proteins, HMGA1 and HMGA2 may have 

overlapping functions, however they still appear to have distinct roles in development. 

While expression of these proteins is high during development, it decreases in the process of 

differentiation up to the point where they are completely absent or merely detectable in normal 

adult tissues (Manfioletti et al, 1991). 

 

HMGA proteins in cell proliferation and neoplastic transformation 

 

Neoplastic transformation is a pathological process where abnormal cellular proliferation is 

present. Although expression of HMGA proteins is reduced by the end of embryogenesis, their 

re-activation is seen in tumoral tissues. High expression of HMGA proteins has been first 

observed in rat thyroid epithelial tissues (Giancotti et al, 1985; 1987, 1989). Further 

confirmation of this abnormal re-activation of HMGA proteins has been given by human thyroid 

neoplastic cells (Chiappetta et al, 1995), prostate cancer cells (Takaha et al, 2002), breast cancer 

tissues (Chiappetta et al, 2004), pancreas neoplasia (Abe et al, 2000), colon cancer (Chiappetta et 

al, 2001), uterine cervix (Bandiera et al, 1998), ovarian tissue (Masciullo et al, 2003), liver 

(Chang et al, 2005) and lung cancer (Sarhadi et al, 2006). 

A part from the fact that HMGA proteins are highly expressed in neoplastic tissues it seems that 

their expression is also related to the invasion rate (metastatic ability) while it is inversely 

proportional to the differentiation state of neoplastic cells (Reeves and Beckerbauer, 2001). In 



 

situ hybridization has further confirmed that HMGA1 expression increases in high grade prostate 

tumors (Tamimi et al, 1993). 

Colon carcinoma is one of  the best characterized cancer types in terms of HMGA1 expression. 

In one study most of the colorectal carcinoma samples were HMGA1 positive while it was 

completely absent from normal colon tissues (Fedele et al, 1996). High levels of HMGA1 

proteins have been correlated with poor prognosis in patients with colorectal cancer (Balcerczak 

et al, 2003).  

On the other hand, HMGA2 overexpression has been reported in pancreatic (Abe et al, 2003), 

lung carcinomas (Meyer et al, 2007) and squamous carcinomas of the oral cavity (Miyazawa et 

al, 2004). 

Interesting variations of the HMGA protein expression has been observed in testicular germ line 

tumors, indicating a possible role in tissue differentiation. HMGA1 protein expression was 

observed in seminomas and ambryonal carcinomas but not in teratomas (Franco et al, in press). 

Inversely, HMGA2 was present in embryonal carcinomas but not in seminomas and teratomas. 

Astrocytoma and glioblastoma cell studies have revealed opposite behavior of the two proteins: 

HMGA1 expression gradually increases from the benign astrocytoma to the malignant 

glioblastoma (Donato et al 2004), in accordance with most of the studies of neoplastic tissues. 

Conversely, HMGA2 is expressed at low levels in astrocytoma and it is not detectable in 

glioblastoma (Akai et al, 2004). This clearly suggests a role of HMGA2 in glial cell 

differentiation. 

HMGA1 is also overexpressed in many leukaemic cell types and in diverse human leukaemias 

(Pierantoni et al, 2003). HMGA1 protein induction has been correlated to the differentiation of 

three cell lines to megakaryocytes, while in erythroid and monocytic differentiation HMGA1 

protein reduction has been observed. HMGA2 protein is too involved in haematological 

malignancies. Chromosomal rearrangements involving this gene lead to different kinds of 

malignancies including chronic lymphocytic leukaemia (Santulli et al, 2000), acute 

lymphoblastoid leukaemia (Pierantoni et al, 2003) and myeloid metaplasia (Andrieux et al, 

2004). 

Various studies have demonstrated that chromosomal rearrangements involving the region 

12q13-15 (where HMGA2 gene is located) and several partner chromosomes cause benign 

human tumors from mesenchymal origin like lipomas (Sreekantaiah et al, 1991), uterine 

leiomyomas (Heim et al, 1988), pulmonary chondroid hamartomas (Kazmierczak et al, 1996), 

fibroadenomas of the breast (Staats et al, 1996), endometrial polyps (Walter et al, 1989), 



 

pleomorphic adenomas of the salivary glands (Wanschura et al, 1995) and vulvar aggressive 

angiomyxoma (Rabban et al, 2006). 

The rearranged HMGA2 gene codes for a chimeric or truncated HMGA2 protein that maintains 

its DNA binding capacity and interacts withy several proteins, but loses its carboxy terminus, 

including the 3’ untranslated region (3’UTR).  Among HMGA2 fusion partners, known tumor-

suppressor genes have been described like FHIT, RAD51L1 and HEI10. The rearrangement of 

the partner gene results in a loss of function of that protein. 

HMGA2 gene rearrangements have been reported in haematological malignancies too, among 

which: chronic lymphocytic leukaemia (Santulli et al, 2000), myelodisplastic syndrome 

(Cleynen et al, 2007) and in a case, myeloid leukaemia (Andrieux et al, 2006). 

In most cases it is a breakpoint  in the HMGA2 locus giving rise to a truncated transcript 

comprizing exons 1-2 or 1-3 but not the C-terminal tail (Odero et al, 2005). An interesting 

peculiarity of these cases was that they have all been associated to poor prognosis, which implies 

that HMGA2 rearrangements , at least in haematological malignancies, along with inappropriate 

HMGA2 expression is an indicator of short survival.  

 

 

Neoplastic transformation: HMGA mechanisms of action 

 

There have been a few mechanisms proposed accounting for the transforming ability of HMGA 

proteins. Their crucial function in regulating gene transcription suggests their potential in down- 

or up- regulating the expression of genes involved in the control of cell proliferation and 

invasion. 

 

- HMGA2 and E2F1 induction 

The E2F1 transcription factor is inactivated by pRB, a protein regulating cell cycle. By binding 

to E2F1 it prevents cells to undertake the S phase (Evan et al, 1995). A recent study (Fedele et 

al, 2006) has demonstrated that in pituitary adenomas HMGA2 enhances E2F1 activity by 

displacing histone deacetylase 1 from the pRB-E2F1 complex which results in enhanced 

acetylation of both E2F1 and DNA-associated histones which, on the whole, ends up in 

activation of E2F1. This result was confirmed by crossing Hmga2 overexpressing mice and 

E2f1-knockout mice which suppressed tumorigenesis. This has lead to the hypothesis that the 

pygmy phenotype observed in Hmga2-null mice may be a consequence of a decreased E2F1 

activity which in turn leads to a decreased embryonic cell proliferation 



 

 

- HMGA proteins and cyclin A induction 

The above mentioned E2F1 regulates several cyclins, among which cyclin A and other proteins 

required for the cell-cycle progression (entry in S phase and G2/M transition) (Pagano et al, 

1992). In addition to this fact is the study which demonstrates the association of HMGA2 with 

the transcriptional repressor p120
E4F  

, also known as E4F which directly induces the cyclin A 

gene (Tessari et al, 2003). 

 

- HMGA proteins and the AP1 complex 

The dynamics of HMGA induction in neoplastic tissues has still not been fully clarified, 

however it is assumed that it probably occurs by means of oncofetal transcriptional mechanisms. 

A recent study has reported that a high expression of HMGA1 in cancer cells requires a complex 

network involving SP1 family members and AP1 factors, induced by the Ras GTPase signalling 

pathway (Cleynen et al, 2007). 

The AP1 complex is composed of three Jun proteins (JUN, JUNB and JUND), four Fos proteins 

(FOS, FOSB, FRA1/FOSL1) and FRA2/FOSL2 giving rise to many homo- and heterodimers 

which all bind to the same DNA consensus sequence and activate various genes involved in cell-

cycle control, tumorigenesis and metastasis (Angel et al, 1991). It has been shown that 

theactivity of the AP1 complex is HMGA dependent: in transformed cells, where HMGA is 

overexpressed this activity is increased (Vallone et al, 1997). It is also noteworthy stressing that 

HMGA expression is activated by AP1(Dhar et al, 2004) 

 

- HMGA overexpression counteracts p53-induced apoptosis 

Interaction with p53 is yet another mechanism by means of which HMGA proteins are involved 

in cancer progression. This interaction takes place both in vitro and in vivo, interfering with the 

p53-mediated transcription of  the p53 effector proteins and cyclin-dependent kinase inhibitor 

1A. Another consequence of the p53-HMGA interaction is the activation of the p53 inhibitor, 

MDM2, thus cells expressing exogenous HMGA1 and p53 show a reduced p53-dependent 

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

In addition to these mechanisms there is also the one increasing the interaction with the 

proapoptotic p53 activator homeodomain-interacting protein kinase 2 (HIPK2) (Pierantoni et al, 

2007). HMGA1 overexpression causes HIPK2 relocalization to the cytoplasm and blocks p53 

apoptotic function, while HIPK2 overexpression re-establishes HIPK2 nuclear localization and 

apoptotic activity of p53 (Pierantoni et al, 2007). 



 

 

- HMGA overexpression interferes with the DNA repair mechanism 

It is well known by now that impairing the cell’s DNA repair mechanisms is one of the factors 

contributing to carcinogenesis. HMGA1 overexpression in MCF-7 cells has been demonstrated 

to negatively regulate genes involved in DNA-damage recognition and repairment (Reeves and 

Adair, 2005).  

Another study has shown that HMGA2 binds to the the promoter of the nucleotide excision 

repair gene ERCC1 and represses its activity (Borrmann et al, 2003). Another gene involved in 

DNA repair and downregulated, this one by HMGA1, is the BRCA1 gene. This has been shown 

in breast cancer cells (Baldassare et al, 2003). Furthermore, HMGA proteins enhance genotoxic 

stress induced by DNA damaging agents causing double strand breaks (DSB) such as cisplatin, 

bleomycin, doxorubicin and X-ray irradiation (Boo et al, 2005; Baldassare et al, 2005). 

HMGA proteins can indirectly inhibit the DNA repair process by cyclin A induction and a recent 

study reveals that the cyclin A1-cyclin dependent kinase 2 complex is also involved in DSB 

repair (Muller-Tidow et al, 2004). 



 

 

 

AIMS OF THE STUDY 

 
 

HMGA proteins have been an object of study for a long time in our laboratory. A recent finding  

(Sgarra et al., 2005) that HMGA proteins interact with Nucleophosmin (NPM) in vitro has 

opened a new line of research. The present study is a part of it. Namely HMGA proteins are one 

of the most studied non-histone architectural proteins involved in many cellular processes, 

including neoplasia. 

NPM, on the other hand, is a multifunctional, versatile protein involved in certain types of 

cancer too. 

The observation that these two proteins interact in vitro has opened new possible cellular 

mechanisms. The investigation in this direction was divided into few steps: 

- confirmation of the HMGA2-NPM proteins in vivo; 

- investigation of the possibility that the HMGA1a-NPM proteins in vivo, too; 

- characterization of this interaction from a functional aspect. 

Experimental procedures and techniques have been set up in order to meet these requests, as it is 

described in the present work. 



 

 

MATERIALS AND METHODS 

 

CELL CULTURES 

 

The various cell lines taken in consideration in this study have been cultured in adhesion and 

maintained with DMEM medium (Dulbecco’s Modified Essential Medium, Euroclone), 

supplemented with 10% of fetal calf serum, 100U/ml of penicillyn, 100µl/ml of streptomycin 

and 2mM of L-glutamine. Cells cultures were maintained at 37°C in a humid environment 

containing 5% of CO2 . 

HEK 293: Human embryonic kidney cell line 

HepG2: a cell line obtained from liver carcinoma. 

 

Total cell lysates 

 

� Culture medium is removed from the dish containing the cells in adhesion and they are 

washed with ice cold PBS; 

� Cells are scraped from the dish; 

� The cell suspension is transferred in a 15ml tube and centrifuged for 5 minutes at 200g; 

� A second PBS wash is performed transferring the cells in a 1.5ml Eppendorf tube and are 

re-centrifuged for 5 minutes at 2 000g; 

� The surnatant is removed and Sodium Dodecyl Sulfate (SDS) lysis buffer is added, 

approximatively 3 fold the pellet volume; 

� This suspension is passed through an insulin syringe (25 Gauge) several times in order to 

break genomic DNA and render the lysate more homogenuous; 

� Once homogeneity of the lysate has been achieved, it is subjected to 95°C for 5 minutes, 

thus proteins contained in the lysate are denatured; 

� The lysate is then centrifuged for 10 minutes at 15 000g so cell fragments are eliminated; 

� Lysates are stored at -20°C. 

 

SDS lysis buffer: 62.5mM Tris pH 6.8; 2% SDS; 10% glycerol; 5% β-mercaptoethanol 

 

 



 

 

Transient cell transfections 

 

Plasmidic DNA is introduced in cells by means of the calcium phosphate precipitation method: 

� Cells are plated in Petri dishes at a density of approximately 2x10
5 

cells per dish; 

� The following day, Eppendorf 1.5 ml tubes are prepared with 133 µl of  HBS 2X; 

� Constructs to be transfected are prepared in other 1.5 ml tubes by adding a 250mM CaCl2 

solution and 10 µg of DNA (5 µg of each construct, if two different constructs are used) 

in a final volume of 133 µl; 

� This DNA-containing solution is transferred dropwise into the tube with HBS 2X, thus 

calcium-phosphate-DNA crystals are generated and precipitated; 

� This mixture is left for 30 minutes at RT so the precpitate formation can be completed 

and afterwards it is deposited on the cells in culture in a dropwise manner; 

� Cells thus treated are left for 16 hours so the DNA precipitates can be integrated, after 

which the medium is removed and cells are washed with PBS. Fresh medium is added. 

� 48 hours after the treatment cells are scraped and processed in accordance to the analyses 

to be performed. 

 

DNA constructs used for transfections: 

- pcDNA3-HA E4F 

- pcDNA3-HA HMGA1a 

- pcDNA3-HA HMGA2 

- pcDNA3-HA-NPM 

- pcDNA3-HA 

 

HBS 2X: 50 mM HEPES; 1.5mM Na2HPO4; 280 mM NaCl; pH 7.12 

 

 

Immunoprecipitations (IP) 

 

HEK 293 cells, transfected with the appropriate constructs, were harvested and washed three 

times with ice-cold PBS. Then they are processed in the following way: 

� cell lysis with 800µl  of  complemented IP lysis buffer (IP LB), 400mM NaCl; 

� lysates are kept for 20 minutes at 4°C and subsequently centrifuged at maximum speed; 



 

� cell debris is removed and the surnatant is sonified at 20% for a total of 30 seconds; 

� an appropriate amount of NaCl free IP LB is added so the salinity of the surnatant 

reaches the physiological value of 150 mM; 

� afterwards surnatants are left for approximately 30 minutes at 4°C so the native protein 

complexes are able to form; 

 

Protein content determination 

 

In order to do this, the Bradford method is used. The Bradford reactant is prepared in a dilution 

1:4 (BioRad) and 200 µl of it are used for every sample tested. Appropriate amounts of BSA are 

used in order to create the standard curve. 

 

Resin preparation 

 

The resin used for this experiment is Sepharose G protein (Amersham), each sample  was loaded 

upon 50 µl of resin previously equilibrated in the following manner: 

� it is washed 3 times with 500 µl  non complemented IP LB 150 mM NaCl 

� after each wash it is centrifuged at 3200 rpm for 2 minutes and the liquid is removed 

 

Once the process of equilibration has been finished, the resin is incubated with the appropriate 

antibody (3 µg of αHMGA2, 20 µg of αHA)  or preimmune rabbit serum as a negative control. 

The antibodies are diluted in the IP LB and the final volume is 500 µl. The resins thus prepared 

ale left in incubation at 4°C on a rotating wheel. 

 

Loading of the sample on the resin 

 

After the protein content of the samples has been determined and the resins appropriately 

incubated with the antibodies, an amount of sample containing 2g of protein is loaded on the 

corresponding resin. The resins loaded with the sample are left at 4°C on a rotating wheel. 

At the end of the incubation with the sample: 

� liquid is removed and the resin beads are washed 3 times with the complemented IP LB 

150mM NaCl; 

� centrifugation after each washing at 3200 rpm for 2 minutes; 



 

� the resin dried up 20 µl of SDS sample buffer are added; 

� samples are centrifuged at maximum speed for 5 minutes; 

� samples are boiled at 95°C along with the input samples previously  prepared at 2% (40 

µg) with SDS sample buffer to a volume of 20 µl. 

Samples were resolved on polyacrylamide SDS minigels and transferred to nitrocellulose 

membranes for immunoblotting. 

 

IP lysis buffer (plain, non complemented): 50 mM Tris/HCl pH 7.5; NP-40 0.5%; glycerol 10%; 

0/150/400 mM NaCl, ultrapure H2O to a total volume of 50 ml; 

IP lysis buffer complemented with  PIC 1X, PMSF 1X. 

 

 

HMGA1 expression silencing: RNA interference treatment 

 

HepG2 cells are plated in 6 well microtiter plates (35mm) at a density of approximately 250 000 

cells per well. The following day cells are transfected by means of the lipid cation method 

(DharmaFECT 4, Dharmacon) in the following way: 

� 100 nM of a 4 small interference RNA (siRNA) mixture, aimed specifically to the 

silencing of the HMGA1 gene expression (siGENOME SMARTpool, Dharmacon) 

� 100mM of the mixture siCONTROL Non-Targeting siRNA pool (Dharmacon) 

containing 4 control siRNA, not specific for any human sequence 

 

siCONTROL Non-Targeting siRNA pool: 

5-AUGAACGUGAAUUGCUCAA-3 

5-UAAGGCUAUGAAGAGAUAC-3 

5-AUGUAUUGGCCUGUAUUAG-3 

5-UAGCGACUAAACACAUCAA-3 

siGENOME SMARTpool: 

ON-TARGETplus SMARTpool n. L-004597-00 

 

 

Total RNA extraction  

 

Rna was extracted from the HepG2 siRNA treated cells using the Rneasy Mini Kit (QUIAGEN). 

Cells were first washed with sterile PBS several times and processed as indicated by the kit 



 

protocol. The final volume of the extracted RNA was 30 µl and it was quantified by agarose gel 

electrophoresis.  

 

Electrophoresis of the extracted RNA on denaturing agarose gel 

 

In order to verify the quality of the RNA extracted and quantify it, denaturing agarose gel 

(1.2%) electrophoresis is performed. A reference sample was used in order to determine the 

quantity of the RNA and 1-2 µl of the RNA extracted, both diluted 1:3 in an appropriate loading 

buffer. Just before loading they were denatured for 5 minutes at 68°C. The electrophoretic 

separation was performed in an appropriate running buffer at a constant voltage of 50 V for 

approximately 1 hour. 

 

1.2% denaturing agarose gel: 1.2% agarose; 6.2% formaldehyde in MOPS 1X; 

RNA loading buffer: de-ionized formammide 50%; MOPS 1.5X; formaldehyde 6.2%; ethidium bromide 

0.05 mg/ml; bromophenol blue 0.04%; 

RNA running buffer: MOPS 1X; formaldehyde 3.7%; 

MOPS 1X: MOPS 20mM; EDTA 1 mM; sodium acetate 5 mM; final pH 7. 

 

Reverse transcription (RT) 

 

Reverse transcription is the process by which RNA is transcribed into cDNA. 

The final volume of this reaction is 25 µl and the quantity of RNA used is 2 µg.  

� 2µg of RNA 

� 0.5 µl Random primers (Promega) 

� nuclease free water to 17.75 µl 

The reaction tube is warmed at 70°C for 5 minutes in order to denature RNA, then placed on ice 

for another 5 minutes. The rest of the reactants are added in the following manner: 

� 5 µl M-MLV RT Buffer 5X (Promega) 

� 1.25 µl dNTPs 10mM 

� 1 µl M-MLV RT 200U/ µl (Promega) 

 

The reaction of reverse transcription requires the following cycles: 

- 25°C for 10 minutes 

- 48°C for 50 minutes 



 

- 70°C for 15 minutes 

 

Once cDNA has been obtained from the total RNA, specific primers are used and PCR is 

performed in order to determine the variations of gene expression in a semiquantitative manner.  

The primers used for this PCR are the folowing: 

a) HMGA1 

- forward:  5’-GTCCAGCCAGCCCTTGGCCTCCAA-3’ 

- reverse:   5’-AGGACTCCTGCGAGATGCCCTCCT-3’ 

b) MnSOD 

- forward: 5’-AGCATGTTGAGCCGGGCAAGT-3’ 

- reverse:  5’-AGGTTGTTCACGTAGGCCGC-3’ 

c) GAPDH 

- forward: 5’-CGTATTGGGCGCCTGGTCACC-3’ 

- reverse: 5’-ACCAGGAAATGAGCTTGACAA-3’ 

 

The total volume of each PCR reaction is 50 µl and amplification products are radiolabeled by 

the addition of 
 
γ

32 
P- dCTP, previously diluted 1:100  with respect to the stock solution (Perkin 

–Elmer). In all amplifications 1 pmol of each primer was used, except for the GAPDH primers 

(0.5 pmol) since this amplification product gave a very saturated signal in autoradiography  

expositions. The PCR mixtures were prepared in the following way: 

 

� GoTaq Buffer 10 X                  5µl 

� MgCl2 25 mM                          3 µl 

� dNTPs  10 mM                        1 µl 

� Primer Forward 50 pmol         1 µl (0.5 µl GAPDH) 

� Primer Reverse 50 pmol         1 µl (0.5 µl GAPDH) 

� γ
32 

P- dCTP (dil. 1:100)          10 µl 

� Go Taq polymerase (Promega)   0.5 µl 

� cDNA                                           10 µl 

� nuclease free water to reach          50 µl 

Amplification cycles were the following: 

- 95°C  2 minutes 

- 95°C  1 minute 

- 58°C  50 seconds  (in HMGA1 amplification: 60°C ) 



 

- 74°C  2 minutes 

- 74°C  10 minutes 

 

At the end of the amplification, the PCR products are loaded upon a 8% non-denaturing 

polyacrilamide gel using the loading TBE 1X buffer. 

The electrophoretic run is performed on 100-150V for approximately 1 hour. Afterwards the gel 

is washed, fixed in 10% Acetic acid solution, dried for 1 hour at 80°C and exposed at -80°C. 

 

Non-denaturing polyacrylamide gel:  TBE 0.5 X; acrylamide 40% (29/1) 2.5 ml; APS 30 µl; TEMED 

12 µl, ultrapure H2O to 10 ml; 

Loading TBE 1X buffer: TBE 5X (200 µl, final concentration 1X); glycerol 100% (200 µl, final 

concentration 20%), ultrapure H2O to 1ml; several grains of Bromophenol Blue are added. 

 

Three parallel amplification reactions were performed for each gene and each sample. After the 

autoradiographic exposition the average density value of each gene is compared to the one of the 

housekeeping GAPDH gene. 

 

 

PROTEIN PRODUCTION IN BACTERIA 

 

Heat-shock treatment 

 

A mixture is prepared from 50 µl of competent E.coli cell suspension, strain Rosetta to which 

exogenous DNA is added (approximately 200ng). The mixture is left 30 minutes on ice so DNA 

can be left to precipitate on the bacterial wall. Subsequently bacteria are heat-shock treated at 

42°C for 1.30 minutes so the exogenous DNA can penetrate the bacterial wall. Afterwards the 

mixture is left 3 minutes on ice. 

At this point, 200 µl of SOC medium are added to the heat-shock treated bacteria and the tube is 

incubated on a shaker at 37°C for an hour. This mixture is then seeded on a Petri dish containing 

Luria-Bertani solid medium with the appropriate antibiotic. 

After an O/N incubation at 37°C bacterial colonies are grown on the plate. 

 

SOC medium: 20 mM glucose; 1 mM MgCl2 in SOB medium ; 



 

Luria-Bertani (LB) medium : 10g/L bacto-tryptone; 5 g/L bacto-yeast extract; 10 g/L NaCl (14 g/L 

bacto-agar, added in order to render this medium solid and compatible with the bacterial colony growth); 

SOB medium: 20 g/L bacto-tryptone; 5 g/L bacto-yeast; 0.5 g/L NaCl. 

 

 

Bacterial growth and induction of the recombinant protein production 

 

� one of the O/N grown colonies bearing the appropriate plasmid is transferred in 50 ml of 

LB broth/ampicillin (50 µg/ml) mixture and left for 16 hours on a shaker at 37°C; 

� this bacterial suspension is then inoculated in a total of 500 ml of LB broth and is left on 

a shaker at 37°C until the optical density of the suspension reaches a value between 0.6-

0.8 at a wavelength of 600nm 

� at this point protein production is induced by adding IPTG 0.5mM; 

� the bacterial culture is left for another 2 hours on a shaker at 37°C; 

� the suspension is the poured into appropriate bucket-centrifuge plastic containers and is 

centrifuged at 2 500g for 10 minutes at 4°C, thus bacteria are pelletted on the bottom of 

the container; 

� 10 ml of cold PBS are added in order to resuspend and wash bacteria; 

� the suspension is re-centrifuged using the same parameters; 

� surnatant is eliminated and the bacterial pellet is stored at -80°C. 

 

 Extraction of the GST-fused recombinant proteins 

 

GST-fused proteins are capable of binding the Glutathione Sepharose 4B resin (Amersham 

Biosciences) by means of their GST portion. 

� The bacterial pellet is thawed  and resuspended in 5 ml of  lysis buffer (the volume 

of lysis is supposed to be 1/10 from the bacterial culture); 

� It is left on ice for 30 minutes; 

� The bacterial cells are sonicated at 20% of..... three times for 30 seconds; 

� Subsequently the whole is centrifuged at 11 500 g for 10 minutes at 4°C and the 

surnatant is conserved; 

� 200µl of  Glutathione Sepharose 4B (previously washed three times with PBS) 

resin is added to the surnatant and the whole is incubated for 75 minutes at 4°C; 



 

� subsequently the resin and surnatant are placed on RT and the incubation proceedes 

for another 45 minutes; 

� centrifuge at 1 000g for 5 minutes at 4°C; 

� surnatant is eliminated and the resin is washed 3 times with the lysis buffer; 

� the resin is dried up and the protein bound to it is eluted by using 150µl of SDS 

lysis buffer; 

� the protein is denatured by placing the tube at 95°C for 5 minutes; 

� centrifuge at 15 000g for 10 minutes. 

 

 

Lysis buffer: 1% NP40; 5mM EDTA; 1mM PMSF; 0.4 mg/ml lysozyme; protease inhibitor coctail 1X in 

PBS. 

 

 

 ELECTROPHORETIC MOBILITY ASSAY-EMSA 

 

This procedure is based on the mobility shift of DNA in electrophoresis when it is associated to 

a protein. This approach has been used in order to test whether NPM influences the binding 

properties of the HMGA2 protein to DNA fragments already known to interact with it. After the 

electrophoretic saperation the formation of putative complexes is seen by means of 

autoradiography. 

 

DNA probe radiolabeling 

 

The labeling of the probe is performed on the strand containing a minor GC percentage at the 5’ 

end, since these nucleotides are not easily radiolabeled. 

The radiolabeling mixture is prepared as follows: 

� T4-PNK buffer (50 mM Tris/HCl; 10mM MgCl2; 10 mM β-mercaptoethanol pH 7.6) 

� Single strand DNA (10 pmol/µl) 

� 6U T4-Polynucleotide Kinase (PNK) (Amersham Biosciences) 

� γ
32

P-ATP 

The following steps are: 

� the mixture is incubated at 37°C for 1 hour; 

� enzyme inactivation by boiling the mixture at 95°C for 2 minutes; 



 

� NaCl is added in order to bring ionic force to 0.3M so the double strand can be correctly 

formed; 

� The complementary strand is added in a quantity two fold greater that the one of the 

radiolabeled strand; 

� The mixture is boiled for 10 minutes at 95°C and it is left to gradually cool down so the 

two complementary strands can pair up in the correct way; 

The excess 
32

P-ATP is removed by gel-permeation chromatography 

� Spin column (Micro Bio-Spin 30 Chromatography Column, BioRad) is washed 

several times with TEN buffer 

� TEN buffer is added to the mixture in order to reach a total volume of 100µl and it is 

subsequently transferred in the previously prepared spin column 

� The column is centrifuged at 3000rpm and the excess of  
32

P-ATP is found at the 

bottom of the tube 

� The radiolabeled probe is stored in a plexiglass box at -20°C. 

 

TEN buffer: 10 mM Tris/HCl pH 7.5; 1 mM EDTA pH 8; 100 mM NaCl 

DNA probes used: 

E3:               5’-AGAAAAACTCCATCTAAAAAAAAAAAAAAAAAAAAAAAAAAACA-3’ 

HCRII:        5’-GACACATTAATCTATAATCAAATAC-3’ 

 

 

Non-denaturing polyacrylamide gel  preparation 

 

Thys type of gel is composed of the running part solely and does not contain SDS, so the feeble 

DNA-protein interaction is not disturbed. It is necessary to stabilize the current passing through 

the gel at approximately 20-30 mA therefore the gel is submitted to a “preparative run” for an 

hour until the current gets stabilized. The dimensions of the gel are: 

- length: 22 cm 

- width: 32.5 cm 

- thickness: 1.5 mm 

 A total of 100ml is prepared in the following manner: 

� 17.5 ml Acrylamide/Bisacrylamide 40% (29/1) (7%) 

� 10ml TBE 5X (Maniatis) 

� 72.5 ml of ultrapure H2O 



 

� 300 µl ammonium persulfate (APS) 25% (p/v) 

� 120 µl TEMED 

The running buffer used is TBE 0.5X 

 

TBE 5X (Maniatis): 0.45 M Tris/HCl; 0.44 M Boric acid; 0.01 M EDTA pH 8 

 

DNA/protein incubation 

 

Mixture preparation (one sample, total volume 20 µl): 

� binding buffer 10X: 2 µl 

� glycerol 85%: 1.17 µl 

� polidGdC(0.5 µg/µl) :1 µl 

� DNA probe:  1 µl 

� HMGA2 recombinant potein:4 µl 

� NPM protein: 5 µl 

� Ultrapure H2O: 5.83 µl 

 

Various concentrations of NPM proteins are used: 0.5; 1; 2.5 and 5 pmol, while HMGA2 

concentration is constant (0.5 pmol). 

A 96 well microtiter is used for the reaction.  

� The proteins are left in the reaction mixture for 20 minutes at 4°C so protein complexes 

can be formed; 

� The DNA probe is added at last and the reaction mixture is left for another 20 minutes at 

4°C; 

� At this point, the various reaction mixtures are loaded upon the previously prepared gel 

and it is run at 300V for approximately 2 hours; 

� At the end of the run, the gel is fixed in a 10% acetic acid solution fo 15 minutes and 

dryed at 80°C for 2 hours (Gel Dryer Model 583, BioRad); 

� The dried gel is exposed at -80°C for the appropriate amount of time (from 1 hour to 

several days). 

 

 

 

 



 

POLIACRYLAMIDE GEL ELECTROPHORETIC ANALYSIS OF PROTEINS 

 

SDS minigel electrophoretic separation of proteins 

 

The dimensions of this type of  gel are: 

- width: 8cm 

- length: 8.5 cm 

- thickness: 0.75 mm 

 

The SDS contained in this gel enables proteins to run and separate on the basis of their 

molecular weight and, in addition, SDS confers negative charge to the proteins. 

This type (non-continuous) of gel is composed of two parts: stacking ad running, differing in 

the acrylamide percentage and the pH of the buffer used. 

The first part of the gel (stacking) is the part where proteins are stacked/accumulated at the 

stacking-running border. The running part of the gel is the one where the electrophoretic 

separation of the proteins occurs.  

The gel is prepared starting from a 30:1, 40% (p/v) acrylamide/bisacrilamyde solution in H2O. 

The buffer used for this electrophoretic separation is SDS running buffer . The stacking phase 

is approximately 30minutes at 50V while the electrophoretic separation lasts about 40 minutes 

and it is performed at 200V. 

 

 

Stacking gel : polyacrilamide gel (T=5%, C=3.3%) in a Tris/HCl 0.13 M  pH 6.8 buffer; SDS 0.1%, 

1mg/mL ammonium persulfate (APS); 1ml of this mixture is made polymerize by adding 2µl of TEMED 

(Tetramethylethylene-diamine). 

Running gel : polyacrilamyde gel (T=15%, C=3.3%) in a Tris/HCl 0.38 M  pH 8.8 buffer; SDS 0.1%, 

1mg/mL ammonium persulfate (APS); 5ml of this mixture is made polymerise by adding 4µl of TEMED. 

SDS running buffer : 25 mM Tris; 192 mM glycin; 0.1% SDS or 25mM Tris; 25 mM tricine; 0.1% 

SDS; buffered at pH 8.1 with Tris-base. 

 

Blue Coomassie staining of SDS gels 

 

� once the electrophoretic separation has been achieved, the gel is washed several times 

with ultrapure H2O in order to eliminate excess SDS; 



 

� the gel is immersed in the Coomassie Blue solution for about 20 minutes so it is fixed 

and stained; 

� destaining of the gel in a 10% solution of acetic acid. 

 

Blue Coomassie solution: methanol/water/acetic acid mixture in the ratios 5:4:1; Blue Coomassie R-250 

0.005% (p/v). 

 

 

WESTERN BLOT ANALYSIS 

 

Nitrocellulose membrane protein transfer 

 

Once separated by means of SDS PAGE proteins are transferred to a 0.2 µm pore nitrocellulose 

membrane (Protran BA 83, Schleicher & Schuell). This transfer is performed by applying a 

potential difference to both the gel and the membrane. This process occurs in transfer buffer 

solution. Gel and membrane are “sandwiched” so that they are in direct contact and three pieces 

of 3MM paper are applied on both sides. The sandwich thus prepared is enclosed in a porous 

cage containing two sponges previously embibed with the transfer solution. The whole is 

immersed between two electrodes in a cell containing the transfer solution. The transfer is of  

anode-type so the membrane is positioned between the gel and the positive electrode. 

The process of transfer occurs at a temperature of 4°C O/N (14-16 hours) and at a difference of 

potential of 30V and a maximum of  75 mA of current. 

At the end of the transfer, the membrane is stained for 5 minutes in a Ponceau Red solution and 

is subsequently de-stained using distilled water. 

In order to proceed with the antibody recognition of the proteins, the membrane is saturated by 

immersing it in a non-fat milk blocking solution for at least an hour on a shaker. 

 

Transfer solution: 20% methanol; 25 mM Tris; 380 mM glycine; 

Ponceau Red: 0.2% Ponceau S; 3% trichloroacetic acid; 3% sulphosalycilic acid; 

Blocking solution: 5% non-fat powder milk, 0.1% Tween 20 in PBS. 

 

 

 

 



 

Antibody recognition of the membranes 

 

� the membrane is incubated for an hour with the specific primary antibody (against a 

specific protein), appropriately diluted within the blocking solution; 

� 3 washes of 5 minutes each with the blocking solution; 

� incubation of the membrane for an hour with the specific horseradish peroxidase-

conjugated secondary antibody (against the primary antibody), appropriately diluted 

within the blocking solution; 

� 3 washes of 5 minutes each with the blocking solution; 

� a 10 minute wash by immersion in PBS; 

� dark room operations are performed by red light. The previously prepared membrane is 

covered with the peroxidase substrate (ECL Plus, Amersham Biosciences). The reaction 

occurs within 5 minutes. Chemoluminescence is developed at the sites where the primary 

antibody has bound the specific protein, the primary antibody is bound by the specific 

secondary antibody, which in turn is bound by the peroxidase enzyme which generates 

the chemoluminescence phenomenon; 

� excess of substrate is eliminated and the membrane is covered by a transparency sheet 

and an autoradiographic film (Hyperfilm
TM

 MP) is placed above. Exposition varies from 

5 seconds to 20 minutes, depending on the protein/antibody abbundance; 

� the film is developed and fixed by immerging it in the appropriate solutions (GBX 

developer and GBX fixer, diluted 1:5 in water, Kodak). The autoradiographic signal is 

seen on the sites of reaction of the protein and the respective antibodies. 

 

 

Primary antibodies used: 

αHMGA1: polyclonal antibody, produced in a rabbit host, targeting the N-terminal portion of the 

HMGA1 protein, dilution used 1:1000; 

αHMGA2: polyclonal antibody, produced in a rabbit host, targeting the C-terminal portion of the 

HMGA2 recombinant protein, dilution used 1:1000; 

α actin: polyclonal antibody, produced in a rabbit host, targeting the C-terminal portion of the protein 

(Sigma), dilution used 1:1000; 

α NPM: monoclonal antibody, produced in mouse, dilution 1:5; 

α HA-tag: mouse monoclonal antibody (Sigma), used in dilution 1:5000. 

 

 



 

Secondary antibodies: 

α rabbit/peroxidase: antibody targeting rabbit IgG, conjugated with horsradish peroxidase (Sigma), 

dilution used 1:5000 

α mouse/peroxidase: antibody targeting mouse IgG, conjugated with horsradish peroxidase (Sigma), 

dilution used 1:5000 

 

 

PURIFICATION OF ANTIBODIES AGAINST HMGA1 AND HMGA2 PROTEINS 

 

Antibody purification by using affinity chromatography 

 

Affi-gel resin 10 (1ml, BioRad) has been used in order to purify the antibodies by derivatization 

with the recombinant HMGA1 and HMGA2 proteins (2mg) as it follows: 

� the resin is washed 3 times with a sodium-acetate solution 10 mM pH 4.5, centrifuging 

after each wash at 1 000g for 2 minutes at 4°C; 

� another series of washings is performed by using a 0.1 M MOPS solution pH 7, 

centrifuging after each wash at 1 000g for 2 minutes at 4°C; 

� the resin is incubated with 2mg of the appropriate recombinant protein in a 0.1 M MOPS 

pH 7 solution for 16 hours at 4°C; 

� by the end of the incubation, the whole is centrifuged at 1 000g for 5 minutes at RT, 

surnatant is eliminated and the resin is incubated for 1 hour with a 1M ethanolamine/HCl 

pH 8 solution; centrifuge at 1 000g for 5 minutes at RT; 

� second incubation  performed in the same conditions as the latter; 

� the resin is washed 3 times with 0.1M MOPS pH 7, centrifuging after each wash at  

1000g for 2 minutes at 4°C; 

� 2 washes with PBS are performed, centrifuging after each wash at 1 000g for 2 minutes 

at 4°C; 

� the resin is washed with 1.5 M NaCl solution and centrifuged at 1 000g for 2 minutes at 

4°C; 

� 3 washes with PBS are performed, centrifuging after each wash at 1 000g for 2 minutes 

at 4°C; 

� the resin is thus derivatized and ready for the antibody purification; 

� the serum is added to the resin in a 1:40 proportion, the final solution containing 40% 

PBS, 0.5% TritonX-100 and the whole is incubated for 2 hours at RT rocking; 



 

� centrifuge at 1 000g for 5 minutes at RT; 

� 3 washes with PBS are performed, centrifuging after each wash at 1 000g for 2 minutes 

at 4°C; 

� the resin is transferred on an elution column and the antibody bound to it is elutes by 

adding a 0.2 M glycine/HCl pH 2.8 solution which is immediately buffered with an 

appropriate amount of  Tris/HCl 2 M pH 8; 

� the purified antibody is aliquoted, lyophilized and stored at -20°C, whereas the 

derivatized resin can be reused and is stored at 4°C in PBS. 

 

 



 

 

RESULTS 

 

HMGA proteins interact with nucleophosmin (NPM) 

 

 

Recent results obtained in our laboratory have brought to light various molecular partners of the 

HMGA proteins, thus enriching the already vast interaction network of these proteins (Sgarra et 

al, 2005). This discovery has paved the way to new lines of research. One of them is the 

investigation on the interaction between HMGA proteins and nucleophosmin (NPM). 

 

Table 1. Summarizes the various HMGA protein partners and their functions 

Interactor Function 

CBF-beta Promoter and enhancer binding protein 

SF3a120 

HnRNP K 

HnRNP H 

HnRNP F 

HnRNP M 

 

Involved in RNA binding 

splicing 

Ku 80 DNA PK subunit 

RBBP-4 

RBBP-4 

Chromatin proteins 

RuvB-like 1 

RuvB-like 2 

Helicases, involved in neoplastic transformation 

Tubulin α-1 chain 

Tubulin β-1 chain 

Actin, cytoplasmic 2 

Cap Z α-1 

 

Cytoskeleton 

NPM Multifunctional protein 

HS cognate 

71 KDa protein 

Chaperones 

GRP 78 ER protein complex formation 

GRWD 

REC 14 

Unknown functions 

(Sgarra et al, 2005) 

Nucleophosmin is one of the most abundant cellular proteins, a 37 KDa phosphoprotein mainly 

localized in the granular region of the nucleolus involved in various cellular activities. It is a 294 

aa residues long protein containing : 

1. a non polar N-terminal domain     

2. nuclear export signal ( NES: 94-102 aa) 

3. central region 



 

4. bipartite nuclear localization signal (NLS: 152-157; 190-197) 

5. nucleolar localization signal (NuLS: 288-290) 

 

Figure 6. A shematic representation of the NPM/B23 protein. 

 

 

 NPM is encoded in humans by  NPM1 on chromosome 5 q35. Two splice variants of this 

protein have been identified, namely B23.1 and B23.2, the latter being devoid of the last C-

terminal 35 aa residues. The isoform 1 is the predominant form in all tissues and is exclusively 

nucleolar while the B23.2 isoform is localized both in nucleoplasm and nucleoli (Chang and 

Olson, 1989). 

The region on the NPM protein involved in the interaction with HMGA proteins has been 

already determined by GST pull-down experiments with various NPM deletion mutants done in 

our laboratory  (Figure 7). 
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Figure 7. The region of NPM involved in the HMGA proteins binding (Sgarra, unpublished data) 

 

 

 

- HMGA2 interacts with NPM in vivo 

 

The first approach to the study of the interaction between these two proteins was the in vitro 

confirmation of this interaction. GST pull down experiments were performed and confirmed the 

fact that these two proteins interact (data not shown). 

The subsequent step was to determine this interaction in vivo as well. For this purpose an 

immunoprecipitation was performed. HEK 293 cells were co-transfected with the following 

expression vector constructs: 

 

Table 2: Expression vectors used in the IP HMGA2-NPM 

Positive control Negative control experiment 

pcDNA3 HA-hHMGA2 pcDNA3 HA pcDNA3 HA-hHMGA2 

pcDNA3 HA-E4F pcDNA3 HA-hNPM pcDNA3 HA-hNPM 

 

Previous results have demonstrated the interaction of HMGA2 and E4F (Tessari et al, 2003) and 

it has been decided to use these constructs as a positive control. 

Mock immunoprecipitations using rabbit preimmune serum were performed for each sample, as 

a negative control of the immunoprecipitation technique itself. 

Immunoprecipitation was performed as described in the Materials and Methods section and the 

antibody used was αHMGA2. After the transfer to nitrocellulose membrane, proteins were 

recognized with the αHA antibody. 



 

 

 

 

 

As it can be seen in Fig.8. the E4F and HMGA2 proteins were present in the lysate (input, lane 

1) and they were co-immunoprecipitated (lane 3). This coimmunoprecipitation is indeed 

specific, as in the lane 2 (mock IP, rabbit preimmune serum) there are no recognized protein 

bands by the αHA antibody. 

In lane 7, the one corresponding to the input (2%) of the HEK 293 cell lysate (cells co-

transfected with pcDNA3 HA-hHMGA2 and pcDNA3 HA-hNPM) it can be observed that the 

lysate is rich in transfected HA-tagged hHMGA2 (20 KDa), whereas the HA-tagged hNPM is 

not as abundant (37 KDa). Therefore the HA-tagged hNPM that was co-immunoprecipitated 

with hHMGA2 appears as a feeble band (lane 7, 37 KDa), unlike hHMGA2 which was 

abundantly immunoprecipitated. 

The negative control (HEK 293 cells cotransfected with pcDNA3 HA and pcDNA3 HA-hNPM, 

lanes 4-6) demonstrates that the interaction observed in lane 7 is specific for the transfected HA-

tagged hHMGA2 and HA-tagged NPM. 

In order to further confirm this result, the same membrane was recognized with the αNPM  

antibody. Since this antibody recognizes NPM itself, the total amount of NPM co-

immunoprecipitated was recognized, i.e the endogenous NPM, already present in the cells, and 

the transfected NPM, exogenously introduced in the cell.  

In Fig. 9 it can be observed that the endogenous hNPM was immunoprecipitated in the lanes 

where HMGA2 was transfected (lane 3 and lane 9). It is noteworthy that the lysate abundance in 

endogenous NPM is much more (lanes: 1, 4 and 7) with respect to the transfected one (Fig.2, 

lane 7). Therefore the immunoprecipitated NPM gave a stronger signal after it has been 

      1          2           3           4            5           6            7          8         9 

E4F-HMGA2                   control             NPM-HMGA2 

  i        mock IP     IP A2         i       mock IP     IP A2     i      mock IP    IP A2 

E4F 

NPM 

HMGA2 

120KDa 

37 KDa 

20KDa 

Figure 8. NPM co-immunoprecipitates with HMGA2. HEK 293 cell co-transfected with the 

appropriate constructs lysates. Lanes 1-3: pcDNA3 HA-E4F and psDNA3 HA-HMGA2. Lanes 4-

7: pcDNA3 HA and pcDNA3 HA-NPM (negative control). Lanes 7-9: pcDNA3 HA-NPM and 

pcDNA3 HA-HMGA2. Lanes 1, 4 and 7: input (2%) of the corresponding lysate. Lanes 2, 5 and 8: 

mock IP (rabbit preimmune serum) of the corresponding lysate. Lanes 4, 6 and 9: IP with the 

specific αHMGA2 antibody of the corresponding lysates. Western blot analysis with the αHA 

antibody. 



 

recognized with the αNPM antibody. Again, this interaction is hHMGA2-specific as NPM 

cannot be seen in the mock IP where instead of αHMGA2, preimmune serum was used (lane 2, 5 

and 8) 

 

 

 

 

 

 

 

 

 

 

HMGA1 interacts with NPM in vivo 

 

To this point both in vitro and in vivo experiments have investigated the interaction between 

HMGA2 and NPM. Once this interaction has been confirmed, we asked ourselves if this was 

also  

the case with the HMGA1 protein. The HMGA1 and HMGA2 proteins share about 60% of 

sequence analogy wich might not be the sufficient for the binding with NPM to occur.  

It was decided to perform an IP overexpressing hHMGA1a by using the pcDNA3 HA-

hHMGA1a vector and test its ability to bind endogenous NPM. HEK 293 T cells were 

transfected by the following scheme: 

 

a) Negative control : pcDNA3 HA 

b) pcDNA3 HA-hHMGA1a 

 

For this immunoprecipitation the resin beads were incubated with αHA antibody and after the 

electrophoretic separation of the samples and the subsequent transfer of the proteins to 

nitrocellulose membrane, the latter was differentially recognized. Since the NPM protein 

migrates at about 37 KDa, while the HMGA proteins migrate at 19-20 KDa, the membrane was 

                     E4F-HMGA2                              control                                      NPM-HMGA2 

      i         mock IP    IP A2           i           mock IP      IP A2        i            mock IP     IP A2   Endogenous 

 NPM 37 KDa 

      1               2               3               4              5               6              7                 8                9 

Figure 9. Endogenous NPM is immunoprecipitated with HMGA2. The membrane from Fig. 2 was recognized 

with the αNPM antibody. It is evident that NPM immunoprecipitated in the lanes where lysates of HEK293 cells 

transfected with pcDNA3 HA HMGA2 were were separated. 



 

divided in two parts: the part above 25 KDa was recognized with αNPM antibody while for the 

recognition of the part below, αHA antibody was used. 

For this IP an expression control was used, namely both the expression of the transfected 

hHMGA1a and the endogenous NPM were tested. Once the lysates were appropriately 

processed, 4% of the total volume of the lysate was diluted in SDS sample buffer (lanes 1 and 4, 

Fig.4), separated and recognized along with the IP samples. 

As it can be seen in Fig.10, hHMGA1a was successfully expressed (lane 4, 20 KDa) and NPM 

was actually immunoprecipitated along with hHMGA1a (lane 6, NPM at 37 KDa and 

immunoprecipitated HMGA1a at 20 KDa). 

Again, the specificity of the interaction between transfected hHMGA1a and endogenous NPM is 

evidenced by the fact that there is no immunoprecipitate in the negative control lane 3. 

 

 

 

 

 

 

 

 

 

 

Specific HMGA1a and HMGA2 antibody purification 

 

          1             2                   3                4                    5                    6 

                      Control                                              NPM-HMGA1a 

SDS                 i              IP A1           SDS                i              IP A1 

Endogenous 

HMGA1a 

37 KDa 

20 KDa 

Figure 10. Endogenous NPM immunoprecipitates with HMGA. .HEK 293 cell lysates transfected with the 

appropriate constructs.  Lanes 1-3(control): pcDNA3 HA. Lanes 4-6: pcDMA3 HA-HMGA1a. Lanes 1 and 4: 

controls in SDS sample buffer of the protein expression. Lanes 2 and 4: input (2%) of the corresponding lysates.  

Lanes 3 and 6: IP with the specific αHMGA1a antibody.  



 

The experiments characterizing the NPM-HMGA proteins required a great quantity of HMGA1a 

and HMGA2 antibody, therefore it was decided to produce these antibodies. The immunizations 

of the rabbits was performed by the animal facility  at the University of Trieste. The rabbits were 

immunized with 200µg of the recombinant HMGA1a and HMGA2 recombinant proteins 

(purified by HPLC chromatography) at each boost. 

 

Figure 11. Protein sequences of the HMGA1a and HMGA2 proteins, used as immunogens for the antibody 

production 

 

 

At each bleeding, rabbit sera were tested by western blotting in order to determine the quantity 

of antibody production. As far as the HMGA1a antibody is concerned, purification was 

performed starting from the 3
rd

 bleeding and the HMGA2 was purified from serum obtained 

from the 5
th

 bleeding. 

In the following figure the purification controls have been used: a membrane recognized with the 

surnatant after the antibody purification (with the appropriate amounts of specific and aspecific 

proetins), a membrane recognized with the purified antibodies and a membrane recognized with 

the unpurified serum. 

h HMGA1 :  1 MSES S SKSSQPLASKQEKDGT --- EKRGRGRPRKQPP(VSPG 38 

h HMGA2 :  1 MSARGEGAGQPSTSAQGQPAAP A PQKRGRGRPRKQQQ ----- 37 

h HMGA1 : 39 TALVGSQ)KEPSEVPTPKRPRGRPKGSKNKGAAKT -- RK T TT 77 

h HMGA2 : 38 --------- EPT G EPSPKRPRGRPKGSKNKSPSKAAQKKAE A 70 

h HMGA1 : 78 T PGRKPRGRPKK ----- LEK ---- EEEEGI - SQESSEEEQ 107 

h HMGA2 : 71 T GEKRPRGRPRKWPQQVVQKKPAQ EETEETSSQESAEED 109 



 

 

 

 

The specificity of each antibody was tested by introducing an increasing quantity of the 

appropriate protein (10; 25; 50 and 100µg and 100 µg of a non specific protein, ex: for the 

HMGA1a antibody 100 µg of the HMGA2 protein and for the HMGA2 antibody 100 µg of the 

HMGA1a protein.) 

As far as the HMGA1a antibody is concerned it was observed that it had a smaller concentration 

but a greater specificity whereas the HMGA2 antibody was in much greater quantities and it was 

less specific than the other, i.e it cross-reacted with some of the HMGA1a protein. This 

phenomenon is probably a consequence of the large quantity of antibody present. As a matter of 

fact, the autoradiography films were “burned”, i.e saturated even at very short expositions. 

 

 

A functional significance of the HMGA-NPM protein interaction: the SOD2 gene 

regulation 

 

Once physical interaction between HMGA proteins and NPM has been established the 

challenging question was the functional aspect of this interaction. Since NPM is a 

multifunctional and versatile protein it was hard to decide which line of research to pursue. 

                αHMGA2 antibody              αHMGA1a antibody   

Surnatant after 

antibody purification 

Purified antibody 

whole serum (before 

purification) 

 100ng        100ng        50ng       25ng        10 ng      10 ng     25ng       50 ng   100ng    

A1a                      A2 protein                                  A1a protein                      A2                                  

    1             2           3         4          5                6        7           8            9          10 

Figure 12.Purification of αHMGA1a and αHMGA2 antibodies. Efficiency of purification was tested by western 

blotting analysis. Different protein quantities were transferred on nitrocellulose membrane (lanes 2-5, HMGA2 for 

αHMGA2 and 100ng of unspecific HMGA1a in lane 1, while lanes 6-9 bcontain increasing quantities of HMGA1a 

protein and, lane 10, 100ng of the unspecific HMGA2 protein).  



 

However, being a relatively recently descovered protein there are very few genes known to be 

regulated by NPM (PCNA, androgen receptor). In addition many NPM  molecular partners in 

gene regulation are also involved in regulation of genes along with HMGA proteins (NF-KB, 

SP1, AP-2). 

Recent studies have pointed out the involvement of the NPM protein in the regulation of the 

SOD2 gene (Dhar et al, 2004; 2006;2007). These studies have shown that NPM in cooperation 

with NF-KB binds the SOD2 gene promoter thus inducing the SOD2 gene transcription. They 

have shown that this gene is positively regulated by NPM using NPM siRNA into HepG2 cells 

which resulted in a significant reduction of the SOD2 gene expression. (Dhar et al, 2004). The 

protein product of this gene is the manganese superoxide dismutase (MnSOD), a cytoprotective 

enzyme. Several studies have suggested that SOD2 may also act as a tumor suppressor gene by 

modulating redox-sensitive transcription factors (Kiningham et al, 1997) 

Our goal was to test whether HMGA proteins, given their interaction with NPM, could somehow 

be involved in the regulation of this gene. 

For this reason the same cellular model was used, namely the HepG2 cell line and siRNA 

HMGA1a treatment was performed. The question to be answered was : does HMGA1a gene 

silencing affect in any way the expression of the SOD2 gene and if yes, is SOD2 gene 

expression increasing or diminishing? 

 Cells were treated with siRNA Control and siRNA hHMGA1. In order to ensure a significant 

decrease of the HMGA1 gene expression, the siRNA treatment was repeated twice. The first one 

was performed the day after cells were seeded at the appropriate density and it was left for 

approximately 24 hours. After this first round of treatment complete DMEM medium was added 

and after a period of 24 hours the second round of siRNA treatment was performed. 

Afterwards, whole cell lysates were prepared, normalized by means of densitometry, separated 

on SDS minigels and recognized with αHMGA1a and αActin antibodies (actin being a 

normalization control). 

It is noteworthy that siRNA treatment has caused a great deal of apoptosis, especially in the cells 

treated with siRNA A1a, therefore lysates were less rich in protein and a greater amount of this 

lysate was used with respect to the siRNA Control treated cells. In addition to these two lysates, 

untreated HepG2 cell lysate was used too. As a control of the specificity of the αHMGA1a, 50 

ng of the recombinant hHMGA1a were added in the adjacent lane. The same amount of protein 

(of each lysate) was loaded on the SDS minigel. 

The correct normalization of the lysates can be appreciated through the Ponceau Red staining 

after the transfer of the proteins on the nitrocellulose membrane. 



 

 

 

This membrane was subsequently divided in two parts: the part below 25 KDa was recognized 

with the αHMGA1 antibody, while the part above was recognized with the αActin antibody. 

 

 

 

This control immunoblot has proven that the HMGA1a protein expression has been reduced for 

about 4-5 fold with respect to the untreated and the siRNA Control treated cells. 

At this point the step undertaken was the evaluation of the HMGA1 gene silencing on the 

expression of the SOD2 gene. This analysis was done by performing RNA extraction and the 

subsequent Reverse Transcription-PCR method, the amplification was done on GAPDH 

(normalization control), HMGA1a and MnSOD, as described in the Materials and Methods 

section. 

After RNA was extracted from both siRNA Control treated and siRNA HMGA1 treated cells. In 

order to correctly quantify the amount of RNA extracted, reference RNA was used, as described 

previously. 

   1            2             3            4 

  20 KDa 

Actin 

 

HMGA1a 
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42 KDa 

Figure 13.  Ponceau Red staining of the 

normalized protein lysates. Lane 1: molecular 

weight marker. Lane 2: untreated HepG2 cell 

lysate. Lane3: siRNA control treated HepG2 

cell lysate. Lane 4: siRNA HMGA1a treated 

HepG2 lysate. Total protein amount of each 

lysate loaded: 37.5µg. 

Figure 14  Western blotting analysis of the normalized lysates. Lane 1: untreated HepG2. Lane 2: 

siRNA control treated HepG2. Lane 3: siRNA HMGA1a treated HepG2. Lane 4: 50 ng of the recombinant 

HMGA1a protein, as a control of the αHMGA1a antibody specificity. Actin was used as a normalization 

control. 



 

 

 

 

 

Once the quantity of RNA extracted has been determined (0.75µg/µl for both the siRNA Control 

and the siRNA A1a treated cells) RT-PCR was performed. The steps and parameters used are 

those described in the Materials and Methods section. Each amplification, for each gene was 

done three times and all samples were separated on non-denaturing gel. The dried gel was 

exposed by autoradiography at   -80°C for 3 days (Figure 16). 

 

 

From this figure the efficient HMGA1 gene silencing is appreciated even by the naked eye. 

However, the effect of it on the SOD2 gene expression became clear only after densitometry  

analysis was performed. The values obtained with the Image Master 2D Elite® software are 

summarized in the following table: 

 

 

 1          2            3           4                                        5          6            7 

siRNA control          siRNA HMGA1a                         control RNA (LnCAP cells) 

        RNA                        RNA 

28S 

18S 

a) siRNA control 

 sample 1        sample 2           sample 3 

b) siRNA HMGA1a 

sample 1         sample 2         sample3 

GAPDH 

 

 
HMGA

SOD2 

Figure 15. extracted RNA from siRNA control and siRNA HMGA1a treated cells was extracted and 

separated on agarose gel in order to control its quality and quantity. Reference RNA was used, 

extracted from LnCAP cells, concentration: 1µg/µl.  Lane 1: 1µl of the siRNA control RNA. Lane 2: 

2µl of the siRNA control RNA. Lane 3: 1µl of the siRNA HMGA1a RNA. Lane 4: 2µl of the siRNA 

HMGA1a RNA. Lane 5: 1µg of the LnCAP RNA. Lane 6: 2µg of the LnCAP RNA. Lane 7: 3µg of the 

LnCAP RNA. 

Figure 16. Autoradiography of the RT-PCR amplified GAPDH, HMGA1a and SOD2. Three samples were 

processed from both control and HMGA1a silenced cDNA and separated on 7%  non- denaturing poliacrilamide 

gel. GAPDH amplification product is 900bp, HMGA1a is 300bp and SOD2 is 200bp long. 



 

Table. 2  Densitometry values of each sample  

 siRNA Control siRNA hHMGA1a 

GAPDH samples  

1 1.253.587 1.978.456 

2 1.716.947 1.936.931 

3 1.615.764 2.463.939 

SOD2 samples  

1 410.555 612.965 

2 654.259 996.770 

3 989.202 852.849 

HMGA1 samples  

1 1.125.885 656.087 

2 1.331.339 663.522 

3 1.188.329 560.591 

 

 

The average of the summed values for each sample were normalized with respect to the ones of 

GAPDH and the following graph gives a visual rappresentation of it: 
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Graph 1.  The effect of the HMGA1a gene silencing on the SOD2 gene. 1. average of the SOD2 control treated, 

normalized with the correspondent GAPDH values. 2. average of the HMGA1a control treated, normalized with the 

correspondent GAPDH values. 3. average of the SOD2 siA1a treated,normalized with the correspondent GAPDH 

values. 4. average of the HMGA1a siA1a treated, normalized with the correspondent GAPDH values. Standard 

deviation calculated. 

 

In this graph the reduction of the transcription of the SOD2 gene and the HMGA1a gene are 

evidenced. The reduction detected for the HMGA1a gene was of  63% whereas the reduction of 



 

the SOD2 gene expression was of 14%. Albeit small, this difference in the expression between 

control and siRNA HMGA1a samples might be significant.  

NPM plays a role in HMGA2 protein-DNA binding  

 

Until now our interest was focused on the effects of HMGA on NPM and its functions. It was 

worth investigating what happens the other way round: how does NPM affect HMGA proteins’ 

functions and characteristics? 

In order to evaluate if the NPM-HMGA2 interaction is significant from the point of view of the 

DNA binding properties of the latter, and if NPM binds DNA by itself, several electrophoretic 

mobility shift assays (EMSAs) were performed. In the first assay GST-NPM (in increasing 

quantities) and HMGA2 protein (a fixed quantity, 0.5 pmol) and GST-NPM alone were 

incubated with the E3 DNA probe. E3 is a part of the insulin receptor gene promoter and has 

been already proven to be a binding site for HMGA1 protein (Brunetti et al, 2003). This DNA 

stretch contains numerous adenosines, a high affinity binding site for HMGA proteins. 

 

 

 

The exact procedure of this technique is described in the Materials and Methods section. In Fig. 

17 the effect of NPM on HMGA2 DNA binding can be seen. In lane 1, the E3 probe alone is 

1        2       3        4        5       6                              7        8        9       10 

GST-NPM                   -         -     

  HMGA2                        -       +      +       +         +       +                              -         -         -         - 

E3 probe                       +       +      +        +       +        +                             +        +        +     + 

Figure 17. Nucleophosmin increases the DNA binding affinity of HMGA2 . Band-shift analysis on 7% non 

denaturing gel. In all lanes 0.1 pmol of E3 probe were used. Lane 1:free E3 probe.Lane 2: 0.5 pmol of HMGA2 

with the E3 probe. Lane 3-6: 0.5 pmol of HMGA2 with increasing quantities of GST-NPM: 0.5; 1; 2.5; 5 pmol. 

Lanes 7-10: GST-NPM 0.5;1;2.5 and 5 pmol with the E3 probe. 



 

visualized. Lane 2 contains the HMGA2 (0.5 pmol) and the E3 probe, as a matter of fact a shift 

is visualized above the free probe. In lanes 3-6 GST- NPM is present in increasing quantities: 

0.5; 1; 2.5 and 5pmol respectively. It is evident that the presence of NPM is important for the 

DNA binding affinity of the HMGA2 protein, as a matter of fact, the binding signal increases in 

GST-NPM dose-dependent manner (0.5-5pmol of NPM protein). Nevertless HMGA2-DNA 

binding occurs even in absence of NPM, the quantity of the latter protein however seems to be 

determining the affinity of HMGA2 for DNA. Indeed this is also visible from the free probe, 

whose autoradiography signal visibly diminishes as the NPM protein quantity increases. On the 

other hand, NPM by itself did not show any band delay (lanes 7-10, where GST-NPM is also 

increasing in quantity: 0.5; 1; 2.5 and 5 pmol). As it can be seen, only the autoradiographic 

signal from the free probe is visualized in the lanes 7-10. Thus NPM does not have any binding 

affinity for this DNA probe even in higher quantities. 

In order to further confirm this aspect of the NPM-HMGA2 complex, another EMSA assay was 

performed, this one with two other controls. Namely, the goal was to clarify if this growing 

intensity of the signal given by the putative NPM-HMGA2-DNA complex, proportional to the 

increasing quantity of NPM in the reaction mix, is an artefact given by the high quantity of 

protein or it is effectively given by the specificity of the interaction NPM-HMGA2 proteins.  

For this reason GST and BSA protein were introduced in the reaction mix along with HMGA2 

protein.  

The quantities of these proteins introduced was 5 fold greater than that of NPM protein, 

therefore 2.5; 5; 12.5 and 25 pmol of both GST and BSA while the HMGA2 quantity remained 

the same (0.5 pmol). Moreover, another control was introduced: HMGA2 protein in increasing 

quantities (1; 2; 4 and 8 pmol) alone with the E3 radioactive probe. 

 

GST-NPM            -               -                                                        -     -     -        -                 -        -      -        -                 -        -       -       - 

BSA                      -              -              -        -         -        -               -     -     -        -                                                            -       -       -       -   

GST                      -              -              -        -         -        -                                                    -        -       -        -                  -       -       -        -       

HMGA2               -              +               +     +        +      +             +      +      +       +             +     +      +      +     

 

E3 probe             +                +             +       +       +        +            +     +       +        +           +      +      +      +                +      +        +       +  
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In this figure it is clearly seen that the intensity of the GST-NPM/GST-HMGA2 signal is 

specific to the NPM-HMGA2 protein interaction rather than an artefact given by the high 

concentration of protein in general in the reaction mix. The autoradiography signal given by the 

GST-NPM/GST-HMGA2 interaction is much more intense than the ones given by the GST and 

BSA/HMGA2. This can be also seen by the autoradiographic signal of the free probe that is less 

strong in lanes 3-6 with respect to the one in the lanes 7-14 where GST and BSA protein content 

is 5 fold that of GST NPM. 

 

Determination of the GST-NPM/HMGA2 binding properties with the HCRII radiolabeled 

probe 

 

In this experiment the objective was to verify if the same phenomenon took place with a 

different probe: the HCRII, a part of the HOXD9 gene promoter, another HMGA2 binding site. 

The experiment was performed the same way as the above-described one, i.e, using the same 

GST, BSA and HMGA2 protein itself as controls. 

 

 

 

 

 

 

Figure 18 . Nucleophosmin increases the  DNA binding affinity of HMGA2. Band-shift on 7%  non denaturing 

polyacrilamide gel. In all lanes 0.1 pmol of E3 probe were used. Lane 1: free E3 probe. Lanes 2-14: HMGA2 

protein  0.5 pmol. Lanes 15-18: HMGA2 protein 1; 2; 4 and 8 pmol. Lanes 3-6: GST-NPM 0.5; 1; 2.5 and 5 pmol.. 

Lanes 7-10: GST (negative control) 5 fold greater quantities with respect to the GST-NPM used. Lanes 11-14: 

BSA protein (negative control) 5 fold greater quantities with respect to the GST-NPM used. 



 

 

 

 

 

In this case too, the intensity of the autoradiographic signal of the GST-NPM/HMGA2 was 

much stronger than that of controls, indicating a specific increase of the DNA binding properties 

of HMGA2 determined by the presence of the GST-NPM protein in the reaction mix. Here too, 

the free HCRII probe is visualized in lane 1, lane 2 contains HMGA2 protein (0.5 pmol) and by 

the less intense free probe signal and the protein/complex shift it is evident that HMGA2 alone 

binds the probe. The signal given by the protein/DNA complex in the lanes 3-6 is stronger than 

that given by the HMGA2/DNA shift. The intensity of the GST-NPM/HMGA2 signal is 

comparable to the one given by  2pmol of HMGA2 alone with the HCRII probe. 

 

 

 

 

GST-NPM       -           -                                                    -      -      -       -                                     -     -      -      -                  -      -       -      - 

BSA                 -           -             -      -      -       -               -     -       -       -                                                                             -      -       -      -   

GST                 -           -             -      -      -       -                                                                            -     -       -        -               -      -       -       -       

HMGA2           -         +             +     +     +       +             +      +     +      +                                   +     +      +      +     

HCRII  probe   +        +             +     +     +       +             +      +     +      +                                   +     +      +      +            +      +        +       +  
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Figure 19 . Nucleophosmin increases the  DNA binding affinity of HMGA2. Band-shift on 7%  non denaturing 

polyacrilamide gel. In all lanes 0.1 pmol of HCRII probe were used. Lane 1: free HCRII probe. Lanes 2-14: 

HMGA2 protein  0.5 pmol. Lanes 15-18: HMGA2 protein 1; 2; 4 and 8 pmol. Lanes 3-6: GST-NPM 0.5; 1; 2.5 

and 5 pmol.. Lanes 7-10: GST (negative control) 5 fold greater quantities with respect to the GST-NPM used. 

Lanes 11-14: BSA protein (negative control) 5 fold greater quantities with respect to the GST-NPM used. 



 

 

DISCUSSION 

 

Protein-protein and protein-DNA interactions play an essential role in the regulation of a vast 

variety of cellular processes like for instance, cell-replication, transcription, recombination and 

DNA repair. Recently many studies have been dedicated to the importance of non-histone 

chromosomal proteins and their structural and functional complexity. Among these, the high 

mobility group (HMG) proteins are the most studied ones. Their name derives from the fact of 

their high mobility in acetic acid/urea gel electrophoresis (Goodwin and Johns 1977). These 

proteins have also been named “architectural transcription factors” because of their specific 

protein-protein and protein-DNA interactions (Bustin et al, 1996).  

HMGA proteins are a subfamily making part of the HMG family along with the HMGB and the 

HMGN subfamilies. 

HMGA proteins seem not to have any transcriptional activity per se (Du et al, 1993) but they are 

vital components of the higher-order transcription enhancer complexes formed when several 

transcription factors assemble on the DNA in a stereo-specific manner (Liu et al, 1999). 

HMGA overexpression is the hallmark of several malignant and bening tumors (Sgarra et al, 

2004; Fedele et al, 2001). Recently discovered interacting partners like nuclear factor NF-κB 

(Thanos and Maniatis, 1992) and the tumor suppressors p53 (Frasca et al, 2006; Pierantoni et al; 

2006) or pRB (Fedele et al, 2006) indicate the way in which HMGA proteins could influence 

gene expression in cancer. 

The present study has dealt with another recently discovered HMGA protein partner, 

nucleophosmin (NPM) and the possible implications of this interaction on the HMGA protein 

properties and functions. 

NPM (also known as numatrin, B23 or NO38) is another protein increased amounts of which are 

detected in  highly proliferating and malignant cells (Chan et al, 1989). NPM is a highly 

abundant and conserved phosphoprotein that is normally located in nucleoli, even though it can 

rapidly shuttle between the nucleus and cytoplasm (Borer et al, 1989). This property of shuttling 

between cellular compartments renders NPM an important player in various cellular processes 

like ribosome biogenesis, the response to stress stimuli (UV irradiation and hypoxia), the 

maintainance of  genomic stability, the participation in DNA-repair processes and the regulation 

of DNA transcription through modulation of chromatin condensation and decondensation events. 

This wide spectrum of activities is also given by the NPM’s biochemical features. It contains 

functional domains accounting for the various biochemical functions. As far as the NPM-HMGA 



 

protein interaction is concerned, it is the region spanning from aa 117 to aa 186 (Sgarra, 

unpublished data) that is involved. This region comprizes the acidic domains , the central region 

and one of the two bipartite nuclear localization signals of NPM. The interaction between 

HMGA2 protein and NPM has first been detected by GST-pull down experiments and the region 

of NPM involved in the HMGA2-NPM interaction has been mapped by using deletion mutants 

of the NPM protein. 

This interaction, detected for the first time in vitro was to be confirmed  in vivo. In order to do 

this the HEK 293 cell-line model was used, the lysates of which have been appropriately 

processed and subjected to immunoprecipitation (IP) experiments. The very first IP has been 

performed in somewhat “non-physiological” conditions as both proteins of interest (HMGA2 

and NPM) have been exogenously transfected (overexpressed).  The result of this experiment 

confirmed the interaction of both endogenous and transfected NPM with the HMGA2 protein. 

This finding rose the question if the interaction occurs too with the HMGA1a protein. Assays in 

vitro determining putative HMGA1a-NPM interaction have not been performed and it has been 

decided to test if HMGA1a transfected protein interacts with endogenous NPM. 

This experiment too, confirmed the interaction of endogenous NPM, this time with HMGA1a 

protein in vivo. 

At this point it was clear that the protein-protein interaction occurs but the functional 

significance of this interaction was the next, and most difficult question to approach. 

NPM has been proposed to play a crucial role in transcriptional regulation (Bertwistle et al, 

2004). It acts as transcriptional enhancer or suppressor: in DNA damage response it regulates the 

proliferating cellular nuclear antigen (PCNA) through the YY1 protein (Weng et al. 2005), 

regulates the transcriptional activation of E2F1 by modulating the promoter binding of NF-κB 

and pRB (Lin et al, 2006). 

Recent studies have shed light on the crucial role of NPM in the transcriptional regulation of the 

SOD2 gene. This gene encodes the manganese superoxide dismutase (MnSOD), a mitochondrial 

antioxidant enzyme neccesary for aerobic life. In addition to its role of an anti-oxidant enzyme, 

MnSOD is also a tumor suppressor (Oberley, 2005). 

Recent studies have revealed that SP-1 is necessary for constitutive expression of the gene and 

NF-κB is required as an enhancer for maximal stimulation (Dhar et al, 2006; 2004). Furthermore 

it was determined that NPM is required for both constitutive and maximum expression of this 

gene. Evidence has been provided (Xu et al, 2007) that NPM binds to a GC-rich single-stranded 

loop functioning as a positive regulator that mediates the interaction of enhancer and promoter. 



 

Given the fact that NPM interacts with both HMGA1a and HMGA2 it has been decided to 

investigate if the interaction NPM-HMGA1a is significant in the context of the SOD2 gene 

transcription. The HepG2 cell line model which expresses a relatively high amount of HMGA1a 

was used. 

HMGA1a expression was “silenced” by means of siRNA HMGA1a. Given the fact the NPM 

plays an essential role in the transcription of this gene and the interction of NPM with HMGA1a, 

the objective was to determine if the reduced expression of the HMGA1a gene would have any 

impact on the SOD2 gene expression. As a control, non- specific siRNA was used. 

Whole cell lysates were used in order to test the efficiency of the siRNA treatment. Lysates were 

separated on SDS minigel and western blotting analysis was performed which showed a 4-5 fold 

reduction of the HMGA1a protein with respect to the siRNA control and the untreated cell 

lysate. 

Once the efficient HMGA1a gene silencing was confirmed, the following step was to determine 

if this has had any effect on the expression of the Sod2 gene. 

Three samples of each gene were treated by RT-PCR. All samples were separated on gel which 

was then appropriately processed and exposed. As expected, the HMGA1a expression was 

reduced by 63%, whereas the SOD2 gene was reduced by 14% only. 

It is arguable that if the HMGA1a is one of the players in the SOD2 gene regulation, once its 

presence in the cell is diminished it could be substituted by the HMGA2 protein which in this 

case has not been silenced. Moreover, the immunoprecipitation experiments have clearly 

demonstrated an interaction of both HMGA1a and HMGA2 with endogenous NPM. Thus it is 

very plausible that if the influence of HMGA1a on the SOD2 gene transcription is exercised 

through its interaction with NPM, HMGA2 can take over and replace HMGA1a in “case of 

emergency”. 

One other thing that needs to be pointed out is the fact that a slight reduction in gene expression 

level does not necessarily mean a slight reduction on a protein level. As a matter of fact, in a 

recent study involving the NPM role in the transcriptional activity of the androgen receptor in 

prostate cancer cell, siRNA NPM reduces the  androgen-induced prostate-specific antigen (PSA) 

mRNA by 30% while on protein level this reduction is 50% (Léotoing et al, 2007). 

Up to this point, the present study was focused on the HMGA impact on NPM activity and 

function. The other part of the study was concentrated on the reverse aspect of the NPM-HMGA 

protein interaction: the influence of NPM on HMGA protein activity. 

In order to answer this question, a set of Electrophoretic Mobility Shift (EMSA) assays were 

performed. The first EMSA was done by using the E3 radiolabeled probe. E3 is a part of the 



 

insulin receptor containing an HMGA1a binding site (Brunetti et al, 2001), which was also 

confirmed in our laboratory to be a binding site for HMGA2 too. 

In this study, as a first approach, increasing quantities of GST-NPM protein were used along 

with HMGA2 protein and the radiolabeled E3 probe. This first assay has demonstrated that NPM 

increases the HMGA2 DNA-binding affinity in a dose-dependent manner. On the other hand, 

NPM alone did not cause any band retardation, meaning that this protein did not form a protein-

DNA complex with the DNA probe. This evidence can also be explained by the fact that 

competitive analyses performed in other studies have shown that single stranded DNA competes 

with RNA for NPM binding whereas double-stranded DNA does not (Dumbar et al, 1989). Thus 

given the fact that the E3 probe used in this experiment is double-stranded it is comprehensible 

that a complex with NPM did not form. 

In order to confirm that the stronger autoradiographic signal given by NPM-HMGA2-DNA 

complex was not an artefact accounted for by the high protein concentration in the reaction mix, 

another EMSA assay was performed with additional controls. 

GST and BSA proteins were introduced in quantities 5 fold that of the NPM protein. 

Furthermore, HMGA2 protein alone with the E3 probe was introduced 2, 4, 8 and 16 fold more 

than in the other reaction mixtures. 

The previous result was confirmed by the fact that the NPM-HMGA2-DNA complex gave a 

much stronger signal than that of the negative controls. As a matter of fact, the signal given by 

the NPM-HMGA2-DNA complex was comparable to that given by HMGA2-DNA with the 

concentration of HMGA2 being twice as much the quantity used for the former. It can be argued 

that the presence of NPM increases the DNA affinity of HMGA2 by at least two fold. 

An additional EMSA was performed, this time using a different radiolabeled probe: the HCRII 

probe. HCRII is a part of the HOX9 gene and it has been proven to interact with HMGA proteins 

(Arlotta et al, 1997). The scheme of the experiment was identical to the previous one and the 

question was whether the same result would be obtained when another probe is used. Indeed it 

was observed, here too, that the presence of NPM enhanced the HMGA2 protein DNA-binding 

affinity. Again, the autoradiography signal given by the NPM-HMGA2-DNA complex mobility 

shift was similar to the one given by HMGA2-DNA, where the quantity of HMGA2 is doubled. 

Thus, it can be said that this observation was not restricted to only one specific sequence of 

DNA but it is a more general phenomenon, i.e NPM enhances the HMGA2 protein affinity for 

DNA, in general.  

 



 

 

CONCLUSIONS AND FUTURE PERSPECTIVES 

 

 
The HMGA proteins have been proved to be involved in numerous protein-protein interactions, 

most of which have been well characterized. A novel protein-protein interaction involving the 

HMGA2 protein and nucleophosmin has been observed in our laboratory recently (Sgarra et al, 

2005). This study has been concentrated on the confirmation in vivo and the characterization of 

this interaction. 

The immunoprecipitation experiments done using the HEK293 cell line have confirmed not only 

the interaction HMGA2-NPM (both endogenous and transfected NPM) in vivo but also 

HMGA1a-NPM (endogenous NPM). Once this interaction was confirmed in vivo an attempt has 

been made to investigate its functional meaning. Since previous studies have described the 

important role of NPM in the regulation of the SOD2 gene in HepG2 cells, this cellular model 

was chosen for the next series of experiments.  

Namely, the investigation consisted in silencing the HMGA1a gene and testing its consequences  

at the level of the SOD2 gene. The efficiency of the silencing was seen through a western blot 

analysis which demonstrated a reduction of the HMGA1a protein of about 5-fold respect to the 

controls. The silencing of the HMGA1a gene expression was proven to be efficient in the 

subsequent RT-PCR experiment , i.e 63% with respect to the control. On the SOD2 gene level 

there was a slight reduction, namely 14%. As already mentioned in the Discussion section, this 

effect might have been larger if it hadn’t been for the presence of the HMGA2 proteins (highly 

expressed in HepG2 cells) that might have taken over the role of HMGA1a in the interaction 

with NPM and the subsequent regulation of the SOD2 gene. 

However in the future, an additional, positive control to this experiment is planned: silencing of 

the NPM gene expression. It might also be convenient co-silencing the expression of both 

HMGA1a and HMGA2 genes, although there can occur a problem in the feasibility since siRNA 

for HMGA genes causes a great deal of cells to undergo apoptosis. 

It should also be tested if the effect of the HMGA1a gene silencing has a larger effect on the 

SOD2 protein product, the MnSOD antioxidant enzyme. 

Another necessary step to undertake is a luciferase assay and see the effect of this interaction on 

the promoter level. 

The NPM-HMGA protein interaction was also investigated, this time testing the effect of NPM 

on the HMGA2 protein functions, more in particular, the DNA binding properties. For this 

purpose, a series of EMSA assays was performed. The first EMSA tested the binding of 



 

HMGA2 protein on the E3 DNA probe (E3 being a part of the insulin receptor, an already 

known binding site for the HMGA proteins) in the presence of increasing quantities of GST-

fused NPM protein. What is more, the binding of NPM by itself to this probe was also tested. In 

the first case, an increased DNA binding affinity was noticed in an NPM dose-dependent 

manner. As far as the NPM binding of the probe, non of it was observed, confirming the already 

known preference of NPM in binding RNA and single-stranded DNA rather than double strand 

DNA. 

This experiment was repeated with additional controls in order to confirm the specificity of the 

NPM-HMGA2 interaction and the subsequent DNA-binding affinity of the latter. The result of 

this experiment confirmed the previous result. 

Another confirmation of this aspect was obtained from the EMSA experiment done with the 

HCRII probe. 

Thus NPM could well be a coadjuvant of the HMGA binding to DNA sequences of gene 

promoters and could in this way influence the HMGA protein modulation of certain target genes 

of the latter. For instance, the effect of the NPM-HMGA protein interaction could be 

investigated in the case of the insulin-receptor gene. 
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