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ABSTRACT

The high mobility group A (HMGA) non-histone chromosomal proteins
constitute a subgroup of HMG accessory factors that play key roles in
chromatin architecture and orchestrate the assembly of nucleoprotein
complexes involved in gene transcription, replication, and chromatin structure
through a complex network of protein-DNA and protein-protein interactions.
HMGA overexpression and gene rearrangements are frequent events in human
cancer, but the molecular basis of HMGA oncogenic activity remains partially
unclear. Recently, we have defined a new physical and functional interaction
between HMGA1 and p53. This interaction modulates the transcription of p53
target genes such as Mdm?2, p21"*" | Bax, and inhibits p53-mediated apoptosis.
Moreover, we have described a new mechanism through which HMGA1
inhibits p53-mediated apoptosis by counteracting the p53 proapoptotic
activator homeodomain-interacting protein kinase 2 (HIPK2), which binds to
and activates p53 by phosphorylating it at Ser46. We found that HMGAI
overexpression promoted HIPK2 relocalization from the nucleus to the
cytoplasm, with consequent inhibition of p53 apoptotic function. During my
doctorate course, I looked for other target genes that could be regulated by the
HMGA1-p53 complex. So, I focused my attention on the apoptosis inhibitor
gene Bcl-2, because this gene belongs to Bax family, is regulated by p53, and
its promoter has several possible target regions for the HMGAI1 proteins
binding. I demonstrated that HMGA 1 binds Bcl-2 promoter in vitro and in vivo,
and that this binding exerts regulatory effects on Bc/-2 transcription. In fact,
HMGALI is able to abolish the repression promoted by p53 on Bcl-2
expression. This effect, as for the Bax promoter regulation, is due to HIPK2
delocalization, from the nucleus to the cytoplasm. Therefore, also Bcl-2 is a
gene regulated by HMGA1-p53-HIPK2 complex. Subsequently, my studies
were focalized in finding other possible components of this multiprotein
complex. Using the neuronal cell line ND7, I found that the transcription factor
Brn-3a belongs to this complex. Brn-3a is one of the most important activators
of Bcl-2 transcription but, when p53 is overexpressed, it acts as a corepressor
for this gene. Moreover, the binding of Brn-3a to its consensus sequences is
positively regulated by HIPK2. I demonstrated that HMGA1 overexpression, in
this cellular context, promotes not only HIPK2 delocalization from nucleus to
the cytoplasm, but also the reduction of Brn-3a binding to the Bc/-2 promoter,
removing Brn-3a from its role of corepressor following p53 overexpression.
These data support the causal role suggested for the HMGAI proteins in the
neoplastic transformation and provide another mechanism of inactivation of
p53 apoptotic function.



1. BACKGROUND

1.1 HMGA protein family

Chromatin is an organized structure which undergoes dynamic changes, both in
composition and conformation, during DNA replication and transcription. Such
dynamic chromatin structural changes are mediated by high-order
nucleoprotein complexes in which a variety of proteins are involved other than
histones. The heterogeneous high mobility group (HMG) protein family is one
class of these proteins, and has the common feature of being smaller than 30
kDa and rich in both acidic and basic amino acids. However, unlike histones,
HMGA proteins are not constitutive components of chromatin. In mammals,
the HMG proteins have been classified into three distinct families: the HMGB
(formerly HMG-1/-2) family, the HMGN (formerly HMG-14/-17) family, and
the HMGA (formerly HMG-I/Y/C) family. Each HMG family has a
characteristic functional sequence motif: the "HMG-box", the "nucleosomal
binding domain" and the "AT-hook" are respectively the motifs of the HMGB,
HMGN and HMGA families.

HMGA proteins are involved in many biological processes such as cell
growth, differentiation and cancer, and our laboratory has been studying this
class of proteins for several years.

At the present time, the mammalian HMGA gene family consists of two
functional members, HMGA1 (HMGI/Y) and HMGA2 (HMGI-C). HMGA1 is
located at chromosomal locus 6p21 in humans (Friedmann et al. 1993),
whereas HMGA? is located at chromosomal locus 12q14-15 in humans (Chau
et al. 1995). In addition, there are also numerous inactive pseudogenes in both
mice and humans. Alternative splicing of transcripts from HMGAI gene gives
rise to three protein products: HMGAla (formerly HMG-I), HMGAI1b
(formerly HMG-Y) (Johnson et al. 1989; Friedmann ef al. 1993) and HMGA1c
(formerly HMG-I/R) (Nagpal et al. 1999). The HMGAla and HMGAI1b
proteins are identical in sequence except for an internal deletion of 11 amino
acids in the latter, and are also the most abundant of these splice variants in
mammalian cells (Figure 1.1).



The human HMGAT gene
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Figure 1.1. Schematic representation of HMGA1a and HMGA1b proteins. Each protein contains three

basic domain, named AT hook (green box), with which they bind DNA, and an acidic carboxy-terminal
region (red box).

Recently, a new HMGAI1 isoform, HMGAIlc, has been isolated, and
consists of a 67 nucleotides deletion at RNA level in comparison to the
HMGAT1 sequence. This deletion results in a frameshift so that the two proteins
are identical in their first 65 amino acids and differ thereafter. HMGAIc
encodes a protein of 172 amino acids with molecular weight of 26-27 kDa
(Nagpal ef al. 1999). Little is known about this isoform, however, it appears to
be the only HMGAI transcript present in normal human and mouse testis
(Chieffi ef al. 2002). In normal cells, transcripts from the HMGA2 gene code
primarily for the full-length HMGAZ2 protein but alternatively spliced mRNAs

from this gene have also recently been detected in leiomyoma tumors (Hauke
et al. 2001; Kurose et al. 2001) (Figure 1.2).
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Figure 1.2. Schematic representation of HMGA2 protein. HMGA2 protein contains three basic domain,
named AT hook (green box), with which they bind DNA, and an acidic carboxy-terminal region (red box).
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1.2 Biochemical and structural characteristics of HMGA proteins

Mammalian HMGA proteins share a number of common, but distinctive,
characteristics that collectively distinguish them from all other HMG
(Goodwin ef al. 1973) and known eukaryotic proteins. Originally the HMGA
proteins were characterized by their small sizes (10.6—12 kDa), their solubility
in dilute (5%) acids, their unusually high concentration of basic, acidic and
proline amino acid residues, their highly phosphorylated state in vivo and their
rapid mobility during electrophoresis (Lund et al. 1983). Subsequently, HMGA
proteins were shown to bind to the minor groove of short stretches of AT-rich
DNA (Reeves et al. 1987). Given these DNA-binding properties, it was
somewhat surprising when biophysical techniques such as circular dichroism
(CD) (Lehn ef al. 1988) and nuclear magnetic resonance (NMR) spectroscopy,
indicated that the HMGA proteins, as free molecules, had very little, if any,
secondary structure. Nevertheless, when specifically bound to other molecules,
such as DNA or protein substrates, the HMGA proteins assume induced
structural features. For example, the DNA-binding regions of the HMGA
proteins assume a planar, crescent-shaped configuration called the ‘AT-hook’
when specifically bound to the minor groove of short stretches of AT-rich
DNA (Reeves and Nissen, 1990; Huth et al. 1997). Each HMGA protein has
three similar, but independent, AT-hook peptides with the consensus sequence
of Pro-Arg-Gly-Arg-Pro (with R-G-R-P being invariant) flanked on either side
by a number of positively charged lysine/arginine residues. The core of the
AT-hook peptide motif is highly conserved in evolution from bacteria to
humans and is found in one or more copies in a large number of other, non-
HMGA, proteins (Aravind and Landsman 1998), many of which are
transcription factors or components of chromatin remodeling complexes. The
HMGA proteins recognize DNA structure, rather than nucleotide sequence
and, as a consequence, are able to preferentially bind to substrates with
distorted or unusual features. These include bent and supercoiled DNAs
(Nissen and Reeves 1995; Bustin and Reeves 1996), synthetic fourway
junctions (Hill ef al. 1999), base-unpaired regions of AT-rich DNA (Liu et al.
1999) and restricted regions of DNA on the surface of nucleosome core
particles (Reeves and Nissen 1993; Reeves and Wolffe 1996). Furthermore,
HMGA binding can induce structural changes in bound DNA substrates.
Depending on the sequence, the organization, the topology or the length of the
substrate itself, HMG binding can bend, straighten, unwind and induce looping
in linear DNA molecules.

Interestingly, HMGA proteins also participate in protein—protein
interactions and induce structural changes in the bound protein substrates. In
their role as architectural transcription factors, the HMGA proteins specifically
interact with a large number of other proteins, many of which are gene
regulatory factors.
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1.3 In vivo modifications of HMGA proteins

In addition to their other distinguishing characteristics, the HMGA proteins are
among the most extensively modified proteins found in the mammalian
nucleus. A variety of techniques have been employed to demonstrate that the
HMGA proteins are subject to in vivo post-translational phosphorylation,
acetylation, methylation and poly-ADP-ribosylation (reviewed in Reeves and
Beckerbauer 2001). These secondary biochemical modifications (summarized
in Figure 1.3) are dynamic, rapidly responding to both intra- and extracellular
signaling events, and influence both the substrate-binding properties of the
HMGA proteins and their biological activities. Earlier work by Reeves and
coworkers showed that cdc2 could induce the phosphorylation of HMGAI
proteins and the phosphorylation resulted in decrease in binding of the protein
toward DNA (Nissen et al.1991; Reeves et al.1991; Zhang and Wang 2007).
Moreover, it has been shown that Homeodomain-interacting protein kinase 2
(HIPK2) could induce the phosphorylation of the same sites phosphorylated by
cdc2, though these two kinases exhibit different site preferences, suggesting
that phosphorylation of HMGA1 may be highly regulated, which in turn may
control the expression of its target genes (Zhang and Wang 2007). It was also
found that the HIPK2- and cdc2-phosphorylated HMGA 1a showed much lower
binding affinity toward DNA than the unphosphorylated counterpart, which is
consistent with the fact that the major phosphorylation sites, i.e., Thr-52 and
Thr-77, reside close to the second and third AT-hooks of HMGAIla,
respectively (Zhang and Wang 2007). A number of studies have demonstrated
that HMGA proteins are also the in vivo downstream targets for a number of
signal transduction pathways that lead to phosphorylation of specific amino
acid residues as a result of exposure to extracellular environmental stimuli.
Two particularly well studied examples of the intimate connection between
signaling events emanating from the cell surface and the state of
phosphorylation of HMGA proteins in the nucleus are modifications resulting
from the activation of casein kinase 2 (CK2) and protein kinase C (PKC)
(Boothby et al. 1997; Wang et al. 1995, 1997; Banks et al. 2000; Xiao et al.
2000).

As illustrated in Figure 1.3, more recent MALDI/TOF mass spectrometry
analyses of in vivo modified HMGA1 proteins in human mammary epithelial
cells have demonstrated that, in addition to phosphorylation (Ferranti et al.
1992), the HMGA proteins exhibit several other types of secondary
modifications including internal acetylation, methylation and possibly poly-
ADP ribosylation (Banks ef al. 2000). Nevertheless, the MALDI/MS results
are consistent with earlier metabolic labeling studies (Elton and Reeves 1986)
and other types of in vifro analyses (Munshi et al. 1998). Most importantly,
however, these latest studies have also demonstrated that the complex patterns
of in vivo modifications significantly reduce the affinity of binding of the
HMGA proteins to both DNA and nucleosome substrates (Reeves ef al. 1991;
Banks et al. 2000). Although not yet conclusively demonstrated, these dynamic
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and reversible secondary modifications are most likely regulatory in nature and
control the biological activity of these proteins in vivo (Reeves 1992; Siino et
al. 1995; Munshi et al. 1998).
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Figure 1.3. HMGA1 post-translational modification. Known post-translational modifications of human
HMGA1a and HMGA1b proteins, with the modified residues highlighted in bold. The phosphorylation,
methylation and acetylation are denoted by shaded circle, open oval and rectangle, respectively. The first
methionine is removed post-translationally and not included in the sequence.

1.4 HMGA proteins, chromatin, and gene regulation

Chromatin structure plays a dominant role in the regulation of gene
transcription in eukaryotic cells. In most instances, chromatin exerts a
repressive effect on gene transcription if either nucleosomes or other inhibitory
chromatin proteins (as histone H1) are associated with critical regulatory
regions of gene promoters or enhancers. Elaborate mechanisms, such as ATP-
dependent chromatin remodeling machines and precisely controlled
biochemical modifications of histones and other regulatory protein complexes,
have evolved to alter or modulate such repressive chromatin structures and
allow for active gene transcription (Fry and Peterson 2001). Several different
proposals have been advanced to explain how the HMGA proteins might
participate in the regulation of gene transcription by influencing chromatin
structure. These suggestions generally fall into two distinct categories: one
category of models suggests that the HMGA proteins act to influence the
structure of large regions or domains of chromatin, whereas a second type
envisions a much more restricted or localized effect on chromatin and
nucleosome structure. It should be stressed that these are not necessarily
mutually exclusive models.

There are now reports of over 50 different eukaryotic and viral genes whose
transcriptional expression is regulated by HMGA proteins in vivo (see Table
1.1; Reeves and Beckerbauer 2001; Martinez Hoyos ef al. 2004) including
those recently identified. The vast majority of these (>35) are positively
regulated and their inducible expression is controlled by a variety of biological
and environmental stimuli. The promoter regions of many of the positively
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regulated genes contain multiple, yet individualistically arranged, stretches of
AT-rich sequence that have been proposed to represent a gene-specific ‘bar
code’ that is ‘read’ by the AT-hooks of the HMGA proteins during the process
of transcriptional activation (Reeves and Beckerbauer 2001). Transcriptional
activation of these types of promoters often involves the formation of an
“enhanceosome”, a stereo-specific, multi-protein complex that includes
HMGA proteins and other transcription factors making specific protein—-DNA
and protein—protein contacts in intricate, but precise ways (reviewed in Merika
and Thanos 2001; Chau et al. 2005). The mechanistic details of enhanceosome
formation have been most extensively studied for the virus inducible B-
interferon enhancer where the DNA—protein complex formed on the gene’s
promoter serves as a stereo-specific platform involved in recruiting RNA
polymerase II and other co-factors necessary for transcription initiation (Kim
and Maniatis, 1997; Merika et al. 1998; Munshi et al. 1998; Yie et al. 1999;
Agalioti et al. 2000). In the cases where HMGA proteins act as negative
regulators of gene transcription, they often serve as inhibitors of enhanceosome
formation, usually by sterically blocking the functional binding of other crucial
transcription factors to their recognition sites in gene promoters (Klein-
Hessling et al. 1996; Arlotta ef al. 1997; Zentner et al. 2001).

Table 1.1 Genes regulated by HMGA proteins

POSITIVE REGULATION

Vascular endothelial tissue related
E-selectin (Lewis et al. 1994)
IGFBP-1 (Allander et al. 1997)
COX-2 (Ji et al. 1998)

SM22a (Chin et al. 1998)

INOS (Perrella et al. 1999)

CD44 (Foster et al. 2000)

Immune system related

IL-2 (Reeves et al. 1987)

TNF-B (Fashena et al. 1992)

INF-B (Thanos et al. 1992)

IL-2Ra (John et al. 1995)

HLA-II (Abdulkadir et al. 1995)
MSGA/GROa (Wood et al. 1995)
GM-CSF (Himes et al. 1996)

IgG heavy chain (Sobasjima et al. 1997)
c-fos (Chin et al. 1998)

CXCL1 (Nirodi et al. 2001)

Viral genes

JV virus early and late genes (Leger et al. 1995)
HSV-1 IE3 (French et al. 1996)

HIV-1 LTR (Farnet et al. 1997)
HSV-1 EBNA1 (Sears et al. 2003)
BV EBNAT1 (Sears et al. 2003)

Cell cycle related

Cyclin A (Tessari et al. 2003)
Cyclin E (Fedele et al. 2006)
CDC2 (Fedele et al. 2006)
CDC6 (Fedele et al. 2006)
CDC25A (Fedele et al. 2006)
Others

Tyrosinase (Sato et al. 1994)
PKCy (Xiao et al. 1996)
Rhodopsin (Chau et al. 2000)
Neurogranin IRC3 (Xiao et al. 2000)
Leptin (Melillo et al. 2001)
Mdm2 (Pierantoni et al. 2006)

NEGATIVE REGULATION

GP 91-phox (Skalnik et al. 1992)
IL-4 (Chuvpilo et al. 1993)

IgE (Kim et al. 1995)

TCRo (Bagga et al. 1997)
B-globin (Chase et al. 1999)
o-EnaC (Zentner et al. 2001)
BRCAT1 (Baldassarre et al. 2003)
RAG2 (Battista et al. 2005)

Bax (Pierantoni et al. 2006)

p21 (Pierantoni et al. 2006)
Hand1 (Martinez Hoyos et al. 2008)
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1.5 HMGA proteins have many partners

In addition to their unique DNA-binding characteristics, another principal
reason why the HMGA proteins are able to participate in the in vivo regulation
of so many different genes is because of their ability to physically interact with
a large number of other proteins, most of which are transcription factors. As
listed in Table 1.2, at least 21 different transcription factors have so far been
reported to specifically associate with HMGA proteins as determined by co-
immunoprecipitation assays, yeast two-hybrid screening methods, protein “pull
down” procedures and other techniques. Regardless of their extent of physical
association with other proteins, however, two points are notable. First, the sites
of interaction include part, or all, of one or more AT-hook peptide motifs plus
some flanking regions. Second, these sites include amino acid residues that are
known to be extensively modified in vivo by either phosphorylation,
acetylation or methylation. As noted earlier, secondary modifications are
known to significantly alter the interaction of the HMGA proteins with DNA
and chromatin substrates. Labile biochemical modifications are, therefore,
likely to modulate other specific HMGA-protein interactions in vivo and
influence, for example, enhanceosome formation and gene transcriptional
activity and/or a wide variety of other biological processes.

Table 1.2 Transcription factors that physically interact with HMGA proteins

NF-kB p50 homodimer (Lewis et al. 1994) IRF-1 (Schaefer et al. 1997)
NF-kB p65 homodimer (Lewis et al. 1994) NF-Y (Louis et al. 1997)
NF-kB p50/p65 heterodimer (Lewis et al. 1994) Oct-1 (Abdulkadir et al. 1998)
AP-1 (Ogram et al. 1995) Oct-2A (Abdulkadir et al. 1998)
ATF-2/c-jun heterodimer (Falvo et al. 1995) SRF (Chin et al. 1998)

PU.1 (Nagulapalli et al. 1995) RNF4 (Fedele et al. 2000)
Tst-1/Oct-6 (Leger et al. 1995) PATZ (Fedele et al. 2000)
c-jun (Falvo et al. 1995) PIAS3 (Zentner et al. 2001)
C/EBPB (Nagulapalli et al. 1995) p53 (Pierantoni et al. 2006)
Elf-1 (John et al. 1995) Rb (Fedele et al. 2006)

NF-AT (Klein et al. 1996)

1.6 Role of HMGA proteins in cell proliferation and cancer

HMGA gene expression is maximal during embryonic development
(Chiappetta et al. 1996) and has long been thought to be involved in the control
of cell growth and differentiation (Bustin and Reeves 1996). Considerable
support for this comes both from experiments demonstrating that
microinjection of HMGA proteins induces premature gene transcription in
early mouse embryos (Beaujean ef al. 2000) and from our findings that HMGA
proteins are critical players in controlling the growth and differentiation of pre-
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adipocytes 3T3-L1 cells (Melillo et al. 2001). The expression of HMGA
proteins drops off markedly in most tissues following birth and is low, or
undetectable, in fully differentiated or non-dividing adult cells (Lundberg ef al.
1989; Bustin and Reeves 1996). Nevertheless, HMGA genes and their proteins
are rapidly induced in quiescent normal cells following exposure to factors that
stimulate metabolic activation and growth providing additional evidence that
these proteins are involved in the regulation of normal cell proliferation
(Friedmann ef al. 1993; Johnson ef al. 1990; Ogram and Reeves 1995; Holth e?
al. 1997). The high expression of HMGA proteins during embryogenesis
suggests that they have important roles in development.

Also the phenotypic characterization of knockout mice for each of the HMGA
genes confirms crucial roles for these proteins in different aspects of
development. In fact, cardiac hypertrophy and type 2 diabetes were observed in
hmgal-null and heterozygous mice (Foti et al. 2005; Fedele et al. 2006)
suggesting that quantitatively appropriate expression of the HMGAT1 proteins
are required for cardiomyocytic cell growth and function of the insulin
pathway. Instead, Amga2-null and heterozygous mice showed a pygmy
phenotype with a decreased body size of 20% in heterozygous and 60% in
homozygous mice, as well as a drastic reduction of the fat tissue (Zhou et al.
1995), suggesting an important role of the Hmga2 gene in the control of body
growth and adipocyte proliferation and differentiation. Therefore, although
HMGA1 and HMGA?2 may have overlapping functions, they seem to have
different roles in development.

Overexpression of HMGA proteins is quite toxic to both bacterial (Reeves
and Nissen 1999) and normal mammalian cells (Fedele et al. 2001). Our group
demonstrated that forced overexpression of the HMGAT1b protein in a line of
normal rat thyroid epithelial cells induces apoptosis as a result of deregulating
the S phase of the cell cycle and delaying entry of cells into the G2/M phase
(Fedele et al. 2001). Regardless of the specific mechanisms involved, the
biochemistry, physiology and phenotype of the cells that survive such HMGA-
induced apoptotic events are radically altered. This is evident in neoplastically
transformed cells that have survived apoptosis and become immortalized: the
constitutive levels of HMGA proteins are often quite high, with increasing
concentrations being correlated with increasing degrees of malignancy and
metastatic potential (reviewed in Tallini and Dal Cin 1999). This correlation is
so widespread and consistent that it has been suggested that elevated levels of
HMGA proteins are diagnostic markers of both neoplastic transformation
(Giancotti et al. 1989, 1991; Liu et al. 2001) and increased metastatic potential
of a large number of different types of cancers. These include cancers of breast,
prostate, colon, cervix, lung and thyroid (see Table 1.3). In all of these
epithelial/endothelial cell derived malignant tumors, the overexpressed proteins
are full-length non-mutant forms of the HMGA proteins. Our findings
demonstrated that HMGA proteins have a causal role in the neoplastic
transformation of normal thyroid epithelial cells since the antisense-mediated
inhibition of HMGA protein synthesis suppresses their malignant phenotype
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(Berlingieri et al. 1995; Berlingieri et al. 2002), induces apoptotic death in
thyroid carcinoma cells but not in normal thyroid cells (Scala et al. 2000), and
inhibits proliferation of some breast carcinoma cell lines (Reeves ef al. 2001).
In contrast to carcinomas, benign tumors of mesenchymal origin (lipomas,
endometrial polyps, etc.) often contain chromosomal rearrangements that result
in the creation of fusion genes coding for chimeric proteins in which the AT-
hooks of the HMGA proteins are fused to ectopic peptides sequences (Hess
1998). The roles, if any, played by these AT-hook-containing chimeric fusion
proteins in the etiology of benign tumors is still uncertain (Hess 1998; Tallini
and Dal Cin 1999).

Table 1.3 Cancers associated with aberrant expression of HMGA proteins

Overexpression of full-length proteins

Lewis lung carcinoma (Giancotti et al. 1989)
Prostrate (Tamimi et al. 1993)

Thyroid neoplasias (Chiappetta et al. 1995)
Colorectal (Fedele et al.1996)

Squamous carcinoma of uterine cervix (Bandiera et al. 1998)
Non-small cell lung carcinoma (Rogalla et al. 1998)
Neuroblastomas (Giannini et al. 1999)

Burkitt's lymphoma (Wood et al. 2000)

Lipomas (Fedele et al. 2001)

Pancreatic duct cell carcinoma (Abe et al. 2002)
Breast (Baldassarre et al. 2003)

Lymphoblastic leukemia (Pierantoni et al. 2003)
Ovarian carcinoma (Masciullo et al. 2003)
Testicular germ cell tumours (Esposito et al. 2008)

Chromosomal translocations/AT hook rearrangements

Myeloid leukemias (Elton et al. 1986)

Thyroid neoplasias (Chiappetta et al. 1995)

Pulmonary chondroid hamartomas (Kazmierczak et al. 1996)
Uterine leiomyomas (Hennig et al. 1996)

Endometrial polyps (Hennig et al. 1996)

Breast hamartoma (Dal Cin et al. 1997)

Lipomas (Fedele et al. 2001)

Several mechanisms have been proposed to account for the transforming ability
of the HMGA proteins. Because of their main function of regulating gene
transcription, most of these mechanisms are based on the ability of the HMGA
proteins to downregulate or upregulate the expression of genes that have a
crucial role in the control of cell proliferation and invasion.

Recently, it has been reported that HMGA?2 induces pituitary adenomas in
Hmga2-transgenic mice by binding to pRB and enhancing E2F1 activity
(Fedele ef al. 2006). In fact, HMGAZ2 is able to displace histone deacetylase 1
from the pRB-E2F1 complex, resulting in enhanced acetylation of both E2F1
and DNA-associated histones, thereby promoting E2F1 activation. The crucial
role of HMGAZ2-mediated E2F1 activation for pituitary
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tumorigenesis was confirmed by crossing Hmga2-overexpressing mice with
E2f1 knock-out mice, which suppressed tumorigenesis (Fedele et al. 2006). It
is reasonable to argue that increased E2F1 activity might also have an
important role in other neoplasias, or aberrant cell-proliferation conditions,
where HMGA?2 is overexpressed. The pygmy phenotype of the HmgaZ2-null
mice (Zhou et al. 1995) may result from decreased E2F1 activity that would
eventually lead to decreased embryonic cell proliferation.

Another mechanism by which the HMGA proteins might have a role in
cancer progression is through their interaction with p53. It has been found that
HMGAT1 binds p53 protein in vitro and in vivo, and interferes with the p53-
mediated transcription of p53 effectors Bcl2-associated X protein (Bax) and
cyclin-dependent kinase inhibitor 1A (pZIW"lﬂ/Cip ", as well as cooperating with
p53 to activate transcription of the p53 inhibitor MDM2. This results in a
reduction in p53-dependent apoptosis in cells expressing exogenous HMGA1
and p53 (Frasca et al. 2006; Pierantoni et al. 2006). Moreover, HMGAI can
also interfere with the apoptotic function of p53 by another mechanism that
increases the interaction with the proapoptotic p53 activator homeodomain-
interacting protein kinase 2 (HIPK2) (Pierantoni et al. 2007). HMGAI1
overexpression promotes endogenous HIPK?2 relocalization in the cytoplasm
and inhibition of p53 apoptotic function, whereas HIPK2 overexpression re-
establishes HIPK2 nuclear localization and sensitivity to apoptosis (Pierantoni
et al. 2007) (Figure 1.4). Consistent with this process, strong correlations
among HMGA1 overexpression, HIPK2 cytoplasmic localization and a low
spontaneous apoptosis index (comparable to that observed in tumours with
mutated p53) were observed in human breast carcinomas expressing wild-type
p53 (Pierantoni et al. 2007). Therefore, HMGAI1 inhibits p53-dependent
apoptosis by modulating both transcription of p53 target genes and cytoplasmic
relocalization of HIPK2.

Cytoplasm Cytoplasm
=t pg A —— T )
.,fNucleus R HrP@ ‘fNucIeus g @DN@
& S HMGA] gt
/;7 = — /] —3¢» Apoptosis
l-f réf—IPKl —— (p53) — Apoptosis U

—

J L

Cell-cycle arrest

Figure 1.4. Schematic representation of p53 inhibition by high mobility group A (HMGA)1. In
response to DNA damage, p53 induces either cell-cycle arrest or apoptosis. p53 phosphorylation at S46 by
homeodomain-interacting protein kinase 2 (HIPK2) is one determinant of the outcome because it occurs
only after severe, nonrepairable DNA damage that irreversibly drives cells to apoptosis. HMGA1
overexpression inhibits the p53 apoptotic function by two main mechanisms: it promotes HIPK2
relocalization in the cytoplasm, and it directly binds to p53 and interferes with the p53-mediated transcription
of apoptotic and cell-cycle arrest effectors, while it cooperates with p53 in the transcriptional activation of the
p53 inhibitor MDM2.
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1.7 The tumor suppressor p53

Human p53 is a nuclear phosphoprotein of MW 53 kDa, encoded by a 20-Kb
gene containing 11 exons and 10 introns (Lamb and Crawford 1986) which is
located on the small arm of chromosome 17 (Isobe et al. 1986). This gene
belongs to a highly conserved gene family containing at least two other
members, p63 and p73. Wild-type p53 protein contains 393 amino acids and is
composed of several structural and functional domains (Figurel.5): a N-
terminus containing an amino-terminal domain (residues 1-42) and a proline-
rich region with multiple copies of the PXXP sequence (residues 61-94, where
X is any amino acid), a central core domain (residues 102-292), and a C-
terminal region (residues 301-393) containing an oligomerization domain
(residues 324-355), a strongly basic carboxyl-terminal regulatory domain
(residues 363-393), a nuclear localization signal sequence and 3 nuclear export
signal sequence (Vousden and Lu 2002).

‘ Mutation hot spots ‘

R175 G245 R248 Re48 R273, R2s2

+ >

N-terminus Central core C-terminus
142 [ [T61-04 102-292 [ 1324355 | | 363-393
NLS NES
transactivation  proline-rich tetramerization  regulatory

DNA-binding domain

domain region domain domain

Figure 1.5. Schematic representation of the p53 structure. p53 contains 393 amino acids, consisting of
three functional domains, i.e. an Nterminal activation domain, DNA binding domain and C-terminal
tetramerization domain. The N-terminal domain includes transactivation subdomain and a PXXP region that
is a proline-rich fragment. The central DNA binding domain is required for sequence-specific DNA binding
and amino acid residues within this domain are frequently mutated in human cancer cells and tumor tissues.
The Arg175, Gly245, Arg248, Arg249, Arg273, and Arg282 are reported to be mutation hot spots in various
human cancers. The C-terminal region is considered to perform a regulatory function. Residues on this
basic C-terminal domain undergo posttranslational modifications including phosphorylation and acetylation.
Numbers indicate residue number. NLS, nuclear localization signal sequence; NES, nuclear export signal
sequence.

The amino-terminal domain is required for transactivation activity and interacts
with various transcription factors including acetyltransferases and MDM2
(murine double minute 2, which in humans is identified as Hdm2) (Fields and
Jang 1990; Lin et al. 1994). The proline-rich region plays a role in p53 stability
regulated by MDM?2, where in p53 becomes more susceptible to degradation
by MDM2 if this region is deleted (Sakamuro et al. 1997). The central core of
this protein is made up, primarily, of the DNA-binding domain required for
sequence-specific DNA binding (the consensus sequence contains two copies
of the 10-bp motif 5’-PuPuPuC(A/T)-(T/A)GPyPyPy-3’, separated by 0-13 bp)
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(Kern et al. 1991). The basic C-terminus of p53 also functions as a negative
regulatory domain (Vousden and Lu 2002), and has been implicated in
induction of cell death (Chen et al. 1996). According to the allosteric model, in
which C-terminal tail of p53 was considered as a negative regulator and may
regulate the ability of its core DNA binding domain to lock the DNA binding
domain as a latent conformation. If the interaction between the C-terminus and
the core DNA binding domain is disrupted by post-translational modification
(such as phosphorylation and acetylation), the DNA binding domain will
become active, thus induce an enhanced transcriptional activity.

The central region of p53 is its most highly conserved region, not only when
p53 is compared with its homologues from Drosophila and Caenorhabditis
elegans, but also as compared with its mammalian family members, p63 and
p73 (Kaelin 1999). Structural studies of p53 have revealed that the majority of
p53 mutations found in cancers are missense mutations that are mostly located
in the central DNA-binding domain, and more than 80% of p53 mutation
studies have focused on residues between 126-306 (Cho ef al. 1994). Acquired
mutations (more than 18,000 mutations have been identified) in the p53 gene
are found in all major types of human cancers. Approximately half of all
human tumors have a mutation or loss in the p53 gene leading to inactivation
of its function (Soussi and Beroud 2001; Bode and Dong 2004). For example,
p53 mutation frequency is 70% in lung cancer, 60% in cancers of colon, head
and neck, ovary, and bladder, and 45% in stomach cancer (Figure 1.6). In many
of the others, approximately 50% human tumors in which p53 is not
functionally inactive, p53 function is impaired owing to mutations in proteins
operating either upstream or downstream of p53 targets, such as MDM2 or the
E6 protein of HPV, or deletion of key p53 co-activators such as the ARF gene
(Hollstein et al. 1991; Sherr 1998; Vogelstein et al. 2000).
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1.8  p53 functions

As a tumor suppressor, p53 is essential for preventing inappropriate cell
proliferation and maintaining genome integrity following genotoxic stress
(Vogelstein et al. 2000; Vousden and Lu 2002). Following various intracellular
and extracellular stimuli such as DNA damage (by means including ionizing
radiation, UV radiation, application of cytotoxic drugs or chemotherapeutic
agents, and infectious virus), heat shock, hypoxia, and oncogene
overexpression, wt p53 is activated and emerges as a pivotal regulatory protein
which triggers diverse biological responses, both at the level of a single cell as
well as in the whole organism (Levine 1997; Vogelstain et al. 2000; Vousden
and Lu 2002). p53 activation involves an increase in overall p53 protein level
and qualitative changes in the protein through extensive post-translational
modification, thus resulting in activation of p53-targeted genes (Fritsche ef al.
1993). For example, in response to DNA damage which leads to double strand
breaks in DNA (DSBs), ATM (ataxia-telangiectasia mutated) protein kinase is
activated and in turn activates Chk2 kinase (Matsuoka ez al. 1998). ATM and
Chk2 then both phosphorylate p53 at distinct sites leading to p53-dependent
cell cycle arrest or apoptosis (Banin et al. 1998; Canman et al. 1998). In
addition, DNA damage can also lead to replication blockage, thus activating
the ATR (ATM and Rad3-related) kinase. Consequently, both activated ATR
and subsequently activated Chk1 phosphorylate and activate p53 (Tibbetts et
al. 1999; Shieh et al. 2000). Moreover, induction of the transcription dependent
cell death program requires p53 phosphorylation at Ser 46, which is necessary
for the development of apoptosis (Oda et al. 2000) and determines whether
apoptosis is attenuated or amplified. Phosphorylation of p53 at Ser 46 critically
depends on the serine/threonine kinase HIPK2 (D’Orazi et al, 2002) which
enhances the transcriptional activity of p53 to promote apoptosis (D’Orazi et
al. 2002; Hofmann et al. 2002). Genes activated by wt p53 are functionally
diverse and constitute downstream effectors of signaling pathways that elicit
diverse responses such as cell-cycle checkpoints, cell survival, apoptosis, and
senescence (Hofseth ef al. 2004). Many of the multiple functions of p53
including the primary role of p53 in tumor suppression, can be attributed to its
ability to act as a sequence-specific transcription factor which regulates
expression of different cellular genes to modulate various cellular processes
(Farmer et al. 1992), although protein-protein interactions may also play a role.
In response to various types of stress, p53 is accumulated in the nucleus, binds
to specific sites in the regulatory regions of p53-responsive genes, and then
strongly promotes the transcription of such genes (Kern et al. 1991). The p53
downstream targets are differentially activated depending on the cell type,
extent of the damage which has influenced p53 activation, and various others
as yet unidentified parameters (Oren 2003). Many approaches have been
employed to identify the targets of p53 in various experimental systems (Yang
et al. 2004). As a result of these efforts, hundreds of physiologically p53
responsive genes have been reported. These genes are principally involved in
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cell cycle arrest and DNA repair, as well as apoptosis and senescence-related
genes, such as genes for p21"“"“P!  Gadd45 (growth arrest and DNA-
damageinducible protein 45) and genes of the Bc/-2 family (Vousden and Lu
2002; Fridman and Lowe 2003). Genes which may be repressed by p53 include
Bcl-2, Bcel-x, Cyclin Bl, MAP4 and Survivin some of which are negative
regulators of apoptosis (Vousden and Lu 2002; Hofman et al. 2002).
Intriguingly, using ovarian cancer cells infected with p53-expressing
adenovirus indicated that approximately 80% of the putative p53-responsive
genes are, in fact, repressed by p53 (Mirza et al. 2003). The functions of p53
target genes are diverse, corresponding to p53’s activity as a multifunctional
protein.

1.9  pS53 and apoptosis

As a cellular gatekeeper (Levine 1997; Kinzler and Vogelstein 1997), one of
the roles of p53 is to monitor cellular stress and to induce apoptosis as
necessary (Hofseth ez al. 2004). In tissues where stressors generate severe and
irrevocable damage, p53 can initiate apoptosis, thereby eliminating damaged
cells. Apoptotic gene products which are induced by p53 include Bax (Bcl2-
associated X protein) (Miyashita and Reed 1995; Thornborrow et al. 2002),
DRS/KILLER (death receptor 5) (Takimoto and El-Deiry 2000), DRAL
(Scholl et al. 2000), Fas/CD95 (cell-death signaling receptor) (O'Connor et al.
2000), PIG3 (p53-inducible gene 3) (Flatt ez al. 2000), Puma (p53-upregulated
modulator of apoptosis) (Nakano and Vousden, 2001; Yu et al. 2001), Noxa
(from the Latin word for “harm” or “damage”) (Oda et al. 2000), PIDD (p53-
induced protein with death domain) (Lin ef al. 2000), PERP (p53 apoptosis
effector related to PMP-22) (Attardi et al. 2000), Apaf-1 (apoptotic protease-
activating factor 1) (Cecconi et al. 1998), Scotin (Bourdon et al. 2002),
pS3AIP1 (p53-regulated apoptosis-inducing protein 1) (Matsuda et al. 2002),
and others. The p53 associated apoptotic targets can be divided into several
groups based on their functions and their executed pathways (Figure 1.7).

Figure1.7. p53-associated genes
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The products of these genes may induce apoptosis through either an extrinsic
or an intrinsic pathway, namely the death receptor pathway and the
mitochondrial pathway, respectively.

The intrinsic apoptotic pathway is engaged when cells are challenged by
stress and is dominated by the Bcl-2 family proteins (Cory and Adams 2002;
Korsmeyer 1999). The Bcl-2 family proteins are composed of three classes:
antiapoptotic proteins Bcl-2 and Bcel-x;, pro-apoptotic proteins Bax, Bak and
Bcel-xs , and pro-apoptotic “BH3-only” proteins Bid (BH3-interacting death
agonist), Bad, Noxa, and Puma (Haupt ez al. 2003). In the regulation of the
intrinsic pathway, pro-apoptotic gene products such as Bax, Bid, Puma, Noxa,
and p53AIP1 localize to the mitochondria and promote the loss of
mitochondrial membrane potential and release of cytochrome c, resulting in the
formation of the apoptosome complex with Apaf-1 and caspase 9 (Nakano and
Vousden, 2001; Yu et al. 2001; Oda et al. 2000; Matsuda et al. 2002). These
apoptosis-related gene products mentioned above are closely associated with
p53 function. Bax was the first identified p53-regulated pro-apoptotic Bcl-2
family member (Miyashita and Reed, 1995), and p53-responsive elements have
been unequivocally identified in the Bax gene (Thornborrow et al. 2002).
Several Bcl-2 family proteins and mitochondrial proteins such as Puma, Noxa,
pS3AIP1, and PIGs are implicated in p53-dependent apoptosis. They are
activated in a p53-dependent manner following DNA damage. Puma induces
very rapid apoptosis, which occurs within hours following its expression
(Nakano and Vousden, 2001; Yu et al. 2001; Oda et al. 2000). pS3AIP1 can
cause mitochondrial membrane potential dissipation by interacting with Bcl-2
(Matsuda et al. 2002). p53 also regulates the genes encoding Apaf-1, a key
component of the apoptosome (Cecconi et al. 1998), and PIG3, which may
cause mitochondrial depolarization (Flatt ez al. 2000). Nevertheless, activated
p53 can directly or indirectly modulate the expression of its targeted proteins
and other proteins that control mitochondrial membrane permeability, and can
therefore modulate the release of mitochondrial proteins which further carry
out apoptosis.

Another p53-related class of pro-apoptotic gene products is the components
of the death receptor-mediated extrinsic pathway. In this cell death pathway,
p53 can promote apoptosis through activation of the death receptors located at
the plasma membrane, including Fas/CD95 (O'Connor et al. 2000), DR4 (Liu
et al. 2004) and DRS5 (Takimoto and El-Deiry 2000), and lead to inhibition of
the production of IAPs (inhibitor of apoptosis proteins) (Takimoto and El-
Deiry 2000). Both DR5 and DR4 can trigger or induce apoptosis by TRAIL
(tumor necrosis factorrelated apoptosis-inducing ligand), Fas ligand and
chemotherapeutic agents (Sheikh ef al. 1998; Liu et al. 2004), with Fas being
indispensable for p53-dependent apoptosis in most tissues (O'Connor et al.
2000). It has been suggested that the intrinsic apoptotic pathway is primarily
utilized in p53-mediated apoptosis, whereas the extrinsic pathway is used to
augment the apoptotic response (Fridman and Lowe 2003).
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The ability of p53 to induce apoptosis appears to be well correlated with its
ability to suppress malignant transformation. Loss of p53-dependent apoptosis
accelerates mouse brain tumorigenesis (Symonds et al. 1994). Similarly, the
observation that mice harboring the p53 R172P mutant develop many tumors
may be due to lack of p53-induced apoptosis (Liu et al. 2004). These results
reveal that regulation of apoptosis is an important and evolutionarily conserved
tumor suppressor function of p53.
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2. AIMS OF THE STUDY

The aim of the present study is to investigate the molecular mechanisms by
which the HMGA genes contribute to neoplastic transformation by identifying
genes directly or indirectly regulated by HMGA proteins and their physical
interactors. On the basis of the our previous data, described in the background
section, I consider of great interest to study the possible role of the HMGA1-
p53 complex in the transcriptional regulation of other genes. Looking for new
genes under the transcriptional control of the HMGAL1 proteins, among p53
target genes, I focused my attention on B-cell lymphoma gene 2 (Bcl-2). The
Bcl-2 protein exerts an antiapototic function. In fact, it inhibits the release into
the cytosol of Cytochrome C which, in turn, activates caspase-9 and caspase-3,
leading to apoptosis. The Bcl-2 gene has been implicated in a number of
cancers, including melanoma, breast, prostate, and lung carcinomas, as well as
schizophrenia and autoimmunity. It is also thought to be involved in resistance
to conventional cancer treatment. In Bcl-2 promoter regions some AT-rich
DNA sequences, which are the preferred binding sites for HMGAI, are
present. Based on this evidence, I could assume that Bcl-2 appears a good
candidate as target for the HMGA1 proteins.
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3. MATERIALS AND METHODS

3.1 Cell culture, transfections, and transactivation assays

ND7, HEK293, MCF7, MEFs and SAOS-2 cells were maintained in DMEM
supplemented with 10% fetal calf serum (GIBCO; Invitrogen), glutamine, and
antibiotics. FRTLS5, FRTLS5 KiMSV, FRTL5 as HMGA1 KiMSV cells were
maintained in F12 supplemented with 5% calf serum (GIBCO; Invitrogen),
glutamine, and antibiotics. Cells were transfected with plasmids by
lipofectamine-plus reagent (Invitrogen) as suggested by the manufacturer.
Cells were transiently transfected with previously described reporter vectors
(Budhram-Mahadeo et al. 1999; D’Orazi et al. 2002; Pierantoni et al. 2006)
and normalized with the use of a cotransfected B-gal construct. Luciferase
activity was analyzed by Dual-Light System (Applied Biosystems). For
inhibition of HMGA1 expression, siRNAs and corresponding scramble
siRNAs (Santa Cruz Biotechnology Inc.) were used as suggested by the
manufacturer.

3.2 Expression constructs

The pCAG-p53, pCMV-Hmgal, pCEFL-HA-HMGAI1, pFLAG-HIPK2,
pEGFP-HIPK2, and pLTR-Brn-3a constructs have been described previously
(Budhram-Mahadeo ef al. 1999; D’Orazi et al. 2002; Pierantoni et al. 2006).

3.3 Western blotting and coimmunoprecipitation

Total cell extracts (TCEs) were prepared with lysis buffer (50 mM Tris HCl,
pH 7.5; 5 mM EDTA; 300 mMNacCl; 150 mM KCI; 1 mM dithiothreitol; 1%
Nonidet P40; and a mix of protease inhibitors) or in non denaturing buffer (50
mM Tris-HCI, pH 7.5;150 mM NaCl; 0.5% Triton; and 5 mM EDTA) for
coimmunoprecipitation. Immunoprecipitation was carried out by incubating 1
mg of TCEs with Abs preadsorbed to protein G-agarose (Pierce
Biotechnology). Immunocomplexes were collected by centrifugation, separated
by SDS-PAGE, and blotted onto nitrocellulose membrane (Bio-Rad).
Differential nuclear and cytoplasmic cell lysates were obtained as reported
previously (Schreiber et al., 1989). Protein extracts were separated by SDS-
PAGE and transferred to Immobilon-P Transfer membranes (Millipore).
Membranes were blocked with 5% nonfat milk proteins and incubated with
Abs at the appropriate dilutions. Filters were incubated with horseradish
peroxidase-conjugated secondary Abs, and signals were detected with ECL
(Amersham). The Abs used for Western blotting were as follows: anti-FLAG
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M5 mAb (Sigma-Aldrich); anti-HA 12CAS5 mAb (Roche); anti-p5S3 DO1 mAb,
anti-Brn-3a 14A6 mAbD, anti-Spl H225 policlonal Ab and anti-y-tubulin C11
mAb (Santa Cruz Biotechnology Inc.); anti-Bcl-2 50E3 mAb (Cell Signaling);
anti-HMGAT polyclonal Ab raised against a synthetic peptide located in the
NH2-terminal region (Pierantoni et al. 2006); and anti-HIPK2 MOl mAb
(Abnova).

3.4 Invitro protein translation

pET2c-HMGA1Db construct has been previously described (Pierantoni et al.
2006). His-HMGAT1b recombinant protein was produced in Escherichia coli
BL21 cells. Stationary phase cultures of E. coli cells transformed with the
plasmid of interest were diluted 5-400 ml in LB with ampicillin (100 mg/ml),
grown at 30°C to an ODggo of 0.6 and induced with 0.1 mM IPTG. After an
additional 2 h at 30°C, cultures were harvested and resuspended in 10 ml of
cold PBS (140 mM NaCl, 20 mM sodium phosphate pH 7.4), 1 mM
phenylmethylsulfonyl fluoride (PMSF) and protease inhibitors (Boehringer).
The cells were broken by French Press. The supernatant was then incubated at
41°C for 1 h with 250 ml of glutathione-Sepharose beads (Amersham
Pharmacia Biotech). Resin was washed with PBS and protease inhibitors.
Recombinant protein was eluted with a buffer containing PBS, 10 mM reduced
glutathione, and 10% (v/v) glycerol and the supernatant was purified by using
nickelagarose beads supplied with the His-Trap purification kit (Amersham
Pharmacia) following the manufacturer’s instructions, eluted with 500 mM
imidazol and dialysed in PBS.

3.5 Electrophoretic mobility shift assay (EMSA)

DNA binding assays with the recombinant proteins were performed as
previously described (Thanos and Maniatis 1995) Briefly, 5 ng and 10 ng of
His-HMGA b recombinant protein were incubated with radio-labelled double-
strand oligonucleotide, corresponding to region spanning bases -526 to -477 of
the human Bcl-2 promoter region (Budhram-Mahadeo er al. 1999). His-
HMGAT1b protein was incubated in a solution made of 20 mM HEPES pH 7.9,
40 mM KCI, 0.1 mM EDTA, 0.5 mM MgCI2, 0.5 mM DTT, 0.1 mM PMSF,
0.5 mg poly (dC-dG), 2 mg BSA and 10% glycerol, to a final volume of 20 ml,
for 10 min at room temperature. The samples were incubated for 15 min after
addition of 2.5 fmol of a **P-end-labelled oligonucleotide (specific activity,
8000-20000 cpm/fmol). A 200-fold molar excess of unlabelled oligonucleotide
was added as specific competitor. The DNA-protein complexes were resolved
on 6% nondenaturing acrylamide gels and visualized by exposure to
autoradiographic films.
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3.6 Cell viability and TUNEL assays

Both floating and adherent cells were collected and counted in a
hemocytometer after the addition of trypan blue. The percentage of dead cells
(e.g., number of blue cells per total number of cells) was determined by scoring
100 cells per chamber 3 times. Cell numbers were determined in duplicate. For
TUNEL assay on in vitro cell lines, both floating and adherent cells were spun
onto slides by cytocentrifugation. After fixing in 4% formaldehyde in PBS,
cells were incubated with fluorescein-conjugated dUTP terminal
deoxynucleotide transferase mixture for TUNEL reaction (Roche) according to
the manufacturer’s instructions, counterstained with 1 mg/ml Hoechst 33258
for 2 minutes, and mounted with coverslip in 25% glycerol in PBS. At least
400 cells were counted in each plate.

3.7 Reverse transcriptase-PCR

Total RNA was isolated using TRI-reagent solution (Sigma) according to the
manufacturer’s protocol and treated with DNase (Invitrogen). Reverse
transcription was performed on 0.5 pg of RNA using random exanucleotides as
primers (100 mM) and MuLV reverse trancriptase (Applied Biosystems)
according to standard procedures. cDNA was amplified by PCR using the
following primers: Mu-Bcl-2-up 5’-ggTCATgTgTgTggAgCg-3’; Mu-Bcl-2-
dw 5’-gCAgAgTCTTCAgAgACAgC-3’; the assay was normalized by
amplifying GAPDH (Clontech, Palo Alto, CA).

3.8 Indirect immunofluorescence

Cells plated in 35-mm dishes were fixed in 2% formaldehyde in PBS and
permeabilized in a solution of 0.25% Triton X-100 in PBS.
Immunofluorescence was obtained with anti-HA 12CA5 mAb (Roche) and
tetramethylrhodamine isothiocyanate—conjugated goat anti-mouse IgG
(Jackson ImmunoResearch Laboratories Inc.). Cells were stained
simultaneously for DNA with Hoechst 33342 before observation with a
fluorescent microscope (Zeiss).

3.9 Chromatin immunoprecipitation and reprecipitation
Chromatin immunoprecipitation (ChIP) was carried out with an acetyl-histone
H3 immunoprecipitation assay kit (Upstate Biotechnology) according to the

manufacturer’s instruction. For Chlp experiments with the antibody anti-53
(Ab-7; Calbiochem), anti-Brn-3a (14A6 Santa Cruz), anti-HIPK2 (MO1
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Abnova), and anti-HMGAT1 (polyclonal antibody raised against a synthetic
peptide located in the NH2-terminal region), conditions were as previously
reported (Shang et al., 2000). For Re-ChIP experiments, complexes were first
eluted by incubation for 30 min at 37°C in 250 ml of Re-ChlIP elution buffer (2
mM DTT, 1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCI,
pH 8.1) and diluted 4-fold in Re-ChIP dilution buffer (1% Triton X-100, 2 mM
EDTA, 150 mM NaCl, 20 mM Tris-HCI, pH 8.1) and subjected again to the
ChIP procedure. Crosslinking was reversed by incubating samples overnight at
65°C with 20 ml of 5 M NaCl. Samples were then incubated in proteinase K
solution (10 mM EDTA, 40 mM Tris- HCL, pH 6.5, 40 mg/ml of Proteinase K)
for 1 hr at 45°C. DNA was purified with phenol/chloroform/isoamyl alcohol
and precipitated by adding 2 volumes of ethanol and tRNA. PCR reactions
were carried out by standard procedures, for a number of cycles optimized to
ensure product intensity within the linear phase of amplification. The PCR
products were separated on a 2% agarose gel, stained with ethidium bromide,
and either scanned using a Typhoon 9200 scanner or blotted and hybridized
with specific probes. Immunoprecipitated chromatin was amplified by PCR
using the following primers: Hu-Bcl-2-pr-up 5’-gAAgCAgAAgTCTggg
AATC-3’; Hu-Bcl-2-pr-dw 5°-gCgTTTCCCTgTA CACACTg-3’; Hu-GAPDH
-pr-up 5’-gTATTCCCCCAggTTTACATg-3’; Hu-GAPDH-pr-dw 5°-TTC
TCCATggTggTgAAgAC-3’; Mu-Bcel-2-pr-up 5’-ACACACAgAgCgACTgT
gTA-3’; Mu-Bcl-2-pr-dw 5’-gAggCACCTggATCTT TTCT-3’; Mu-GAPDH-
pr-up 5'-TACTCgCggCTTTACggg-3'; GAPDH-pr-dw 5’-TggAACAgggAg
gAgCAg-3’.
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4. RESULTS AND DISCUSSION

4.1 Correlation between HMGAT1 and Bcl-2 protein expression

Analyzing the possible correlation between HMGAT1 proteins and other p53
target genes involved in apoptosis, we found a strong positive correlation
between HMGA1 and Bcl-2 protein expression.

To this aim, several clones of MCF-7 breast cancer cell line stably
transfected with a construct expressing HMGAI1b, tagged with the
Hemagglutinin protein (HA), were tested for apoptotic gene expression.
Surprisingly, all the MCF7 clones showed higher Bcl-2 protein levels than the
untransfected cells (Figure 4.1, panel A). This correlation was found in other
cell lines examined. For example, in mouse embryonic fibroblast knock-out for
the Aimgal gene is evident the reduction of Bcl-2 expression, already present in
the single knock out, compared to the wild type (Figure 4.1, panel B).
Moreover, a rat thyroid cell line (FRTL-5), transformed with the Kirsten
murine multiproliferative virus, expressing high levels of HMGA1 proteins,
lost Bcl-2 expression when stably transfected with an antisense construct for
HMGAT1 (Figure 4.1, panel C). In addition, neuronal cell line (ND7) transiently
interfered for the expression of HMGA1 proteins showed a reduction in Bcl-2
protein level compared with the scramble-transfected cells (Figure 4.1, panel
D).

Recently, we have characterized a new physical and functional interaction
between HMGA and p53. This interaction modulates the transcription of p53
target genes, such as mdm2, p21"*" | Bax, and inhibits p53-mediated apoptosis.

Considering these data, we decided to verify whether Bcl-2, another p53
target gene, could be regulated by HMGA1-p53 interaction. To evaluate the
effect of HMGA1 expression on pS53-mediated transcription of Bcl-2, ND7
cells, expressing endogenous HMGA1 and p53, were co-transfected with
expression vectors encoding p53 and/or HMGAlb. As expected from
literature, p53 reduces Bcl-2 transcription about 50% (Vousden and Lu 2002;
Hofman et al. 2002). Surprisingly, Western blot and RT-PCR analysis
demonstrated that HMGA1 overexpression was able to revert pS3 effect on
Bcl-2 transcription (Figure 4.2, panel A and B).
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Figure 4.1. HMGA1correlates with Bcl2 protein expression. Immunoblot analysis of Bel-2 and HMGA1
expression in MCF7 stable overexpressing HMGA1 proteins (A), MEFs knock-out for the hmga? gene (B),
FRTL5 KiMSV stably transfected with an antisense construct for HWGA1 (C) and in ND7 cells transiently
interfered for the expression of HMGA1 by siRNAs (D). y-tubulin was used to equalize protein loading.
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Figure 4.2. HMGA1 reverts p53 effect on Bcl-2 transcription. (A) Immunoblot analysis of Bcl-2
expression in ND7 cells co-transfected with expression vectors encoding p53 and/or HMGA1. y-tubulin was
used to equalize protein loading. (B) RNA from ND7 cells transiently transfected as described in A was
analyzed by RT-PCR for Bcl-2 expression. All cDNAs were co-amplified with GAPDH as an internal control.

4.2 HMGALI proteins bind to Bcl-2 promoter in vitro and in vivo

HMGALT proteins are DNA-binding factors that interact with the minor groove
of many promoters and enhancers. To evaluate if the correlation between
HMGAT and Bcl-2 protein expression was a direct effect of HMGAT1 binding
to Bcl-2 gene regulatory regions, we performed electrophoretic mobility shift
assays (EMSA) and Chromatin Immunoprecipitations (ChIP). First, by EMSA,
we analyzed a region spanning nucleotides from -526 to -477 related to
transcription start site (TSS) of the human Bc/-2 gene (Budhram-Mahadeo et
al. 1999) which contains AT-rich putative HMGAT1 binding sites and two p53
consensus sequences. As shown in Figure 4.3, panel A, His-HMGAI1b
recombinant protein was able to bind the **P-end-labelled double-strand Bcl-2
promoter oligonucleotide. Binding specificity was demonstrated by
competition experiments showing loss of binding with the addition of a 200-
fold molar excess of unlabelled Bcl-2 promoter oligonucleotide. Next, we
evaluated whether HMGA 1 proteins bind the human Bc/-2 promoter in vivo by
performing ChIP assays. HEK293 cells were transfected with an expression
vector encoding HMGA1b, crosslinked, and immunoprecipitated with anti-
HMGAT1 or anti-IgG antibodies as control. Immunoprecipitation of chromatin
was then analysed by semiquantitative PCR, using primers spanning the -676/-
320 region of the Bc/-2 promoter. Occupancy of human Bc/-2 promoter region
by HMGA1 was detected in anti-HMGAIl-precipitated chromatin from
HEK293 cells.
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Since HMGAL proteins are lowly expressed in HEK293, a weak signal was
detected in untransfected cells whereas, a stronger signal was detected in
HEK?293 transfected with HMGA1 (Figure 4.3, panel B). To verify whether
HMGALT proteins bind also the murine Bc/-2 promoter in vivo, we performed
chromatin immunoprecipitation experiments in a murine cell line. Anti-
HMGAT1 antibodies precipitated murine Bc/-2 promoter from untransfected or
transfected ND7 being endogenous HMGAT1 protein expressed in these cells
(Figure 3, panel C). No amplification was observed in samples
immunoprecipitated with an unrelated antibody. The control promoter GAPDH
was used to indicate that the binding is specific for the Bcl2 promoter (Figure
4.3 B and C, lower panels).

A
His-HMGA1D Sng + - +
His-HMGA1D 10ng = + - +
B
200x = = W INPUT 196 IPaHMGAT
HMGA1 = - - + - +
Bcl-2 — — = .
GAPDH - s
ChiP
o — | il c
INPLT IgG IPHMGAT
HMGAT = - ST
Bel-2 — —
GAPDH —_—
Freeprove [
ChiIP

Bel2 promoter

Figure 4.3. HMGA1 proteins bind to Bcl-2 promoter in vitro and in vivo. (A) EMSA performed with a
radiolabelled oligonucleotide spanning from -526 to -477 of the human Bcl-2 promoter incubated with 5 ng
and 10 ng of recombinant HMGA1b protein. To assess the specificity of the binding, His-HMGA1b protein
was incubated in the presence of a 200-fold excess of unlabelled oligonucleotide used as competitor. (B)
Soluble chromatin from HEK293 cells transfected with HMGA1b was immunoprecipitated with anti-HMGA1.
The DNAs were then amplified by semiquantitative PCR using primers that cover a region of human Bcl-2
promoter (-676/-320), which contains the p53-binding sites. As an immunoprecipitation control, IgG was
used. The panel shows PCR amplification of the immunoprecipitated DNA using primers for the GAPDH
gene promoter. (C) Chromatin immunoprecipitation performed in a murine cell line (ND7), as described in B.
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4.3 HMGAI1 modulates pS3-mediated transcriptional activity on Bcl-2
promoter

pS3 is a sequence-specific transcription factor that regulates the expression of
several genes involved in cell cycle arrest or apoptosis in response to genotoxic
damage or cell stress. To evaluate the effect of HMGA1 expression on Bcl-2
transcription mediated by p53, ND7 cells were co-transfected with expression
vectors encoding HMGA b and/or p53, and with a reporter vector carrying the
luciferase gene under the control of Bcl-2 promoter activity. As shown in
Figure 4.4, HMGAT1 overexpression alone had no effects on Bc/2 promoter,
while Bcl-2 expression was drastically reduced in cells overexpressing p53
alone compared with control cells. Surprisingly, co-overexpression of HMGA1
and p53 resulted in a significant reduction of p53 activity on Bcl-2 promoter
compared with p53 only overexpressing cells. Moreover, when HMGA1
proteins expression was transiently blocked by siRNA, Bcl2 expression level
was sensibly reduced compared with untransfected cells. These results indicate
that HMGA1 was able to abolish p53-mediated transcription of Bcl-2 gene.
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Figure 4.4. HMGA1 proteins revert p53-mediated transcription of Bel-2 gene. Analysis of HMGA1
overexpression on p53 activity on the Bcl-2 luciferase-reporter vector transiently transfected in ND7 cells. All
transfections were performed in duplicate and the data are means * S.D. of five independent experiments.
Insert-less vectors were used as control. Western blot analyses of p53 and HMGA1 proteins from one
indicative experiment are shown in the lower panels. y-Tubulin was used to equalize protein loading.
Expression of the endogenous HMGA1 and p53 protein is detectable in the insert-less vector transfected
ND7 cells.
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4.4 HMGATI represses pS3 apoptotic function exerted by Bcl-2 down-

regulation

To evaluate the biological effects exerted by HMGA1 on the abolished p53-
mediated transcription of Bcl-2 gene, we transfected SAOS-2 cells, which
express HMGAT but are null for p53 expression, with a vector encoding p53 or
the empty control vector, with or without overexpressed HMGAI1. The
percentages of cell death were measured by Trypan blue exclusion test. As
expected, exogenous pS3 expression induced cell death in these cells (Figure
4.5, panel A). However, when HMGA1 was concomitantly overexpressed with
pS3, the percentage of cell death was strongly reduced (Figure 4.5, panel A),
suggesting that HMGA 1 might interfere with pS3 apoptotic function.
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Figure 4.5. HMGA1 interferes with the apoptotic
activity of p53. (A) p53-null SAOS-2 cells were
transfected with the p53 vector in combination or not
with the HMGA1b vector. After 48 h, both floating and
adherent cells were collected and analysed by Trypan
blue exclusion. Expression of the indicated proteins
was analysed by Western blotting; the result of one of
three experiments performed is reported. (B) wtp53-
carrying ND7 cells were transfected with HMGA1b and
then incubated or not with H,O, to activate the
endogenous p53. The percentage of cell death and the
protein levels were analysed as in A. (C) ND7 cells
were treated as in B. After 48 h, both floating and
adherent cells were spun onto slides and analysed by
TUNEL assay. The percentage of TUNEL-positive
cells of one indicative experiment out of four is
reported. The expression of the indicated proteins was
analysed by Western blotting.
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To wverify the antiapoptotic activity of HMGA1 in a more physiological
context, we incubated the wtpS3-carrying ND7 cells, which express HMGA1
and p53, with H,O; to activate the endogenous p53 in the presence or absence
of overexpressed HMGA1 proteins. As shown in Figure 4.5, panel B, HMGAL1
overexpression strongly repressed the number of Trypan blue positive cells.
Similar to the result obtained by Trypan blue assay, HMGA1 overexpression
significantly reduced the amount of TUNEL positive cells induced by H,O»
(Figure 4.5, panel C).

Taken together, these data indicate that HMGAT1 can functionally interfere
with the apoptotic function of the p53 oncosuppressor exerted by Bcl-2 down
regulation.

4.5 HMGALI proteins bind to Brn-3a transcription factor

Another aim of our study was to investigate the possible role of Brn-3a
expression on HMGAT1-p53 regulation of the Bc/-2 promoter. Brn-3a is a POU
domain transcription factor which controls sensory neuron survival by
regulating the expression of Trk receptors and the members of the Bcl-2 family
(Wiggins et al. 2004). It is also a potent transcriptional regulator of the Bcl-2
promoter, able to bind in vifro and in vivo both p53 and the serine/threonine
nuclear kinase HIPK2 (Wiggins e al. 2004). These data strongly suggest the
existence of a multiprotein complex that regulates the transcription levels of
Bcl-2 because our previous studies demonstrated that also HMGAL is able to
constitute a complex with pS3 and HIPK?2 that regulates pS3 apoptotic function
(Pierantoni ef al.2007). Therefore, we determined whether HMGA 1 binds Brn-
3a through immunoprecipitation assays. To verify the interaction between
HMGA1 and Brn-3a in vivo, total cell extracts (TCE) from ND7 cells
transiently transfected with pHA/Alb and with pLTR/Brn-3a were
immunoprecipitated with anti-Brn-3a monoclonal Ab and analysed by Western
blotting with anti-HA monoclonal Ab. Larger amount of HMGA1 protein was
present in the immunocomplexes from cells transfected with the two
expression plasmids (Figure 4.6, panel A). The reciprocal experiment
performed immunoprecipitating with anti-HA Ab and revealing with anti-Brn-
3a Ab confirmed the interaction between the two proteins (Figure 4.6, panel
B). Western blot analysis showed that the transfected cells expressed adequate
levels of the Brn-3a and HA-HMGA proteins (Figure 4.6, panel C).
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Figure 4.6. HMGA/1 interacts with Brn-3a in vivo.
(A) ND7cells were transfected with HA-HMGA1b
HA-HMGATD = x ™ & and Brn-3a vectors. After 48 h, total cell extracts
were prepared and equal amounts of proteins were
immunoprecipitated with anti-Brn-3a (A) or anti-HA
(B) antibodies, and the immunocomplexes analysed

2 Brr-3a ~ * by Western blotting using the reciprocal antibodies.

Brn-3a - - + +

The relative inputs are total cell extracts derived
from ND7-transfected cells with the expression
vector encoding HA-HMGA1b or Brn-3a proteins.

HA " (C) Cellular extractsderived from untransfected or
& Brn-3a and/or HA-HMGA1b overexpressing ND7
cells used for immunoprecipitation experiments

WB were analysed by Western blotting.

4.6 HMGAI1-pS3-Brn-3a-HIPK2: fine regulators of Bcl-2 promoter

The Brn-3a POU family transcription factor has been shown to strongly
activate the expression of Bcl-2 and protect cells from programmed cell death
(apoptosis). However, when p53 is overexpressed, Brn-3a works as a
corepressor sustaining p53 repression action on Bcl-2 promoter (Budhram-
Mahadeo et al. 1999). Moreover, HIPK?2 interacts with Brn-3a, promoting its
binding to DNA, and suppressing Brn3a-dependent transcription of some Bcl-2
family members like Prox3, TrkA, Bcl-x;, (Wiggins et al. 2004). In addition,
our previous results indicate that HIPK2 reverts the inhibitory activity of
HMGAT on the p53 effector promoters and points to a complex interplay
among p53, HIPK2, and HMGAI1 in the regulation of pS53-target genes
expression (Pierantoni ef al. 2007).

To better define the role of the HMGA1-p53-Brn-3a-HIPK2 multicomplex
in the regulation of Bc/-2 transcription, we examined its effect on a vector
carrying the luciferase gene under the control of Bc/-2 promoter, in the SAOS-
2 cells transiently transfected with different combination of plasmids
expressing the complex proteins. As expected from literature, pS3 represses
Bcl-2 transcription and this effect is increased by Brn-3a (Budhram-Mahadeo
et al. 1999). When HMGAT1 was co-transfected with p53 and Brn-3a, the
repression on Bcl-2 promoter was antagonized, in particular the repression
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activity exerted by Brn-3a was abolished (Figure 4.7). To test whether HIPK?2
contributes to this transcriptional regulation, we co-expressed HIPK2 with p53,
HMGAT and Brn-3a. HIPK2 was able to restore the transcriptional repression
of Bcl-2 performed by p53 and Brn-3a counteracting HMGAT1 activity (Figure
4.7).
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Figure 4.7. HMGA1, p53, Brn-3a and HIPK2 coexpression regulates Bel-2 gene. Effect of HMGA1 and
HIPK2 on p53-Brn-3a super-repression exerted on Bcl-2 reporter vector. p53-null SAOS-2 cells were used
as recipient. The pCMV-p53 vector encoding WT p53 protein was transfected alone or with the indicated
plasmids. All transfections were performed in duplicate; data are mean + SD of 5 independent experiments.
Empty vectors were used as a control. Western blot analyses of p53, HMGA1, Brn-3a and FLAG-HIPK2
proteins expression from one indicative experiment are shown in the lower panel.
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4.7 HMGAL1 exerts its antiapoptotic function by promoting HIPK2
cytoplasmic localization in ND7 cells

Previously, we demonstrated that HMGA1 inhibits p53-induced apoptosis by
acting on HIPK?2 delocalization from nucleus to the cytoplasm in H1299, RKO,
HCT116 cell lines and in a significant number of samples from breast cancer
patients (Pierantoni ef al. 2007). Thus, we asked whether this mechanism
occurs also following HMGAT1 overexpression in the ND7 cell line. To this
aim, we transfected ND7 cells with vectors encoding EGFP-HIPK?2 protein to
follow its localization when HMGA1 proteins are overexpressed. By
immunofluorescence, we observed a nuclear localization of EGFP-HIPK2
overexpressing cells while, when HMGA1 proteins were overexpressed, we
observed a cytoplasmic localization of HMGA1 (Figure 4.8, panel A) that was
strongly associated with cytoplasmic relocalization of EGFP-HIPK?2 (Figure
4.8, panel A). HIPK2 delocalization was confirmed by Western blotting
analysis on nuclear/cytoplasmic cellular extracts. As shown in Figure 4.8,
panel B, in ND7-HMGA1 overexpressing cells, the amount of cytoplasmic
HIPK?2 is higher than in cells expressing endogenous levels of HMGAI
proteins. Spl and y-tubulin were used as markers of nuclear/cytoplasmic
separation as well as loading controls (Figure 4.8, panel B). In Figure 4.8,
panel C, HIPK2 and HMGAI1 protein levels from ND?7 total cell extracts are
shown.

4.8 HIPK?2 reverts the effects of HMGA1 on p53-Brn-3a apoptotic
function

Data from luciferase assays demonstrate that HMGA1 proteins are able to
abolish the super-repression exerted by p53-Brn-3a cooperation on Bcl-2
promoter. Moreover, HIPK2 overexpression reverts HMGA1 effect on the Bcl-
2 transcription. Consequently, we analyzed the biological effects of these
observations on cell death. To this aim, we transfected ND7 cells, which
express HMGAT and p53 endogenously, with vectors encoding Brn-3a alone
or in combination with HMGAT1 proteins overexpression, and incubated them
with H,O, to activate the endogenous p53. and them As expected from
literature, by Trypan Blue exclusion tests and TUNEL assays, we observed an
increase of apoptosis cell death due to the pS3-Brn-3a cooperating repression
on Bcl-2 promoter (Budhram-Mahadeo er al. 1999) (Figure 4.9, panel A and
B). Surprisingly, following HMGA1 overexpression, the cooperation between
Brn-3a and p53 was deleted and apoptosis level was comparable to that exerted
by p53 alone. In addition, HIPK2 overexpression inhibited the antiapoptotic
activity of HMGAT and induced a percentage of cell death comparable to that
promoted by p53-Brn-3a cooperation (Figure 4.9, panel A and B).
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Figure 4.8. HMGA1 promote HIPK2 cytoplasmic localization in ND7 cells. (A) EGFP-HIPK2 subcellular
localization in ND7 cells transfected with the indicated vectors. EGFP-HIPK2 is visible by its intrinsic green
fluorescence. HA-HMGA1 expression was analyzed by immunofluorescence with anti-HA and
tetramethylrhodamine isothiocyanate—conjugated Abs. Nuclei were stained with Hoechst. Images are from
one representative experiment of the three performed. (B) From ND7 cells overexpressing or not HMGAT,
nuclear (N) and cytoplasmic (C) extracts were prepared 48 hours after transfection and analyzed by
Western blotting for the indicated proteins. Sp1 and y-tubulin were used as markers of nuclear/cytoplasmic
separation as well as loading controls. (C) From the same cells as in B, Total cell extracts were analyzed by
Western blotting for endogenous HIPK2 and exogenous HMGA1 protein expression. y-Tubulin was used to
equalize protein loading.
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Figure 4.9. HIPK2 rescues the HMGA1 antiapoptotic effect. (A) ND7 cells were transfected with
HMGA1b, Brn-3a, HIPK2 vectors or control vectors and then incubated or not with H,O, to activate the
endogenous p53. After 48 hours, floating and adherent cells were collected and analyzed by trypan blue
exclusion. Mean * SD of 3 independent experiments are shown. The results of 1 indicative experiment of
the 3 performed are reported. (B) The same cells reported in A were analyzed by TUNEL assay. One
indicative experiment is reported. (C) Expression of the indicated proteins was analyzed by Western blot.
Expression of y-tubulin shows equal loading of samples.
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4.9 HMGALI1 displaces HIPK2 and Brn-3a from Bcl-2 promoter

We next evaluated whether HMGAL is part of the complex, including p53,
Brn-3a, and HIPK2, that forms at the p53 binding sites of the Bc/-2 promoter in
vivo (Budhram-Mahadeo er al. 1999). In a combination of chromatin
immunoprecipitation (ChIP) and Re-ChIP analyses, ND7 cells were transfected
with vectors encoding pS3 and Brn-3a plus HMGA1 alone or in combination
with HIPK2 (Figure 10, panel A). The crosslinked genomic DNAs were
immunoprecipitated in two rounds with two specific antibodies directed against
the examined proteins of the complex (Figure 10, panel B). Re-ChIPed DNA
was analyzed by PCR using promoter-specific primers that encompass the p53
binding sites. As shown in Figure 10, panel B, HMGALI is a component of the
promoter-bound multimeric complex containing p53, Brn-3a, and HIPK2. A
comparison of the subcomplexes with or without HMGAI1 revealed a
mechanism whereby HMGA1 can abolish the Bc/-2 repression exerted by p53
and Brn-3a. First, when HMGAI1 is overexpressed, following HIPK2
delocalization from nucleus to the cytoplasm, the amount of HIPK2 on Bc/-2
promoter was decreased. Second, Brn-3a was not still able to bind its DNA
consensus in ND7 cells transfected with a vector encoding HMGAT1. These two
effects were reverted when HIPK2 was cotransfected with the other vectors.
HIPK?2 overexpression re-establishes its nuclear localization, exerted by
HMGALI, and its biological function. In fact, HIPK2 has two main roles in
apoptotic regulation of this cell line: the activation of p53 by ser46
phosphorilation (D’Orazi et al. 2001) and the increase of Brn-3a binding
activity to DNA consensus (Wiggins ef al. 2004). By ChIP and Re-ChIP assays
we demonstrate that HMGAT1 impairs pS3 proapoptotic activity by a sensible
reduction of HIPK2 and Brn-3a binding on Bc/-2 promoter.
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5. CONCLUSIONS

High mobility group A1 (HMGAL1) overexpression and gene rearrangement are
frequent events in human cancer, but the molecular basis of HMGAI
oncogenic activity still remains to be determined. Here I describe a new
mechanism through which HMGA1 proteins regulate p53-mediated
transcription of Bcl-2 gene. In particular, I demonstrated that HMGAI1
overexpression promoted HIPK2 relocalization in the cytoplasm and inhibition
of p53 transcriptional repression exerted on the Bc/-2 promoter, while HIPK2
overexpression reestablished HIPK2 nuclear localization and sensitivity to
apoptosis (A).
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Mucleus
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Moreover, HIPK?2 is not only able to phosphorylate and activate p53 but also to
enhance Brn3a DNA binding that, when p53 is active, works as a corepressor
of Bcl-2 transcription. My results demonstrate that HMGA1 overexpression
promotes not only HIPK2 delocalization from nucleus to the cytoplasm, but
also the reduction of Brn-3a binding to the Bc/-2 promoter removing Brn-3a
from its role of corepressor following p53 overexpression (B).

In conclusion, my data strongly support the existence of a new mechanism
of p53 inactivation through HMGA1-mediated cytoplasmic localization of
HIPK2 and Brn-3a decreased affinity for its DNA binding sites. This
mechanism might have important implications in tumorigenicity as well as in
the development of tumor resistance to antineoplastic treatments.

44



7. REFERENCES

Abdulkadir SA, Krishna S, Thanos D, Maniatis T, Strominger JL, Ono SJ.
Functional roles of the transcription factor Oct-2A and the high mobility
group protein I/Y in HLA-DRA gene expression. J Exp Med 1995; 182:487-
500.

Abdulkadir SA, Casolaro V, Tai AK, Thanos D, Ono SJ. High mobility group
I/Y protein functions as a specific cofactor for Oct-2A: mapping of
interaction domains. J Leukoc Biol 1998; 64:681-91.

Abe N, Watanabe T, [zumisato Y, Masaki T, Mori T, Sugiyama M, Chiappetta
G, Fusco A, Fujioka Y, Atomi Y. Diagnostic significance of high mobility
group I(Y) protein expression in intraductal papillary mucinous tumors of
the pancreas. Pancreas 2002; 25:198-204.

Agalioti T, Lomvardas S, Parekh B, Yie J, Maniatis T, Thanos D. Ordered
recruitment of chromatin modifying and general transcription factors to the
IFN-beta promoter. Cell 2000; 103:667-78.

Allander SV, Durham SK, Scheimann AO, Wasserman RM, Suwanichkul A,
Powell DR. Hepatic nuclear factor 3 and high mobility group I/Y proteins
bind the insulin response element of the insulin-like growth factor-binding
protein-1 promoter. Endocrinology 1997; 138:4291-300.

Aravind L, Landsman D. AT-hook motifs identified in a wide variety of DNA-
binding proteins. Nucleic Acids Res 1998; 26:4413-21.

Arlotta P, Rustighi A, Mantovani F, Manfioletti G, Giancotti V, Tell G,
Damante G. High mobility group 1 proteins interfere with the
homeodomains binding to DNA. J Biol Chem 1997; 272:29904-10.

Attardi LD, Reczek EE, Cosmas C, Demicco EG, McCurrach ME, Lowe SW,
Jacks T. PERP, an apoptosis-associated target of p53, is a novel member of
the PMP-22/gas3 family. Genes Dev 2000; 14:704-18.

Bagga R, Emerson BM. An HMG [I/Y-containing repressor complex and
supercoiled DNA topology are critical for long-range enhancer-dependent
transcription in vitro. Genes Dev 1997; 11:629-39.

Baldassarre G, Battista S, Belletti B, Thakur S, Pentimalli F, Trapasso F,
Fedele M, Pierantoni G, Croce CM, Fusco A. Negative regulation of
BRCA1 gene expression by HMGAI1 proteins accounts for the reduced
BRCAL1 protein levels in sporadic breast carcinoma. Mol Cell Biol 2003;
23:2225-38.

45



Bandiera A, Bonifacio D, Manfioletti G, Mantovani F, Rustighi A, Zanconati
F, Fusco A, Di Bonito L, Giancotti V. Expression of HMGI(Y) proteins in
squamous intraepithelial and invasive lesions of the uterine cervix. Cancer
Res 1998; 58:426-31.

Banin S, Moyal L, Shieh S, Taya Y, Anderson CW, Chessa L, Smorodinsky
NI, Prives C, Reiss Y, Shiloh Y, Ziv Y. Enhanced phosphorylation of p53
by ATM in response to DNA damage. Science 1998; 281:1674-7.

Banks GC, Li Y, Reeves R. Differential in vivo modifications of the HMGI(Y)
nonhistone chromatin proteins modulate nucleosome and DNA interactions.
Biochemistry 2000; 39:8333-46.

Battista S, Fedele M, Martinez Hoyos J, Pentimalli F, Pierantoni GM, Visone
R, De Martino I, Croce CM, Fusco A. High-mobility-group A1 (HMGAL1)
proteins down-regulate the expression of the recombination activating gene
2 (RAG?2). Biochem J 2005; 389:91-7.

Beaujean N, Bouniol-Baly C, Monod C, Kissa K, Jullien D, Aulner N,
Amirand C, Debey P, Kas E. Induction of early transcription in one-cell
mouse embryos by microinjection of the nonhistone chromosomal protein
HMG-I. Dev Biol 2000; 221:337-54.

Berlingieri MT, Manfioletti G, Santoro M, Bandiera A, Visconti R, Giancotti
V, Fusco A. Inhibition of HMGI-C protein synthesis suppresses retrovirally
induced neoplastic transformation of rat thyroid cells. Mol Cell Biol 1995;
15:1545-53.

Berlingieri MT, Pierantoni GM, Giancotti V, Santoro M, Fusco A. Thyroid cell
transformation requires the expression of the HMGA1 proteins. Oncogene
2002; 21:2971-80.

Bode AM, Dong Z. Post-translational modification of p53 in tumorigenesis.
Nat Rev Cancer 2004; 4:793-805.

Bourdon JC, Renzing J, Robertson PL, Fernandes KN, Lane DP. Scotin, a
novel p53-inducible proapoptotic protein located in the ER and the nuclear
membrane. J Cell Biol 2002; 158:235-46.

Bustin M, Reeves R. High-mobility-group chromosomal proteins: architectural
components that facilitate chromatin function. Prog Nucleic Acid Res Mol
Biol 1996; 54:35-100.

Canman CE, Lim DS, Cimprich KA, Taya Y, Tamai K, Sakaguchi K, Appella
E, Kastan MB, Siliciano JD. Activation of the ATM kinase by ionizing
radiation and phosphorylation of p53. Science 1998; 281:1677-9.

46



Cecconi F, Alvarez-Bolado G, Meyer BI, Roth KA, Gruss P. Apafl (CED-4
homolog) regulates programmed cell death in mammalian development.
Cell 1998; 94:727-37.

Chase MB, Haga SB, Hankins WD, Williams DM, Bi Z, Strovel JW, Obriecht
C, Berg PE. Binding of HMG-I(Y) elicits structural changes in a silencer of
the human beta-globin gene. Am J Hematol 1999; 60:27-35.

Chau KY, Patel UA, Lee KL, Lam HY, Crane-Robinson C. The gene for the
human architectural transcription factor HMGI-C consists of five exons

each coding for a distinct functional element. Nucleic Acids Res 1995;
23:4262-6.

Chau KY, Munshi N, Keane-Myers A, Cheung-Chau KW, Tai AK, Manfioletti
G, Dorey CK, Thanos D, Zack DJ, Ono SJ. The architectural transcription
factor high mobility group I(Y) participates in photoreceptor-specific gene
expression. J Neurosci 2000; 20:7317-24.

Chau KY, Keane-Myers AM, Fedele M, lkeda Y, Creusot RJ, Menozzi L,
Cousins DJ, Manfioletti G, Feigenbaum L, Fusco A, Ono SJ. IFN-gamma

gene expression is controlled by the architectural transcription factor
HMGA1. Int Immunol 2005; 17:297-306.

Chen X, Ko LJ, Jayaraman L, Prives C. p53 levels, functional domains, and
DNA damage determine the extent of the apoptotic response of tumor cells.
Genes Dev 1996; 10:2438-51.

Chiappetta G, Bandiera A, Berlingieri MT, Visconti R, Manfioletti G, Battista
S, Martinez-Tello FJ, Santoro M, Giancotti V, Fusco A. The expression of
the high mobility group HMGI (Y) proteins correlates with the malignant
phenotype of human thyroid neoplasias. Oncogene 1995; 10:1307-14.

Chiappetta G, Avantaggiato V, Visconti R, Fedele M, Battista S, Trapasso F,
Merciai BM, Fidanza V, Giancotti V, Santoro M, Simeone A, Fusco A.
High level expression of the HMGI (Y) gene during embryonic
development. Oncogene 1996; 13:2439-46.

Chieffi P, Battista S, Barchi M, Di Agostino S, Pierantoni GM, Fedele M,
Chiariotti L, Tramontano D, Fusco A. HMGA1 and HMGA2 protein
expression in mouse spermatogenesis. Oncogene 2002; 21:3644-50.

Chin MT, Pellacani A, Wang H, Lin SS, Jain MK, Perrella MA, Lee ME.
Enhancement of serum-response factor-dependent transcription and DNA
binding by the architectural transcription factor HMG-I(Y). J Biol Chem
1998; 273:9755-60.

47



Cho Y, Gorina S, Jeffrey PD, Pavletich NP. Crystal structure of a p53 tumor
suppressor-DNA complex: understanding tumorigenic mutations. Science
1994; 265:346-55.

Chuvpilo S, Schomberg C, Gerwig R, Heinfling A, Reeves R, Grummt F,
Serfling E. Multiple closely-linked NFAT/octamer and HMG I(Y) binding
sites are part of the interleukin-4 promoter. Nucleic Acids Res 1993;
21:5694-704.

Cory S, Adams JM. The Bcl2 family: regulators of the cellular life-or-death
switch. Nat Rev Cancer 2002; 2:647-56.

Dal Cin P, Wanschura S, Christiaens MR, Van den Berghe I, Moerman P,
Polito P, Kazmierczak B, Bullerdiek J, Van den Berghe H. Hamartoma of

the breast with involvement of 6p21 and rearrangement of HMGIY. Genes
Chromosomes Cancer 1997; 20:90-2.

D'Orazi G, Cecchinelli B, Bruno T, Manni I, Higashimoto Y, Saito S, Gostissa
M, Coen S, Marchetti A, Del Sal G, Piaggio G, Fanciulli M, Appella E,
Soddu S. Homeodomain-interacting protein kinase-2 phosphorylates p53 at
Ser 46 and mediates apoptosis. Nat Cell Biol 2002; 4:11-9.

Elton TS, Reeves R. Purification and postsynthetic modifications of Friend
erythroleukemic cell high mobility group protein HMG-I. Anal Biochem
1986; 157:53-62.

Esposito F, Franco R, Fedele M, Liguori G, Pierantoni GM, Botti G,
Tramontano D, Fusco A, Chieffi P. Detection of high-mobility group
proteins Al and A2 represents a valid diagnostic marker in post-pubertal
testicular germ cell tumours. J Pathol 2008; 214:58-64.

Falvo JV, Thanos D, Maniatis T. Reversal of intrinsic DNA bends in the IFN
beta gene enhancer by transcription factors and the architectural protein
HMG I(Y). Cell 1995; 83:1101-11.

Farmer G, Bargonetti J, Zhu H, Friedman P, Prywes R, Prives C. Wild-type
p53 activates transcription in vitro. Nature 1992; 358:83-6.

Farnet CM, Bushman FD. HIV-1 cDNA integration: requirement of HMG I(Y)
protein for function of preintegration complexes in vitro. Cell 1997; 88:483-
92.

Fashena SJ, Reeves R, Ruddle NH. A poly(dA-dT) upstream activating
sequence binds high-mobility group [ protein and contributes to
lymphotoxin (tumor necrosis factor-beta) gene regulation. Mol Cell Biol
1992; 12:894-903.

48



Fedele M, Bandiera A, Chiappetta G, Battista S, Viglietto G, Manfioletti G,
Casamassimi A, Santoro M, Giancotti V, Fusco A. Human colorectal
carcinomas express high levels of high mobility group HMGI(Y) proteins.
Cancer Res 1996; 56:1896-901.

Fedele M, Benvenuto G, Pero R, Majello B, Battista S, Lembo F, Vollono E,
Day PM, Santoro M, Lania L, Bruni CB, Fusco A, Chiariotti L. A novel
member of the BTB/POZ family, PATZ, associates with the RNF4 RING
finger protein and acts as a transcriptional repressor. J Biol Chem 2000;
275:7894-901.

Fedele M, Pierantoni GM, Berlingieri MT, Battista S, Baldassarre G, Munshi
N, Dentice M, Thanos D, Santoro M, Viglietto G, Fusco A. Overexpression
of proteins HMGA induces cell cycle deregulation and apoptosis in normal
rat thyroid cells. Cancer Res 2001; 61:4583-90.

Fedele M, Visone R, De Martino I, Troncone G, Palmieri D, Battista S,
Ciarmiello A, Pallante P, Arra C, Melillo RM, Helin K, Croce CM, Fusco
A. HMGA?2? induces pituitary tumorigenesis by enhancing E2F1 activity.
Cancer Cell 2006; 9:459-71.

Ferranti P, Malorni A, Marino G, Pucci P, Goodwin GH, Manfioletti G,
Giancotti V. Mass spectrometric analysis of the HMGY protein from Lewis
lung carcinoma. Identification of phosphorylation sites. J Biol Chem 1992;
267:22486-9.

Fields S, Jang SK. Presence of a potent transcription activating sequence in the
p53 protein. Science 1990; 249:1046-9.

Flatt PM, Polyak K, Tang LJ, Scatena CD, Westfall MD, Rubinstein LA, Yu J,
Kinzler KW, Vogelstein B, Hill DE, Pietenpol JA. p53-dependent
expression of PIG3 during proliferation, genotoxic stress, and reversible
growth arrest. Cancer Lett 2000; 156:63-72.

Foster LC, Wiesel P, Huggins GS, Panares R, Chin MT, Pellacani A, Perrella
MA. Role of activating protein-1 and high mobility group-I(Y) protein in
the induction of CD44 gene expression by interleukin-1beta in vascular
smooth muscle cells. FASEB J 2000; 14:368-78.

Foti D, Chiefari E, Fedele M, Iuliano R, Brunetti L, Paonessa F, Manfioletti G,
Barbetti F, Brunetti A, Croce CM, Fusco A. Lack of the architectural factor

HMGAT1 causes insulin resistance and diabetes in humans and mice. Nat
Med 2005; 11:765-73.

Frasca F, Rustighi A, Malaguarnera R, Altamura S, Vigneri P, Del Sal G,
Giancotti V, Pezzino V, Vigneri R, Manfioletti G. HMGAI1 inhibits the
function of p53 family members in thyroid cancer cells. Cancer Res 2006;
66:2980-9.

49



French SW, Schmidt MC, Glorioso JC. Involvement of a high-mobility-group
protein in the transcriptional activity of herpes simplex virus latency-active
promoter 2. Mol Cell Biol 1996; 16:5393-9.

Fridman JS, Lowe SW. Control of apoptosis by p53. Oncogene 2003; 22:9030-
40.

Friedmann M, Holth LT, Zoghbi HY, Reeves R. Organization, inducible-
expression and chromosome localization of the human HMG-I(Y)
nonhistone protein gene. Nucleic Acids Res 1993; 21:4259-67.

Fritsche M, Haessler C, Brandner G. Induction of nuclear accumulation of the
tumor-suppressor protein p53 by DNA-damaging agents. Oncogene 1993;
8:307-18.

Fry CJ, Peterson CL. Chromatin remodeling enzymes: who's on first? Curr
Biol 2001; 11:R185-97.

Giancotti V, Buratti E, Perissin L, Zorzet S, Balmain A, Portella G, Fusco A,
Goodwin GH. Analysis of the HMGI nuclear proteins in mouse neoplastic
cells induced by different procedures. Exp Cell Res 1989; 184:538-45.

Giancotti V, Bandiera A, Buratti E, Fusco A, Marzari R, Coles B, Goodwin
GH. Comparison of multiple forms of the high mobility group I proteins in
rodent and human cells. Identification of the human high mobility group I-C
protein. Eur J Biochem 1991; 198:211-6.

Giannini G, Di Marcotullio L, Ristori E, Zani M, Crescenzi M, Scarpa S,
Piaggio G, Vacca A, Peverali FA, Diana F, Screpanti I, Frati L, Gulino A.
HMGI(Y) and HMGI-C genes are expressed in neuroblastoma cell lines and
tumors and affect retinoic acid responsiveness. Cancer Res 1999; 59:2484-
92.

Goodwin GH, Sanders C, Johns EW. A new group of chromatin-associated
proteins with a high content of acidic and basic amino acids. Eur J Biochem
1973; 38:14-9.

Hauke S, Rippe V, Bullerdiek J. Chromosomal rearrangements leading to
abnormal splicing within intron 4 of HMGIC? Genes Chromosomes Cancer
2001; 30:302-4.

Haupt S, Berger M, Goldberg Z, Haupt Y. Apoptosis - the p53 network. J Cell
Sc12003; 116:4077-85.

Hennig Y, Wanschura S, Deichert U, Bartnitzke S, Bullerdiek 1J.
Rearrangements of the high mobility group protein family genes and the
molecular genetic origin of uterine leiomyomas and endometrial polyps.
Mol Hum Reprod 1996; 2:277-83.

50



Hess JL. Chromosomal translocations in benign tumors: the HMGI proteins.
Am J Clin Pathol 1998; 109:251-61.

Hill DA, Pedulla ML, Reeves R. Directional binding of HMG-I(Y) on four-
way junction DNA and the molecular basis for competitive binding with
HMG-1 and histone H1. Nucleic Acids Res 1999; 27:2135-44.

Himes SR, Coles LS, Reeves R, Shannon MF. High mobility group protein
I(Y) is required for function and for c-Rel binding to CD28 response
elements within the GM-CSF and IL-2 promoters. Immunity 1996; 5:479-
89.

Hofmann TG, Moller A, Sirma H, Zentgraf H, Taya Y, Droge W, Will H,
Schmitz ML. Regulation of p53 activity by its interaction with
homeodomain-interacting protein kinase-2. Nat Cell Biol 2002; 4:1-10.

Hofseth LJ, Hussain SP, Harris CC. p53: 25 years after its discovery. Trends
Pharmacol Sci 2004; 25:177-81.

Hollstein M, Sidransky D, Vogelstein B, Harris CC. p53 mutations in human
cancers. Science 1991; 253:49-53.

Holth LT, Thorlacius AE, Reeves R. Effects of epidermal growth factor and
estrogen on the regulation of the HMG-I/Y gene in human mammary
epithelial cell lines. DNA Cell Biol 1997; 16:1299-309.

Huth JR, Bewley CA, Nissen MS, Evans JN, Reeves R, Gronenborn AM,
Clore GM. The solution structure of an HMG-I(Y)-DNA complex defines a
new architectural minor groove binding motif. Nat Struct Biol 1997; 4:657-
65.

Isobe M, Emanuel BS, Givol D, Oren M, Croce CM. Localization of gene for
human p53 tumour antigen to band 17p13. Nature 1986; 320:84-5.

Ji YS, Xu Q, Schmedtje JF, Jr. Hypoxia induces high-mobility-group protein
I(Y) and transcription of the cyclooxygenase-2 gene in human vascular
endothelium. Circ Res 1998; 83:295-304.

John S, Reeves RB, Lin JX, Child R, Leiden JM, Thompson CB, Leonard WJ.
Regulation of cell-type-specific interleukin-2 receptor alpha-chain gene
expression: potential role of physical interactions between Elf-1, HMG-
I(Y), and NF-kappa B family proteins. Mol Cell Biol 1995; 15:1786-96.

Johnson KR, Lehn DA, Reeves R. Alternative processing of mRNAs encoding
mammalian chromosomal high-mobility-group proteins HMG-I and HMG-
Y. Mol Cell Biol 1989; 9:2114-23.

51



Johnson KR, Disney JE, Wyatt CR, Reeves R. Expression of mRNAs encoding
mammalian chromosomal proteins HMG-I and HMG-Y during cellular
proliferation. Exp Cell Res 1990; 187:69-76.

Kaelin WG, Jr. The p53 gene family. Oncogene 1999; 18:7701-5.

Kazmierczak B, Rosigkeit J, Wanschura S, Meyer-Bolte K, Van de Ven WJ,
Kayser K, Krieghoff B, Kastendiek H, Bartnitzke S, Bullerdiek J. HMGI-C
rearrangements as the molecular basis for the majority of pulmonary
chondroid hamartomas: a survey of 30 tumors. Oncogene 1996; 12:515-21.

Kern SE, Kinzler KW, Bruskin A, Jarosz D, Friedman P, Prives C, Vogelstein
B. Identification of p53 as a sequence-specific DNA-binding protein.
Science 1991; 252:1708-11.

Kim J, Reeves R, Rothman P, Boothby M. The non-histone chromosomal
protein HMG-I(Y) contributes to repression of the immunoglobulin heavy
chain germ-line epsilon RNA promoter. Eur J Immunol 1995; 25:798-808.

Kim TK, Maniatis T. The mechanism of transcriptional synergy of an in vitro
assembled interferon-beta enhanceosome. Mol Cell 1997; 1:119-29.

Kinzler KW, Vogelstein B. Cancer-susceptibility genes. Gatekeepers and
caretakers. Nature 1997; 386:761, 3.

Klein-Hessling S, Schneider G, Heinfling A, Chuvpilo S, Serfling E. HMG
I(Y) interferes with the DNA binding of NF-AT factors and the induction of
the interleukin 4 promoter in T cells. Proc Natl Acad Sci U S A 1996;
93:15311-6.

Korsmeyer SJ. BCL-2 gene family and the regulation of programmed cell
death. Cancer Res 1999; 59:1693s-700s.

Kurose K, Mine N, lida A, Nagai H, Harada H, Araki T, Emi M. Three
aberrant splicing variants of the HMGIC gene transcribed in uterine
leiomyomas. Genes Chromosomes Cancer 2001; 30:212-7.

Lamb P, Crawford L. Characterization of the human p53 gene. Mol Cell Biol
1986; 6:1379-85.

Leger H, Sock E, Renner K, Grummt F, Wegner M. Functional interaction
between the POU domain protein Tst-1/Oct-6 and the high-mobility-group
protein HMG-I/Y. Mol Cell Biol 1995; 15:3738-47.

Lehn DA, Elton TS, Johnson KR, Reeves R. A conformational study of the
sequence specific binding of HMG-I (Y) with the bovine interleukin-2
cDNA. Biochem Int 1988; 16:963-71.

52



Levine AJ. p53, the cellular gatekeeper for growth and division. Cell 1997;
88:323-31.

Lewis H, Kaszubska W, DeLamarter JF, Whelan J. Cooperativity between two
NF-kappa B complexes, mediated by high-mobility-group protein I(Y), is
essential for cytokine-induced expression of the E-selectin promoter. Mol
Cell Biol 1994; 14:5701-9.

Lin J, Chen J, Elenbaas B, Levine AJ. Several hydrophobic amino acids in the
p53 amino-terminal domain are required for transcriptional activation,
binding to mdm-2 and the adenovirus 5 E1B 55-kD protein. Genes Dev
1994; 8:1235-46.

Lin Y, Ma W, Benchimol S. Pidd, a new death-domain-containing protein, is
induced by p53 and promotes apoptosis. Nat Genet 2000; 26:122-7.

Liu F, Chau KY, Arlotta P, Ono SJ. The HMG I proteins: dynamic roles in
gene activation, development, and tumorigenesis. Immunol Res 2001;
24:13-29.

Liu WM, Guerra-Vladusic FK, Kurakata S, Lupu R, Kohwi-Shigematsu T.
HMG-I(Y) recognizes base-unpairing regions of matrix attachment
sequences and its increased expression is directly linked to metastatic breast
cancer phenotype. Cancer Res 1999; 59:5695-703.

Liu X, Yue P, Khuri FR, Sun SY. p53 upregulates death receptor 4 expression
through an intronic p53 binding site. Cancer Res 2004; 64:5078-83.

Louis-Plence P, Moreno CS, Boss JM. Formation of a regulatory factor X/X2
box-binding protein/nuclear factor-Y multiprotein complex on the
conserved regulatory regions of HLA class II genes. J Immunol 1997;
159:3899-909.

Lund T, Holtlund J, Fredriksen M, Laland SG. On the presence of two new
high mobility group-like proteins in HeLa S3 cells. FEBS Lett 1983;
152:163-7.

Lundberg K, Karlson JR, Ingebrigtsen K, Holtlund J, Lund T, Laland SG. On
the presence of the chromosomal proteins HMG I and HMG Y in rat organs.
Biochim Biophys Acta 1989; 1009:277-9.

Martinez Hoyos J, Fedele M, Battista S, Pentimalli F, Kruhoffer M, Arra C,
Orntoft TF, Croce CM, Fusco A. Identification of the genes up- and down-
regulated by the high mobility group Al (HMGAI) proteins: tissue
specificity of the HMGA1-dependent gene regulation. Cancer Res 2004;
64:5728-35.

53



Martinez Hoyos J, Ferraro A, Sacchetti S, Keller S, De Martino I, Borbone E,
Pallante P, Fedele M, Montanaro D, Esposito F, Cserjesi P, Chiariotti L,
Troncone G, Fusco A. HANDI gene expression is negatively regulated by
the High Mobility Group Al proteins and is drastically reduced in human
thyroid carcinomas. Oncogene in press.

Masciullo V, Baldassarre G, Pentimalli F, Berlingieri MT, Boccia A,
Chiappetta G, Palazzo J, Manfioletti G, Giancotti V, Viglietto G, Scambia
G, Fusco A. HMGAI1 protein over-expression is a frequent feature of
epithelial ovarian carcinomas. Carcinogenesis 2003; 24:1191-8.

Matsuda K, Yoshida K, Taya Y, Nakamura K, Nakamura Y, Arakawa H.
pS3AIPI1 regulates the mitochondrial apoptotic pathway. Cancer Res 2002;
62:2883-9.

Matsuoka S, Huang M, Elledge SJ. Linkage of ATM to cell cycle regulation by
the Chk2 protein kinase. Science 1998; 282:1893-7.

Melillo RM, Pierantoni GM, Scala S, Battista S, Fedele M, Stella A, De Biasio
MC, Chiappetta G, Fidanza V, Condorelli G, Santoro M, Croce CM,
Viglietto G, Fusco A. Critical role of the HMGI(Y) proteins in adipocytic
cell growth and differentiation. Mol Cell Biol 2001; 21:2485-95.

Merika M, Williams AJ, Chen G, Collins T, Thanos D. Recruitment of
CBP/p300 by the IFN beta enhanceosome is required for synergistic
activation of transcription. Mol Cell 1998; 1:277-87.

Merika M, Thanos D. Enhanceosomes. Curr Opin Genet Dev 2001; 11:205-8.

Mirza A, Wu Q, Wang L, McClanahan T, Bishop WR, Gheyas F, Ding W,
Hutchins B, Hockenberry T, Kirschmeier P, Greene JR, Liu S. Global
transcriptional program of p53 target genes during the process of apoptosis
and cell cycle progression. Oncogene 2003; 22:3645-54.

Miyashita T, Reed JC. Tumor suppressor p53 is a direct transcriptional
activator of the human bax gene. Cell 1995; 80:293-9.

Munshi N, Merika M, Yie J, Senger K, Chen G, Thanos D. Acetylation of
HMG I(Y) by CBP turns off IFN beta expression by disrupting the
enhanceosome. Mol Cell 1998; 2:457-67.

Nagpal S, Ghosn C, DiSepio D, Molina Y, Sutter M, Klein ES, Chandraratna
RA. Retinoid-dependent recruitment of a histone H1 displacement activity
by retinoic acid receptor. J Biol Chem 1999; 274:22563-8.

Nagulapalli S, Pongubala JM, Atchison ML. Multiple proteins physically
interact with PU.1. Transcriptional synergy with NF-IL6 beta (C/EBP delta,
CRP3). J Immunol 1995; 155:4330-8.

54



Nakano K, Vousden KH. PUMA, a novel proapoptotic gene, is induced by
p53. Mol Cell 2001; 7:683-94.

Nirodi C, NagDas S, Gygi SP, Olson G, Aebersold R, Richmond A. A role for
poly(ADP-ribose) polymerase in the transcriptional regulation of the
melanoma growth stimulatory activity (CXCL1) gene expression. J Biol
Chem 2001; 276:9366-74.

Nissen MS, Langan TA, Reeves R. Phosphorylation by cdc2 kinase modulates
DNA binding activity of high mobility group I nonhistone chromatin
protein. J Biol Chem 1991; 266:19945-52.

Nissen MS, Reeves R. Changes in superhelicity are introduced into closed
circular DNA by binding of high mobility group protein I/Y. J Biol Chem
1995; 270:4355-60.

O'Connor L, Harris AW, Strasser A. CD95 (Fas/APO-1) and p53 signal
apoptosis independently in diverse cell types. Cancer Res 2000; 60:1217-20.

Oda E, Ohki R, Murasawa H, Nemoto J, Shibue T, Yamashita T, Tokino T,
Taniguchi T, Tanaka N. Noxa, a BH3-only member of the Bcl-2 family and
candidate mediator of p53-induced apoptosis. Science 2000; 288:1053-8.

Ogram SA, Reeves R. Differential regulation of a multipromoter gene.
Selective 12-O-tetradecanoylphorbol-13-acetate induction of a single
transcription start site in the HMG-I/Y gene. J Biol Chem 1995; 270:14235-
42.

Oren M. Decision making by p53: life, death and cancer. Cell Death Differ
2003; 10:431-42.

Perrella MA, Pellacani A, Wiesel P, Chin MT, Foster LC, Ibanez M, Hsich
CM, Reeves R, Yet SF, Lee ME. High mobility group-I(Y) protein
facilitates nuclear factor-kappaB binding and transactivation of the

inducible nitric-oxide synthase promoter/enhancer. J Biol Chem 1999;
274:9045-52.

Pierantoni GM, Santulli B, Caliendo I, Pentimalli F, Chiappetta G, Zanesi N,
Santoro M, Bulrich F, Fusco A. HMGAZ2 locus rearrangement in a case of
acute lymphoblastic leukemia. Int J Oncol 2003; 23:363-7.

Pierantoni GM, Rinaldo C, Esposito F, Mottolese M, Soddu S, Fusco A. High
Mobility Group A1 (HMGAI) proteins interact with p53 and inhibit its
apoptotic activity. Cell Death Differ 2006; 13:1554-63.

Pierantoni GM, Rinaldo C, Mottolese M, Di Benedetto A, Esposito F, Soddu S,
Fusco A. High-mobility group A1 inhibits p53 by cytoplasmic relocalization
of its proapoptotic activator HIPK2. J Clin Invest 2007; 117:693-702.

55



Reeves R, Elton TS, Nissen MS, Lehn D, Johnson KR. Posttranscriptional gene
regulation and specific binding of the nonhistone protein HMG-I by the 3'
untranslated region of bovine interleukin 2 ¢cDNA. Proc Natl Acad Sci U S
A 1987; 84:6531-5.

Reeves R, Nissen MS. The A.T-DNA-binding domain of mammalian high
mobility group I chromosomal proteins. A novel peptide motif for
recognizing DNA structure. J Biol Chem 1990; 265:8573-82.

Reeves R, Langan TA, Nissen MS. Phosphorylation of the DNA-binding
domain of nonhistone high-mobility group I protein by cdc2 kinase:
reduction of binding affinity. Proc Natl Acad Sci U S A 1991; 88:1671-5.

Reeves R. Chromatin changes during the cell cycle. Curr Opin Cell Biol 1992;
4:413-23.

Reeves R, Nissen MS. Interaction of high mobility group-I (Y) nonhistone
proteins with nucleosome core particles. J Biol Chem 1993; 268:21137-46.

Reeves R, Wolffe AP. Substrate structure influences binding of the non-histone
protein HMG-I(Y) to free nucleosomal DNA. Biochemistry 1996; 35:5063-
74.

Reeves R, Nissen MS. Purification and assays for high mobility group HMG-
I(Y) protein function. Methods Enzymol 1999; 304:155-88.

Reeves R, Beckerbauer L. HMGI/Y proteins: flexible regulators of
transcription and chromatin structure. Biochim Biophys Acta 2001;
1519:13-29

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

Rogalla P, Drechsler K, Kazmierczak B, Rippe V, Bonk U, Bullerdiek J.
Expression of HMGI-C, a member of the high mobility group protein
family, in a subset of breast cancers: relationship to histologic grade. Mol
Carcinog 1997; 19:153-6.

Rogalla P, Drechsler K, Schroder-Babo W, Eberhardt K, Bullerdiek J. HMGIC
expression patterns in non-small lung cancer and surrounding tissue.
Anticancer Res 1998; 18:3327-30.

Sakamuro D, Sabbatini P, White E, Prendergast GC. The polyproline region of
p53 is required to activate apoptosis but not growth arrest. Oncogene 1997;
15:887-98.

56



Sato S, Miura H, Yamamoto H, Takeuchi T. Identification of nuclear factors
that bind to the mouse tyrosinase gene regulatory region. Pigment Cell Res
1994; 7:279-84.

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

Schaefer BC, Paulson E, Strominger JL, Speck SH. Constitutive activation of
Epstein-Barr virus (EBV) nuclear antigen 1 gene transcription by IRF1 and
IRF2 during restricted EBV latency. Mol Cell Biol 1997; 17:873-86.

Scholl FA, McLoughlin P, Ehler E, de Giovanni C, Schafer BW. DRAL is a
pS3-responsive gene whose four and a half LIM domain protein product
induces apoptosis. J Cell Biol 2000; 151:495-506.

Sears J, Kolman J, Wahl GM, Aiyar A. Metaphase chromosome tethering is
necessary for the DNA synthesis and maintenance of oriP plasmids but is
insufficient for transcription activation by Epstein-Barr nuclear antigen 1. J
Virol 2003; 77:11767-80.

Sheikh MS, Burns TF, Huang Y, Wu GS, Amundson S, Brooks KS, Fornace
Al Jr., el-Deiry WS. p53-dependent and -independent regulation of the
death receptor KILLER/DRS gene expression in response to genotoxic
stress and tumor necrosis factor alpha. Cancer Res 1998; 58:1593-8.

Sherr CJ. Tumor surveillance via the ARF-p53 pathway. Genes Dev 1998;
12:2984-91.

Shieh SY, Ahn J, Tamai K, Taya Y, Prives C. The human homologs of
checkpoint kinases Chkl and Cdsl (Chk2) phosphorylate p5S3 at multiple
DNA damage-inducible sites. Genes Dev 2000; 14:289-300.

Siino JS, Nissen MS, Reeves R. Replacement of conserved threonines by
alanine residues in high mobility group protein HMG-I(Y): effect on DNA
binding affinity. Biochem Biophys Res Commun 1995; 207:497-507.

Skalnik DG, Neufeld EJ. Sequence-specific binding of HMG-I(Y) to the
proximal promoter of the gp91-phox gene. Biochem Biophys Res Commun
1992; 187:563-9.

Sobajima J, Ozaki S, Osakada F, Uesugi H, Shirakawa H, Yoshida M, Nakao
K. Novel autoantigens of perinuclear anti-neutrophil cytoplasmic antibodies
(P-ANCA) in ulcerative colitis: non-histone chromosomal proteins, HMG1
and HMG2. Clin Exp Immunol 1997; 107:135-40.

Soussi T, Beroud C. Assessing TP53 status in human tumours to evaluate
clinical outcome. Nat Rev Cancer 2001; 1:233-40.

57



Symonds H, Krall L, Remington L, Saenz-Robles M, Lowe S, Jacks T, Van
Dyke T. p53-dependent apoptosis suppresses tumor growth and progression
in vivo. Cell 1994; 78:703-11.

Takimoto R, El-Deiry WS. Wild-type p53 transactivates the KILLER/DRS
gene through an intronic sequence-specific DNA-binding site. Oncogene
2000; 19:1735-43.

Tallini G, Dal Cin P. HMGI(Y) and HMGI-C dysregulation: a common
occurrence in human tumors. Adv Anat Pathol 1999; 6:237-46.

Tamimi Y, van der Poel HG, Denyn MM, Umbas R, Karthaus HF, Debruyne
FM, Schalken JA. Increased expression of high mobility group protein I(Y)
in high grade prostatic cancer determined by in situ hybridization. Cancer
Res 1993; 53:5512-6.

Tessari MA, Gostissa M, Altamura S, Sgarra R, Rustighi A, Salvagno C,
Caretti G, Imbriano C, Mantovani R, Del Sal G, Giancotti V, Manfioletti G.
Transcriptional activation of the cyclin A gene by the architectural
transcription factor HMGA2. Mol Cell Biol 2003; 23:9104-16.

Thanos D, Maniatis T. The high mobility group protein HMG I(Y) is required
for NF-kappa B-dependent virus induction of the human IFN-beta gene.
Cell 1992; 71:777-89.

Thornborrow EC, Patel S, Mastropietro AE, Schwartzfarb EM, Manfredi JJ. A
conserved intronic response element mediates direct p53-dependent
transcriptional activation of both the human and murine bax genes.

Oncogene 2002; 21:990-9.

Tibbetts RS, Brumbaugh KM, Williams JM, Sarkaria JN, Cliby WA, Shieh
SY, Taya Y, Prives C, Abraham RT. A role for ATR in the DNA damage-
induced phosphorylation of p53. Genes Dev 1999; 13:152-7.

Vogelstein B, Lane D, Levine AJ. Surfing the p53 network. Nature 2000;
408:307-10.

Vousden KH, Lu X. Live or let die: the cell's response to p53. Nat Rev Cancer
2002; 2:594-604.

Wang DZ, Ray P, Boothby M. Interleukin 4-inducible phosphorylation of
HMG-I(Y) is inhibited by rapamycin. J Biol Chem 1995; 270:22924-32.

Wang D, Zamorano J, Keegan AD, Boothby M. HMG-I(Y) phosphorylation
status as a nuclear target regulated through insulin receptor substrate-1 and
the 4R motif of the interleukin-4 receptor. J Biol Chem 1997; 272:25083-
90.

58



Wiggins AK, Wei G, Doxakis E, Wong C, Tang AA, Zang K, Luo EJ, Neve
RL, Reichardt LF, Huang EJ. Interaction of Brn3a and HIPK2 mediates

transcriptional repression of sensory neuron survival. J Cell Biol 2004;
167:257-67.

Wood LD, Farmer AA, Richmond A. HMGI(Y) and Spl in addition to NF-
kappa B regulate transcription of the MGSA/GRO alpha gene. Nucleic
Acids Res 1995; 23:4210-9.

Wood LJ, Mukherjee M, Dolde CE, Xu Y, Maher JF, Bunton TE, Williams JB,
Resar LM. HMG-I/Y, a new c-Myc target gene and potential oncogene. Mol
Cell Biol 2000; 20:5490-502.

Xiao D, Huang K. [Effect of phosphorylation by protein kinase C on the DNA
binding activity of high mobility group protein I]. Zhongguo Yi Xue Ke
Xue Yuan Xue Bao 1996; 18:79-83.

Xiao DM, Pak JH, Wang X, Sato T, Huang FL, Chen HC, Huang KP.
Phosphorylation of HMG-I by protein kinase C attenuates its binding
affinity to the promoter regions of protein kinase C gamma and
neurogranin/RC3 genes. J Neurochem 2000; 74:392-9.

Xiao DM, Pak JH, Wang X, Sato T, Huang FL, Chen HC, Huang KP.
Phosphorylation of HMG-I by protein kinase C attenuates its binding
affinity to the promoter regions of protein kinase C gamma and
neurogranin/RC3 genes. J Neurochem 2000; 74:392-9.

Yang Y, Li CC, Weissman AM. Regulating the p53 system through
ubiquitination. Oncogene 2004; 23:2096-106.

Yie J, Senger K, Thanos D. Mechanism by which the IFN-beta enhanceosome
activates transcription. Proc Natl Acad Sci U S A 1999; 96:13108-13.

Yu J, Zhang L, Hwang PM, Kinzler KW, Vogelstein B. PUMA induces the
rapid apoptosis of colorectal cancer cells. Mol Cell 2001; 7:673-82.

Zentner MD, Lin HH, Deng HT, Kim KJ, Shih HM, Ann DK. Requirement for
high mobility group protein HMGI-C interaction with STAT3 inhibitor
PIAS3 in repression of alpha-subunit of epithelial Na+ channel (alpha-
ENaC) transcription by Ras activation in salivary epithelial cells. J Biol
Chem 2001; 276:29805-14.

Zhang Q, Wang Y. Homeodomain-interacting protein kinase-2 (HIPK2)
phosphorylates HMGA 1a at Ser-35, Thr-52, and Thr-77 and modulates its
DNA binding affinity. J Proteome Res 2007; 6:4711-9.

59



Zhou X, Benson KF, Ashar HR, Chada K. Mutation responsible for the mouse
pygmy phenotype in the developmentally regulated factor HMGI-C. Nature
1995; 376:771-4.

60



Endocrine-Related Cancer (2005) 12 867-874

High-mobility group A2 gene expression is
frequently induced in non-functioning
pituitary adenomas (NFPAs), even in the
absence of chromosome 12 polysomy

Giovanna Maria Pierantoni’*, Palma Finelli®**, Emanuele Valtorta?,

Daniela Giardiﬁgz, Ornella Hodescggniaa’, Francesco Esposito’, Marco Losa®,
Alfredo Fusco"” and Lidia Larizza®

"Dipartimento di Biologia e Patologia Cellulare e Molecolare, Facolta di Medicina e Chirurgia, Universita degli Studi di Napoli
‘Federico II’, via S. Pansini 5, 80131 Naples, ltaly

2Laboratorio di Citogenetica Medica e Genetica Molecolare, Istituto Auxologico Italiano, Milano, Italy

SDipartimento di Biologia e Genetica per le Scienze Mediche, Universita degli Studi di Milano, Italy

“Neurochirurgia, Ospedale San Raffaele, Milano, Italy

SNOGEC (Naples Oncogenomic Center)-CEINGE, Centro di Biotecnologie Avanzate, via Comunale Margherita 482, 80145,
Naples, Italy

(Requests for offprints should be addressed to A Fusco; Dipartimento di Biologia e Patologia Cellulare e Molecolare, Facolta di Medicina e Chirurgia di
Napoli, via Pansini 5, 80131 Naples, Italy, and NOGEC (Naples Oncogenomic Center)-CEINGE, Centro di Biotecnologie Avanzate, via Comunale
Margherita 482, 80145, Naples, ltaly; Email: afusco@napoli.com)

*(G M Pierantoni and P Finelli contributed equally to this work)

Abstract

The high-mobility group A2 (HMGAZ2) gene has a critical role in benign tumors where it is frequently
rearranged, and in malignant tumors, where it is overexpressed in the absence of structural
modification of the HMGAZ2 locus. By previous fluorescence in situ hybridization (FISH) and reverse
transcriptase PCR analyses on human prolactin-secreting pituitary adenomas we detected
rearrangement of the HMGAZ2 gene and amplification of its native region associated with activated
expression. These data indicated a role for the HMGAZ2 gene in the development of human pituitary
prolactinomas, since they are consistent with the appearance of prolactin/growth hormone
adenomas in transgenic mice overexpressing the HMGAZ2 gene. To assess a more general role
for HMGA2 in pituitary oncogenesis, we investigated HMGAZ2 amplification and expression in a
panel of non-functioning pituitary adenomas (NFPAs) which account for 25% of all pituitary
adenomas. We provide evidence that out of 18 NFPA tumors tested, 12 expressed HMGAZ2, but,
different from prolactinomas, only in two cases the upregulation of the gene could be associated with
amplification and/or rearrangement of the HMGAZ2 locus. Increased dosage of chromosome 12 was
found in the expressing and non-expressing NFPAs, confirming that this sole event is insufficient to
drive up activation of the HMGAZ gene. A role for chromosome 12 polysomy to promote structural
instability of HMGAZ is confirmed, but the mechanism via trisomy is less prevalent in the frequently
diploid NFPAs than in the usually hyperdiploid prolactinomas. Micro-rearrangements of HMGA2
gene not detectable by FISH analysis and/or sequence alterations could contribute to upregulation
of HMGAZ2 gene in pituitary adenomas of the NFPA subtype. However, it cannot be excluded that
the HMGAZ overexpression may be due, in some NFPA patients, to the same, still mainly unknown,
mechanisms responsible for HMGAZ overexpression in malignant neoplasias.

Endocrine-Related Cancer (2005) 12 867-874

Introduction intracranial tumors (Kovacs & Horvath 1986, Monson

et al. 2000). Despite benign proliferations of adenohy-
Pituitary adenomas are common benign, monoclonal  pophysial cells, they cause significant morbidity due to
neoplasms accounting for approximately 15% of critical location, expanding size and/or inappropriate
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pituitary hormone expression. Various subtypes have
been recognized on the basis of clinical presentation,
as well as immunocytological and ultrastructural
characteristics. About one-third of pituitary adenomas
are not associated with clinical hypersecretory syn-
dromes, but with symptoms of an intracranial mass
such as headaches, hypopituitarism or visual-field
disturbances, and are classified as non-functioning
pituitary adenomas (NFPAs). The genesis of pituitary
tumors is still under investigation since the genetic
alterations of the pituicytes themselves, hypothalamic
dysregulation and locally produced growth factors
have not been integrated in a multistep model of
carcinogenesis. According to this model, genetic
alterations represent the initializing event that trans-
forms cells, whereas hormones and/or growth factors
play a role in promoting cell proliferation. However,
apart from activating mutations of GNSAI, which
have been associated with 40% of sporadic somato-
trophic adenomas and with 10% of NFPAs, none of
the candidate cell-cycle, receptor, second-messenger
or related genes examined thus far appear to be
individually responsible for more than a few percent
of sporadic pituitary adenomas. Somatic mutations
identified in other malignancies such as MENIA
mutations, commonly found in patients affected by
the MEN-1 syndrome, have been rarely found in
sporadic pituitary adenomas, although a decreased
expression of menin has been demonstrated (Theodor-
opoulou et al. 2004). Equally, even though p27°'P! and
Rb inactivation is associated with the development of
pituitary adenomas of the intermediate lobe in mice,
no such mutations have been identified in human
pituitary adenomas (for a review see Levy & Lightman
2003). Increased expression of pituitary tumor trans-
forming gene (PTTG), encoding a securin protein, has
been found in sporadic pituitary adenomas, and the
development of multifocal plurihormonal focal pitui-
tary adenomas in male transgenic mice overexpressing
PTTG supports its role in pituitary cell proliferation
(Levy & Lightman 2003, Abbud et al. 2005).
Recently, our group suggested a critical role for
high-mobility group A2 (HMGA?2) in pituitary onco-
genesis. It has been shown that transgenic mice
overexpressing the HMGA2 gene develop growth
hormone- and prolactin-secreting adenomas (Fedele
et al. 2002). The HMGA protein family consists of a
group of small nuclear non-histone chromatinic
proteins. They are involved in the regulation of
chromatin structure (Fashena et al. 1992) and play
an important role in the assembly of a multi-protein
transcriptional complex that regulates the trans-
cription of the target genes (Grosschedl et al. 1994).
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HMGA proteins play a crucial role in the process of
cancerogenesis. In fact, chromosomal translocations
of 12q13-15, involving the HMGA?2 gene, leading to
rearrangements and dysregulated expression of the
HMG A2 gene, have been frequently detected in benign
human tumors of mesenchymal origin (Ashar et al.
1995, Schoenmakers et al. 1995). Conversely, malignant
neoplasias show an abundant expression of the
HMGA2 gene that is required for malignant cell
transformation (Berlingieri et al. 1995, Giancotti
et al. 1985, 1987, Abe et al. 2003). Consistently with
the development of prolactin adenomas in HMGA?2
transgenic mice, induction of HMGAZ2 expression was
observed in human prolactinomas in association with
amplification and/or rearrangement in most of the
tumor samples analyzed (Finelli et al. 2002), whereas
the HMGA2 gene was not expressed at all in normal
pituitary gland.

The aim of the present work has been to assess the
putative involvement of the HMGA2 gene in another
pituitary adenoma subtype, such as the NFPA. NFPAs
are benign neoplasias that differ from prolactinomas in
showing more frequently a normal karyotype and a
lower frequency of trisomy 12 when the karyotype is
aberrant (Finelli et al. 2000). Therefore, we analyzed
HMGA2 gene expression and possible cytogenetic
alterations in a representative panel of 18 NFPAs.
Results obtained by fluorescence in situ hybridization
(FISH) analysis and reverse transcriptase (RT)-PCR
expression show that the majority of NFPAs express
HMGAZ2, which, at odds with prolactinomas, is not
associated with over-representation of the HMGA2
region, and only in a few cases is driven by rearrange-
ment of the gene.

Materials and methods
Patients and tumor specimens

The NFPA tissue samples were obtained at transsphe-
noidal surgery from 18 patients, 11 of whom had
undergone surgery for visual defects (pituitary adeno-
mas (PAs) 80, 84, 86, 92, 100, 105, 107, 109, 114, 116
and 120), five for prevention (PAs 82, 93, 99, 103 and
120) and two for an increase in tumor size (PAs 110
and 112). The non-functioning secreting pituitary
adenomas were clinically and hormonally character-
ized on the basis of standard endocrinological criteria;
the tumor subtype was confirmed by routine immuno-
histochemistry analysis (Table 1). Seven of 18 tumors
(PAs 80, 84, 103, 110, 114, 115, 112) presented with
invasion of cavernous sinus. Most of the patients had
not received any chemotherapy or radiation therapy
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before surgery. Histological analysis was performed as
described previously (Finelli et al. 2000). PAs 82 and
86 were described previously (Finelli et al. 2002).

Cell cultures and cytogenetic analysis

The primary pituitary cell cultures were set up as
described elsewhere (Bettio et al. 1997). The phytohema-
gelutinin (PHA)-stimulated peripheral blood cultures
were set up according to standard procedure. The
Q-banding of fluorescence using Quimacrine (QFQ)
banding technique was used for cytogenetic analysis, and
the International System for Human Cytogenetic
Nomenclature was adopted (Mitelman 1995).

FISH studies

FISH analysis on nuclei was performed by using the
following alphoid probes: pZ8.4 (D8Z8) and pDMX1
(DXZ1; Archidiacono et al. 1995), and pBRI12
(D12Z73; Baldini et al. 1990). YAC 882al0, which
maps on chromosome 5pl3, was from the CEPH
YAC library, as described by Finelli et al. (2000),
while HMGA2 BAC clones (698i6 and 669g18),
encompassing the 5 (5 untranslated region and exons
1-3) and the 3" (exons 3-5 and the 3' untranslated
region) portions of HMGA2 gene are described in
previous works (Finelli et al. 2002, Pierantoni
et al. 2003).

The procedure described by Lichter ez al. (1990) and
Lichter & Cremer (1992), with some modifications, was
used for dual-color FISH experiments on interphase
nuclei from direct tumor preparations or short-term
culture tumor preparations. Briefly, the probes were
labeled by nick-end translation with biotin or digoxy-
genin (Roche Molecular Biochemicals, Germany). For
each in situ hybridization experiment, 200 ng labeled
alphoid probe and/or 500ng labeled YAC/
BAC probes were used in a 10 ul volume of hybridiza-
tion solution. The FISH procedure, detection of
biotin- and digoxygenin-labeled probes, nuclei/chro-
mosome counterstaining and digital-image analysis are
described elsewhere (Finelli et a/. 2000). The images
were edited using Adobe Photoshop 7 (Adobe System,
Mountain View, CA, USA). As described previously,
scoring was based on >200 nuclei per each tumor
sample and for reference purposes the background
percentage of nuclei with more or less than two signals
and the percentage of nuclei with a split hybridization
signal were calculated. PHA-stimulated lymphocytes
from healthy individuals were hybridized in parallel.
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RNA extraction and RT-PCR analysis

Pituitary adenomas were dissected rapidly, frozen on
dry ice and stored at —80°C. Total RNA was
extracted using TRI reagent solution (Molecular
Research Center, Cincinnati, OH, USA) according
to the manufacturer’s protocol. Sug total RNA,
digested with RNase-free DNase, were reverse-
transcribed using random hexanucleotides as primers
(100mM) and 12 units avian myeloblastosis virus
RT (Promega). The cDNA was amplified in a
25ul reaction mixture containing 0.2mM dNTP,
1.5mM MgCl,, 0.4mM of each primer and 1 unit
Taqg DNA polymerase (Perkin-Elmer). After a de-
naturing step (95°C for 2min) the cDNA was further
amplified in 20 PCR cycles (95°C for 1 min, 58°C
for 30s and 72°C for 30s). The following primers
were used to amplify the HMGA2 transcript: forward
primer, 5-CGAAAGGTGCTGGGCAGCTCCGG-
3', which maps onto the first exon; reverse primer,
5-CCATTTCCTAGGTCTGCCTCTTG-3',  which
maps onto the third exon; reverse primer II, 5-CTA-
GTCCTCTTCGGCAGACTC-3, which maps onto
the fifth exon.

Expression of the GAPDH gene was used as an
internal control for the amount of cDNA tested. The
specific primers were: forward, 5-ACATGTTCCAA-
TATGATTCC-3; reverse, 5-TGGACTCCACGAC-
GTACTCA-3' (corresponding to nucleotides 195-215
and 355-335, respectively). The reaction products
were analyzed on a 2% agarose gel, and transferred
to GeneScreen plus nylon membranes (Dupont,
Boston, MA, USA). The membranes were hybridized
with a HMGA2 cDNA probe. cDNA probes obtained
by PCR were labeled with [**P]JdCTP using random
oligonucleotide primers (Ready-To-Go; Pharmacia)
at a specific activity equal to or higher than
7% 10° c.p.m./ug.

Results
Chromosome analysis

Table 1 shows a list of the 18 NFPA samples analyzed
in our study. Their immunohistochemical patterns are
also specified. All the tumors were examined using
conventional cytogenetics, either on direct or short-
term culture chromosome preparations, with successful
karyotyping of 14 tumors. An abnormal karyotype
was found in five adenomas (PAs 92, 93, 99, 100 and
105), while an apparently normal karyotype was
observed in the remaining nine tumors (Table 1, third
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column). Peripheral blood «cells from healthy
individuals were also analysed (C1-C4 in Table 1).

Interphase FISH

To assess the normal/abnormal chromosomal set of
tumors where cytogenetic analysis failed (PAs 84, 103,
107 and 114) or only a few metaphases could be
analyzed, we performed FISH of -centromeric/
pericentromeric probes specific to chromosomes
found at increased dosages in previous studies (Finelli
et al. 2000), i.e. chromosomes 5, 8, 12 and X. By this
approach, we observed the presence of trisomy X in
PA 84, trisomy 12 in PA 114, tetrasomy 12 in PA 103
and combined trisomy 12 and X in PA 107, accounting
for the four tumors where conventional cytogenetics
failed. In addition, we could confirm trisomy 8 in PA
105, trisomy X in PA 93, trisomy 12 in PA 100 and
trisomy 12 and an extra X-specific signal in PA 99
(Table 1, fourth column). Based on previous findings in
prolactin-secreting adenomas (Finelli ez al. 2002), we
conducted FISH experiments on 16 non-functioning
secreting pituitary adenomas to establish the dosage
and putative rearrangements of HMGA?2. Interphase
dual-color FISH was performed on nuclei from direct/
short-term tumor preparations using HM G A2-specific
probes and different combinations of HMG A2-specific
BAC probes with a D12Z3-specific alphoid probe. As
reported in Table 1, dual-color FISH of HMGA2-
specific BACs showed on 12 out of 18 NFPAs two
pairs of red/green overlapping spots. This pattern
corresponds to that of peripheral blood cells from
healthy individuals (C1-C4 in Table 1) in the great
majority of nuclei (90-99%). Conversely, an increased
dosage of the target region was detected in five tumors,
namely PAs 99, 100, 107 and 114, showing HMGA2
trisomy, and PA 103, which showed HMGA?2 tetras-
omy in 20-96% of nuclei. A heterogeneous pattern of
FISH signals was given by PA 99: in fact, this sample
displayed a major trisomic clone (53%), characterized
by three signals of the same intensity of control cells,
a trisomic subclone (21%), with one/two HMGA2-
specific signals of reduced intensity, and minor disomic
subclones (summing up to 13%) with one regular (red/
green) HMGA?2 signal and one split (either red or
green) signal (Fig. 1A and Table 1). Signals of
decreased intensity as well as split signals are highly
suggestive of intra-HMGA2 rearrangements. PA 80
was disomic for HMGA?2 in most cells but contained a
small subclone (7%) with an additional signal given by
the 3 HMGA2 BAC (Fig. 1B). FISH results with
HMGA2 BACs on both NFPAs showing subclones
with an atypical pattern were confirmed in independent
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experiments. Co-hybridization of HMGA2 BACs with
chromosome 12 alphoid-specific probe was then
performed on the two above NFPAs to detect selective
overrepresentation of the HMG A2 region, in addition
to the trisomy of chromosome 12, when present. These
FISH experiments revealed in PA 99 a number of spots
higher than that given by the alphoid probe in about
36% of the nuclei. This percentage derived from the
sum of the trisomic subclone with signals of reduced
intensity (21%) and that of disomic subclones with
split signals (13%).

HMGAZ2 gene overexpression in
non-functioning secreting pituitary
adenomas

RT-PCR analysis, using primers specific for exons
1 and 3 of HMG A2 gene, was performed in parallel to
check the HMG A2 expression in the NFPAs evaluated
by cytogenetics and interphase FISH. 15 tumors could
be investigated together with PAs 82 and 86, used as
negative controls in our previous study (Finelli er al.
2002). Insufficient material has been obtained to
evaluate the HMGA2 expression in PA 93. As shown
in Fig. 1C, most tumors (12/15) showed HMGA2-
specific mRNA, whereas only PAs 100, 103 and 109
were negative. Notable differences in the levels of
HMGA2 mRNA could be appreciated among tumors,
with a group that expresses high levels of HMGA2
mRNA (PAs 112, 114, 115 and 120) and one that
expresses HMGA2 at low levels (PAs 84, 92, 105, 110
and 116). As expected, HMGA2 was not expressed in
normal pituitary gland (Fig. 1C, lane NP; Zhou et al.
1995). To verify the presence of truncated transcripts
of the HMGA?2 gene, we evaluated the expression of
the entire HMGA?2 transcript in 15 of the NFPA
tumours. To this end, we have utilized primers specific
for exons 1 and 5 of the HMG A2 gene, which amplify
the entire coding sequence. Eight adenoma samples,
PAs 84, 107, 110, 112, 114, 115, 116 and 120, showed
HMGA?2 gene expression, indicating the presence of
a standard-sized transcript, whereas in the other
samples, PAs 80, 82, 86, 99, 100, 103 and 109, no
amplification was observed (Fig. 1D). The results from
PAs 82, 86, 100, 103 and 109 confirm those obtained
by using the other HMGA2 primer pair. The results
obtained for PAs 80 and 99 were consistent with the
FISH results, where we observed a hybridization
pattern suggestive of intra-HMGA2 rearrangements.
For all PCR assays the amplification was also
performed with non-reverse-transcribed RNAs to
exclude DNA contamination (data not shown).
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Figure 1 Interphase FISH analysis and HMGAZ2 gene expression in human non-functioning secreting pituitary adenomas. (A)
Dual-color FISH of probes 669918 (green)/698i6 (red) shows a heterogeneous hybridization pattern on PA 99 that displays
nuclei with three signals of the same intensity, nuclei with one/two HMGAZ2-specific signals of reduced intensity (arrows) and
nuclei with red/green HMGAZ2 signals and split (either red or green) signals (arrowheads). (B) The same two probes show in
most cells of PA 80 a disomic hybridization pattern for HMGAZ2 and only a small fraction of nuclei with an additional signal
given by the 3° HMGAZ2 BAC. (C) Total RNA was extracted from the indicated tumor samples, and the HMGAZ2 expression was
analyzed by RT-PCR with a pair of primers located on exons 1 and 3. NP, normal pituitary gland; lane numbers indicate PA
numbers (see Table 1). (D) RNA from normal pituitary gland (NP) and from indicated adenoma samples were amplified with
two primers that map to exons 1 and 5. All cDNAs were co-amplified with GAPDH as an internal control.

Discussion

Previous data from our group suggest an involvement
of the HMGA?2 gene in human prolactinomas. In fact,
overrepresentation of the genomic region where
HMGA?2 resides (12q14) and/or rearrangement of the
gene were demonstrated by FISH experiments in
association with an increased expression of HMGA?2
gene (Finelli ez al. 2002). A causal role of HMGAZ2 in
prolactinomas was supported by the appearance of
prolactin/growth hormone adenomas in transgenic
HMGA2 mice (Fedele et al. 2002), and by data
indicating an oncogenic role for this protein (Fedele
et al. 1998). Here, we extended the analysis of the
HMGA2 gene to a sample of 18 NFPAs to assess
its putative involvement by increased dosage and
rearrangement in this common pituitary adenoma
subtype. Results obtained by FISH analysis and
RT-PCR show that most NFPAs express HMGA2.
However, differently from prolactinomas, HMGA2
expression is not commonly associated with
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overrepresentation of the HMGA2 region, and is
associated with HMGA?2 rearrangement only in two
out of 17 NFPAs. In fact, in both the PA 80 and 99
samples, HMGA2 rearrangement could be observed,
by interphase FISH scoring, in low-represented tumor
clones, showing uncoupling of the signals given by
BACs monitoring the contiguous 5 and 3  portions of
HMG A2 with loss of either signal in a fraction of cells.
Moreover, in PA 99 different rearrangements were
triggered by the initial HMGA2 break, as assessed by
the heterogeneity in the intensity of the uncoupled
FISH signals and the alternative loss of one of them in
different tumor subclones (Fig. 1A).

Despite the fact that HMGA2 rearrangement was
monitored only in a fraction of cells in tumors PAs 80
and 99, RT-PCR analysis showed only aberrant
transcripts. This suggests that microrearrangements
of the gene or sequence alterations, not detectable by
FISH analysis, also affected the majority of tumor cells
with apparent integrity of the HMG A2 region by FISH
analysis. Interestingly, one of the two rearranged
NFPAs, PA 99, showed a consistent fraction of cells
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trisomic for chromosome 12, which represents likely
a primary genetic event that might facilitate the
occurrence of further rearrangements. Indeed, evidence
has been provided that polysomy promotes structural
instability in tumor-cell chromosomes through asyn-
chronous replication and breaks within late-replicating
regions (Kost-Alimova et al. 2004). The HMGA2
region falls within a G-dark band, which likely
corresponds to a late-replicating region that may
become a preferential site of structural rearrangements
in the unstable polysomic chromosome 12. As already
demonstrated in a high number of benign tumors of
mesenchymal origin (Schoenmakers et al. 1995) and
for two cases of prolactinomas (Finelli e al. 2002), the
rearrangement of the HMGA2 gene in PAs 80 and 99
results in a break in the large intervening sequence
(IVS3) that separates the third from the fourth exon.
This would induce the oncogenic potential of the
HMGAZ2 protein because of the loss of its C-terminal
tail, as demonstrated previously (Fedele et al. 1998,
Battista et al. 1999).

As demonstrated previously for prolactinomas,
the sole trisomy 12 is not sufficient for HMGA?2
expression, which is associated with overrepresentation
of the HMG A2 region and/or rearrangement. In fact,
PAs 100 and 103 were trisomic and tetrasomic for
chromosome 12, but they did not have overrepresenta-
tion of the 12q14 region (data not shown) and did not
express HMGAZ2. Since overrepresentation of HMGA2
region, via trisomy or tetrasomy, is quite common in
prolactinomas (Finelli et al. 2002), and rare in NFPAs,
we retain that the polysomy rearrangement is a major
contributor to HMGA2 activation in prolactinomas,
while it is implicated less in NFPAs, most of which have
a diploid karyotype. Since FISH experiments have
shown the common lack of an extra chromosome 12 and
rearrangements only in a small percentage of cells that
would trigger new rearrangement in the polysomic
chromosome, and most NFPAs express high levels of
HMG A2 transcript, other mechanisms able to activate
HMGAZ2 expression should occur in human NFPAs.
Alternative HMGAZ2-activating mechanisms, among
which sequence alterations or dysregulation by cryptic
rearrangements, need further study. In fact, it cannot be
excluded that the HM G A2 overexpression may be due to
the same, still mainly unknown, mechanisms responsible
for HM G A2 overexpression in malignant neoplasias.

In conclusion, the findings reported here extend those
obtained in prolactinomas by confirming the involvement
of HMGA?2 in pituitary oncogenesis. Since HMGA2
transgenic mice never develop NFPAs, and since
rearrangements of HMGA?2 are rare in this subtype, we
can also hypothesize that whereas in most human
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prolactinomas HMG A2 overexpression would represent
one of the initial and causal events, in most NFPA
subtypes HMGA2 overexpression might represent a
secondary event that occurs independently of the specific
initializing event and might be responsible for tumor
progression. However, this hypothesis needs to be
validated by future work.
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Abstract

HMGA gene overexpression and rearrangements are
frequent in several tumours, but their oncogenic function
is still unclear. Here we report of a physical and
functional interaction between High Mobility Group A1
(HMGA1) protein and p53 oncosuppressor. We found
that HMGA1 binds p53 in vitro and in vivo, and both proteins
are present in the same complexes bound to the Bax
gene promoter. HMGA1 interferes with the p53-mediated
transcription of p53 effectors Bax and p21*®" while
cooperates with p53 in the transcriptional activation of
the p53 inhibitor mdm2. This transcriptional modulation is
associated with a reduced p53-dependent apoptosis in cells
expressing exogenous HMGA1 and p53, or in cells expressing
endogenously the proteins and in which p53 was activated
by UV-irradiation. Furthermore, antisense inhibition of
HMGA1b expression dramatically increases the UV-induced
p53-mediated apoptosis. These data define a new physical
and functional interaction between HMGA1 and p53 that
modulates transcription of p53 target genes and inhibits
apoptosis.
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Introduction

The high mobility group A (HMGA) non-histone chromosomal
HMGA1a, HMGA1b and HMGA2 proteins constitute a
subgroup of HMG accessory factors that play key roles in
chromatin architecture and gene control.'® These proteins
are low molecular weight nuclear factors that interact with
the minor groove of many AT-rich promoters and enhancers.>
The HMGA proteins per se do not exert transcriptional activity,
but orchestrate the assembly of nucleoprotein complexes
involved in gene transcription, replication, and chromatin
structure through a complex network of protein-DNA and
protein—protein interactions.* The expression of HMGA
proteins is high during embryogenesis®® and low or unde-
tectable in normal adult tissues. High HMGA expression is a
frequent feature of tumour transformation. Indeed, increased
HMGA levels correlate with the appearance of a malignant
phenotype in rat thyroid cells and in experimental thyroid
and skin tumours.”® HMGA1 levels are high in human
thyroid,'®'" colon,'®™'* prostate,'® pancreas,’® cervix,'”
ovary'® and breast'® carcinomas. We had previously demon-
strated that overexpression of HMGA proteins is required for
cell transformation, since the blockage of their synthesis
prevents tumorigenic transformation of rat thyroid cells by
murine transforming retroviruses.2%2' Moreover, infection
with a recombinant adenovirus carrying the HMGA1b cDNA
in antisense orientation led several carcinoma cell lines to
death.?2

Despite the wealth of data associating aberrant- or over-
expression of HMGA1 proteins with cancer, little is known
about the molecular roles by which HMGA1 proteins exert
their tumorigenic effect.

The tumour suppressor protein p53 is the most
frequently altered gene in human cancers. Besides contribu-
ting to tumorigenesis, loss or inactivation of p53 is
also involved in the development of tumour resistance to
chemo and radiotherapy. p53 was originally defined as
the ‘guardian of the genome’ based on its functions in
the prevention of genetic instability.?® However, accumulating
evidence indicates that the p53 apoptotic function is the
most relevant for both tumorigenicity and induction of
tumour-resistance to antineoplastic treatments.?*2® The
apoptotic activity of p53 can be regulated independently
of the cell cycle arrest function, and several proteins have
been identified that are necessary for p53 to mediate the full
apoptotic response, and so show efficient tumour suppressor
activity.®*

Here we show that HMGAT1 interacts with the p53 tumour
suppressor and interferes with its proapoptotic activity. We
demonstrate that HMGA1 and p53 are present in the same
multiprotein complexes bound to the Bax promoter and that
HMGA1 modifies the p53 transcriptional activity on p53 target
genes (i.e. Mdm2, Bax, and p21*4"). Furthermore, HMGAT1
strongly interferes with p53-induced apoptosis, suggesting



that HMGA1 overexpression can contribute to tumorigenic
transformation by counteracting the apoptotic function of the
p53 tumour suppressor.

Results

HMGA1 physically interacts with p53

In order to identify new HMGA1-interacting proteins, we
employed an antibody array containing hundreds of high
quality antibodies against well-studied proteins, involved in
cell cycle regulation, apoptosis, and signal transduction. The
membrane-immobilized antibodies retain their capabilities of
recognizing and capturing antigens. The array was incubated
with a total cell extract from 293 cells transfected with the
full-length Hmga1b cDNA tagged with the influenza virus
HA epitope, and immunoblotted with anti-HA antibody. The
results indicated interaction between HMGA1b and various
proteins (data not shown); among these, we selected the

HMGAL1 represses p53 apoptotic activity
GM Pierantoni et a/

oncosuppressor p53 because of its relevance in tumour
development.

To verify whether HMGA1Db interacts with p53, we
evaluated the binding between the two purified proteins in
vitro. His-p53 protein was allowed to bind to the His-HMGA1b
protein, and the complexes were immunoprecipitated with
anti-p53 or anti-HMGA1 Abs and analysed by Western
blotting with anti-HMGA1 or anti-p53 Abs, respectively. As
shown in the Figure 1a, the two proteins can directly interact.

To examine further the specificity of this interaction and to
map the HMGA1b regions required for binding to p53, we
generated a series of NHy- and COOH-terminal deletion
mutants of Hmga1b. The resulting cDNAs were HA-tagged by
cloning into the pCEFL-HA expression vector (Figure 1b).
These vectors were transiently transfected into 293 cells that
were harvested 48 h later. The protein extracts were tested
for their interaction with bacterially expressed p53 fused to
glutathione S-transferase (GST). The complexes were
immobilized on glutathione-Sepharose matrix. The bound
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Figure 1  In vitro interaction between HMGA1 and p53. (a): The in vitro interaction between p53 and HMGA1b was assessed by immunoprecipitation assay with anti-
p53 (upper panel) or anti-HMGA1 (lower panel) antibodies and blotting with the reciprocal antibodies after preincubation of the two proteins. The relative inputs are the
His-HMGA1b and His-p53 recombinant proteins loaded as controls. (b) Diagram of the HA-tagged Hmga1 deletion mutants used in co-immunoprecipitation experiments.
The AT-hook domains (+ ) and the acidic tail (- - - - - ) are indicated. (c) 293 cells were transiently co-transfected with the indicated plasmids carrying the HA-Hmga1 wild
type or deletion mutants. GST pull-down assays were performed between total cell extracts (TCEs) from pHA-Hmga1 mutants transfected cells and the GST-p53 fusion
protein. The bound complexes (upper panel) and TCEs (lower panel) were separated on SDS-PAGE and analysed by Western blotting with anti-HA antibody or anti-y-
tubulin antibody, as a loading control. (d) Schematic representation of GST-p53 fusion proteins used in this study. (e) GST pull-down assay of the indicated GST-fusion
proteins with recombinant HMGA1b protein. The bound complexes were separated by SDS-PAGE, and the filter was incubated with anti-HMGA1 antibodies (upper
panel). Gels were stained with blue-Coomassie to show equal amount of the GST-fusion protein used in the assay (lower panel)
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proteins were separated by SDS-PAGE, blotted, and the
filters were immunoreacted with anti-HA antibody. As ex-
pected, full-length HMGA1b protein binds to GST-wtp53
(Figure 1c). Deletion of the carboxy-terminal tail (pHA-A1b/
1-79) and of the third AT-hook domain (pHA-A1b/1-63) did
not impair the binding of HMGA1b to p53. In contrast, the
HMGA1b/p53 interaction did not occur in the absence of the
region between the second and the third AT-hook (amino
acids 54—63, construct pHA-A1b/1-53) or in the presence of
the first 43 amino acids encompassing only the first AT-hook
(construct pHA-A1b/1-43). The NHx-terminal truncations of
HMGA1b (constructs pHA-A1b/23-96 and pHA-A1b/31-96)
were also involved in the HMGA1b/p53 interaction, as
demonstrated by the reduced binding to p53 of the HMGA1b
mutants versus the wild-type protein (Figure 1c). Thus, the
region between the second and the third AT-hook and the
amino-terminus of HMGA1b protein take part in p53 binding.
Finally, we have also analysed the interaction between the
long HMGA1a isoform, which has and extra stretch of 11 aa
between the first and the second AT-hook domains, and p53.
To this aim, we transiently overexpressed the pHA-A1a/1-107
construct, and performed a pull-down assay with GST alone
(data not shown) and GST-p53. As shown in Figure 1c, also
the HMGA1a isoform is able to bind p53 protein.

To identify the p53 domain involved in the interaction with
HMGA1b, pull-down assays were performed with recombi-
nant HMGA1b protein and a series of p53 deletion mutants
fused to GST (Figure 1d). Only the recombinant polypeptide
GST-p53(13-96) does not bind HMGA1b protein (Figure 1e),
whereas the other mutants tested, the GST-p53(295-390) and
the GST-p53(13-295) proteins, bind HMGA1b. Noteworthy,
the GST-p53(295-390) C-terminal domain binds more effi-
ciently than the full-length or the GST-p53(13-295) proteins
do. No HMGA1b was detectable in the complexes obtained
with the GST protein alone (Figure 1e, upper panel). Gels
were stained with blue-Coomassie to show the equal amount
of GST-fusion protein used for the pull-down assay (Figure 1e,
lower panel). These results suggest that the N-terminal
domain of p53, which comprises the transactivation and the

proline-rich domains, is not involved in the binding, while the
DNA binding (aa 102—292) and the C-terminal domain, which
comprises the tetramerization (aa 323-356) and the regula-
tory (363-393) domains, are independently able to bind
HMGA1b, with the C-terminal domain itself binding more
efficiently than the full-length or the DNA binding domain
alone.

HMGAT1D interacts with p53 in vivo

To verify the interaction between HMGA1b and p53 in vivo,
total cell extracts (TCE) from 293 cells transiently transfected
with pCMV/Hmga1b and pCMV/p53 were immunoprecipi-
tated with anti-p53 monoclonal Ab and analysed by Western
blotting with anti-HMGA1 polyclonal Ab. Larger amounts of
HMGA1 protein were present in the immunocomplexes from
cells transfected with the two expression plasmids (Figure 2a,
upper panel). The reciprocal experiment performed immuno-
precipitating with anti-HMGA1 Ab and revealing with anti-p53
Ab confirmed the interaction (Figure 2a, lower panel). We
could detect this association also between the endogenous
proteins (Figure 2b), demonstrating that HMGA1 and p53
form complexes in vivo.

To further verify the specificity of the interaction between
HMGA1 and p53 proteins, we performed co-immunoprecipi-
tation experiments also in p53~'~ H1299 cells transfected with
the relative expression constructs. The extracted proteins
were immunoprecipitated with anti-HMGA1 or anti-p53 anti-
bodies, and the filters were incubated with the relative
antibody. The results shown in Figure 2c demonstrate that
the interaction occurs only in cells expressing both proteins.

HMGA1 and p53 are present in the protein-
complexes bound to the bax promoter

p53 is a sequence-specific transcription factor whose DNA-
binding consensus is present in a large number of promo-
ters.?® HMGAT1 proteins are DNA-binding factors that interact
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HMGA1b + + + o] L} 0 HMGA1b - + -
p53 - + - = = - ps3 - + +
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IP p53 IP p53 IPHMGA1
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b= ps3 - + -
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IP p53
L L
IP HMGA1 IPHMGA1

Figure 2

In vivo characterization of the HMGA1/p53 interaction. (a) 293 cells were transfected with pCMV/Hmga 1b vector alone or together with pCMV-p53. After 48 h,

total cell extracts were prepared and equal amounts of proteins were immunoprecipitated with anti-p53 (upper panel) or anti-HMGA1 (lower panel) antibodies, and the
immunocomplexes analysed by Western blotting using the reciprocal antibodies. The relative inputs are total cell extracts derived from 293-transfected cells with the
expression vector encoding HMGA1b or p53 protein, respectively. (b) The co-immunoprecipitation was performed as in (a) but on the endogenous p53 and HMGA1
proteins (TCE from parental 293 cells). IgG indicates the negative control of immunoprecipitation using an unrelated antibody. (¢): Co-immunoprecipitation with the anti-
HMGA1 or anti-p53 antibodies of untransfected or pCMV/Hmga1b and pCMV-p53 transfected H1299 cells

Cell Death and Differentiation



with the minor groove of many promoters and enhancers.®
Thus, we asked whether the physical interaction between
HMGA1 and p53 takes place on promoter regions of p53
targets. The human Bax gene promoter was selected
because its region spanning nucleotides —441/—500 (hbaxpr)
contains the p53-binding site and an AT-rich putative HMGA1-
binding site. We first evaluated whether HMGA1 binds this
60 bp promoter region by EMSA. As shown in Figure 3a, 50 ng
of recombinant His-HMGA1b protein were able to bind the
32p.end-labelled double-strand Bax promoter oligonucleotide.
Binding specificity was demonstrated by competition experi-
ments showing loss of binding with the addition of a 100-fold
molar excess of unlabelled Bax promoter oligonucleotide.
We have also demonstrated that for the binding of HMGA1b
protein to the Bax promoter region is not required the p53-
binding site, as demonstrated by an EMSA assay performed
with the same oligonucleotide deprived of the p53-binding site
(hbaxprdel).

HMGAL1 represses p53 apoptotic activity
GM Pierantoni et a/

Next, we evaluated whether HMGA1 protein binds the Bax
promoter in vivo by performing ChIP assays. The binding of
p53 was used as a positive control. p53-null H1299 cells
were transfected with p53 and/or HMGA1b, tested by Western
blotting for protein expression (Figure 3b), crosslinked, and
immunoprecipitated with anti-HMGA1, anti-p53, or anti-lgG
antibodies. Immunoprecipitation of chromatin was then
analysed by semiquantitative PCR, using primers spanning
the —250/—530 region of the Baxpromoter. As expected, anti-
p53 precipitated this Bax region from H1299 cells transfected
with p53 alone or with overexpressed-HMGA1b protein
(Figure 3c). Occupancy of this Bax region by HMGA1 was
clearly detectable in anti-HMGA1-precipitated chromatin from
untransfected or from H1299 cells overexpressing p53 alone
(Figure 3c), being endogenous HMGA1 protein expressed in
H1299 cells, and even more in cells overexpressing both p53
and HMGA1b exogenous proteins. No precipitation was
observed with anti-IgG precipitates, and when primers for

a 100X - - + - - + Cc ChiP
His-HMGA1b - + + - + +
input o-p53 a-HMGA1 IgG
p53 - + + - + + -+ + - + +
HMGA1b - - + = = % o« - % . . %
bax S - e -
GAPDH b b
. . d Re-ChiP
o o
input 3 3 3 3
p53 + + + + + +
HMGA1b - + g + + o+
Free probe
“ - P o-HMGA1
bax
hbaxpr hbaxprdel
b wse - . -
p53 - + +
HMGA1b - + +
p53 = =

HMGA1 s e D

Figure 3 HMGA1 binds the human Bax promoter in vitro and in vivo. (a) EMSA performed with a radiolabelled oligonucleotide spanning from nt —441 to —500 of the
human Bax promoter (hbaxpr) and the same region deprived of p53-binding site (hbaxprdel) incubated with 50 ng of recombinant HMGA1b protein. To assess the
specificity of the binding, His-HMGA1b protein was incubated in the presence of a 100-fold excess of unlabelled oligonuclectide used as competitor. (b) Cellular extracts
derived from untransfected or p53 and/or HMGA1b overexpressing H1299 cells used for ChIP experiments were analysed by Western blotting. (¢) Soluble chromatin
from H1299 cells transfected with p53 alone or in combination with HMGA1b was immunoprecipitated with anti-p53 or anti-HMGA1. The DNAs were then amplified by
semiquantitative PCR using primers that cover a region of human Bax promoter (—250/—530), which contains the p53-binding sites. As an immunoprecipitation control,
lgG was used. The panel shows PCR amplification of the immunoprecipitated DNA using primers for the GAPDH gene promoter. (d) In Re-ChIP experiments, soluble
chromatin from transfected H1299 cells was immunoprecipitated with anti-p53, eluted, and reimmunoprecipitated with anti-HMGA1. The purified DNA was used as
template for PCR with primers that amplify the —250/—530 human Bax promoter region
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the control promoter GAPDH were used (Figure 3c, lower
panel), indicating that the binding is specific for the Bax
promoter. These results indicate that HMGA1 protein binds
the Bax promoter region in vivo, and that the binding occurs
also in absence of p53 protein.

To determine whether HMGA1 occupies the Bax promoter
together with p53, the anti-HMGA1 complexes were released,
reimmunoprecipitated with anti-p53, and then analysed by
semiquantitative PCR (Re-ChlIP). The results show that the
antibodies against p53 precipitate the Bax promoter after their
release from anti-HMGA1, indicating that HMGA1 occupies
this region with p53 (Figure 3d). The reciprocal experiment
provided comparable results (Figure 3d). Taken together,
these results indicate that HMGA1 binds the human Bax
promoter in vitro and in vivo, and participate to the same DNA-
bound complexes that contain p53.

HMGA1b modulates p53-mediated transcriptional
activity

p53 regulates the transcription of several genes whose
products can trigger a variety of antitumour functions.?”2®
To evaluate the effect of HMGA1 expression on p53-mediated
transcription, p53-null H1299 cells were co-transfected with
expression vectors encoding HMGA1b and p53, and with
reporter vectors carrying the luciferase gene under the control
of various p53-responsive promoters, that is, mdm2, p21"@',
and Bax. As shown in Figure 4, in the presence of HMGA1b,
p53 has increased transcriptional activity on the promoter of
its inhibitor MDM2, whereas has showed a strongly reduced
activity on the promoter of its effectors Bax and p21*3". The
effects exerted on the mdm2 and Bax promoters were dose-
dependent, whereas the effect on p21*@"" was maximal even
at the lowest HMGA1b concentration used. HMGA1b expres-
sion alone did not affect the activity of any promoter; hence, it
acts in the regulation of these promoters only cooperating with
p53 protein. We next tested whether the effects of HMGA1
overexpression in combination of p53 reflected in changes in
the endogenous levels of Bax, Mdm2, and p21 proteins. As
shown in Figure 4d, Bax protein levels were significantly
elevated in cells expressing p53 alone, compared with control
cells, while HMGA1 alone had no effects on Bax levels.
However, co-expression of HMGA1 with p53 resulted in a
significant decrease in Bax levels compared with p53 only
expressing cells. Similar results were obtained evaluating
endogenous p21, while Mdm2 is increased from p53 expres-
sion, and further increased when both HMGA1 and p53 are
overexpressed. These results indicate that HMGA1b coop-
erates in p53-mediated transcription of the mdm2 promoter
while represses that of the p21*3" and Bax promoters,
suggesting that modulation of p53 transcriptional activity by
HMGAT1b is promoter-specific, at least in the case of H1299
cells.

HMGAT1 represses p53 apoptotic function

To evaluate the effects exerted by HMGA1 on the biological
activity of p53, we infected H1299 cells, which express
HMGA1 but are null for p53 expression, with a recombinant
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adenovirus carrying the witp53 gene (Adp53) or the empty
control vector (dI70.3), with or without overexpressed
HMGA1b. The percentages of TUNEL positive cells were
measured 36 h postinfection/transfection. As expected, exo-
genous p53 expression induced apoptotic cell death in these
cells (Figure 5a). However, when HMGA1b was concomi-
tantly overexpressed with p53, the percentage of TUNEL
positive cells was strongly reduced (Figure 5a), suggesting
that HMGA1b might interfere with p53 apoptotic function.
Interestingly, HMGA1b overexpression in the absence of p53
did not suppress the basal level of TUNEL positivity induced
by the control adenovirus infection, which was rather mildly
increased (Figure 5a), supporting the hypothesis that
HMGA1b inhibits the p53-dependent apoptosis. Similar
results were obtained by concomitantly overexpressing the
wtp53 gene (Adp53) and the long HMGA1a isoform, as
evaluated measuring the percentage of cell death by Trypan
blue exclusion test (Figure 5b).

To verify the antiapoptotic activity of HMGA1b in a more
physiological context, we exposed the wtp53-carrying
HCT116 cells, which express HMGA1 and p53, to UV
irradiation to activate the endogenous p53 in the presence
or absence of overexpressed HMGA1b. As shown in
Figure 5¢, HMGA1b overexpression strongly repressed UV-
induced TUNEL positivity. Complementary results were
observed when HCT116 or RKO cells, another colon cancer
cell line also expressing HMGA1 and p53 similar to the
HCT116 cells, were treated with specific antisense oligode-
oxynucleotides (AS) to reduce the endogenous HMGA1b
expression. As shown in Figure 5d, AS-treatment reduced
HMGA1b expression in both cell lines (upper panels) and was
associated with an increased sensitivity to UV-induced, p53-
mediated apoptosis (lower panels).

To further assess the p53 dependency of the HMGA1b
antiapoptotic activity, the isogenic HCT116 system, which
includes the p53(+/+) and the p53(—/—) cells,®® was
employed. Cells from both lines were exposed to UV
irradiation in the presence or absence of overexpressed
HMGA1b, and their percentages of death measured by
Trypan blue exclusion test. Similar to the results obtained by
TUNEL assay (Figure 5¢), HMGA1b overexpression signifi-
cantly reduced the amount of cell death induced by UV
irradiation in the p53(+/+) cells (Figure 5e, black bars).
However, no modification of death rate by HMGA1b over-
expression was observed in the p53(—/—) isogenic cells,
although a small amount of UV-induced, p53-independent
death was present in these latter cells (Figure 5e, grey bars),
strongly suggesting that the antiapoptotic effect of HMGA1b
depends on its activity on p53.

Taken together, these data indicate that HMGA1 can
functionally interfere with the apoptotic function of the p53
oNncosuppressor.

Discussion

HMGA protein overexpression and gene rearrangements are
a frequent event in several human cancers. We employed an
antibody array screening to get clue on the mechanisms of
HMGA tumorigenesis. Here, we report a novel interaction
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Figure 4 HMGA1b modulates p53 transcriptional activity. Dose—response analysis of increasing amounts of HMGA1b on p53 activity on the mdm2 (a), Bax (b), and
p21"4"" () luciferase-reporter vectors transiently transfected in p53-null H1299 cells. All transfections were performed in duplicate and the data are means +S.D. of five
independent experiments. Insert-less vectors were used as control. Western blot analyses of p53 and HMGA1 proteins from one indicative experiment are shown in the
lower panels. y-Tubulin was used to equalize protein loading. Expression of the endogenous HMGA1 protein is detectable in the insert-less vector transfected H1299
cells. (d) Endogenous protein levels of Bax, Mdm2 and p21 in the same total cellular extracts used in one representative luciferase assays

between HMGA1 and the tumour suppressor p53 that results
in the inhibition of p53 apoptotic activity.

We found that both the HMGA1a and HMGA1b isoforms
bind p53 protein. Moreover we have mapped the regions of
HMGA1 and p53 involved in the binding. We have identified
that the 54—63 amino-acid region between the second and the
third AT-hooks of HMGAT1b is required for its interaction with
p53, while the p53 domain principally involved in the binding
to HMGA1b are the C-terminal region and the DNA-binding
domain. Indeed, we observed that the C-terminal domain itself
binds more efficiently than the full-length p53 or the DNA
binding domain alone. Since an intramolecular regulatory

domain is included in the C-terminus of p53,%° a possible
interpretation of our results is that conformational changes,
such as those mediated by the regulatory region over the
DNA-binding domain, might modify the p53/HMGA1 interac-
tion. Further analyses are required to elucidate this issue.
We have demonstrated that HMGA1 overexpression
modifies the transcriptional activity of p53 by activating the
transcription of the p53 inhibitor Mdm2, and repressing the
p53 effector genes Bax and p21*@. At biological level, these
transcriptional modifications were associated with a strong
inhibition of the p53 apoptotic activity, strongly supporting the
hypothesis that HMGA1 contributes to tumour transformation
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Figure 5 HMGAT1 interferes with the apoptotic activity of p53. (a) p53 null H1299 cells were infected with the control vector di70.3 (— in the p53 row) or with the wtp53-
carrying Adp53 ( + in the p53 row). At 1 h postinfection, cells were transfected with the pCMV control vector (— in the HMGA1b row) or the pPCMV/Hmga1b vector (+ in
the HMGA1b row). After 48 h, both floating and adherent cells were spun onto slides and analysed by TUNEL assay. The percentage of TUNEL-positive cells of one
indicative experiment out of four is reported. The expression of the indicated proteins was analysed by Western blotting. (b) p53-null H1299 cells were infected as in (a).
At 1 h postinfection, cells were transfected with the pCEFL control vector (— in the HMGA1 row) or the pCEFL-Hmga1a vector ( -+ in the HMGA1 row). After 48 h, both
floating and adherent cells were collected and analysed by Trypan blue exclusion. Expression of the indicated proteins was analysed by Western blotting; the result of
one of three experiments performed is reported. (c) wtp53-carrying HCT116 cells were irradiated or not (4 and —, respectively, in the UV row) with 50 J m—2 of UV to
activate the endogenous p53. The percentage of cell death and the protein levels were analysed as in (a). Mean + S.D. of three independent experiments are shown.
Cells from the same sample were analysed by TUNEL as described in (a). (d) RKO and HCT116 cells were transduced with HMGA1b-specific sense (S) or antisense
(AS) oligonucleotides. After 24 h, cells were mock or UV-irradiated (50 Jm~2). TUNEL assay was performed 24 h postirradiation. After 48 h, TCEs were analysed by
Western blotting for HMGA1 expression; y-tubulin was used loading control. (e) wtp53-carrying HCT116 cells (black bars) and p53(—/—) isogenic cells (grey bars) were
irradiated or not (+ and —, respectively, in the UV row) with 50 Jm~2 of UV to activate the endogencus p53. After 48 h, both floating and adherent cells were collected
and analysed by Trypan blue exclusion. Means + S.D. of four independent experiments are shown. The expression of the indicated proteins was analysed by Western
blotting

by interfering with the apoptotic function of p53. We also several putative binding sites for HMGA1 protein, suggesting
observed that HMGA1 protein is present on the same a regulation similar to that observed on the Bax promoter.
complexes containing p53 and bound to the Bax promoter. Defects in apoptosis are thought to play a major role in
Despite the negative action of HMGA1 on p53 transcriptional tumorigenesis as well as in the response of tumours to
activity on this promoter, we found that HMGA1 does not anticancer treatments. The finding that HMGA1 can bind to
decrease the occupancy of p53 to this region. At this time, we p53 and inhibit its apoptotic activity strongly suggests that
cannot completely explain the mechanism by which HMGA1 HMGA1 contributes to tumorigenicity by inactivating the
binding to the Bax promoter interferes with its p53-mediated tumour-suppressing function of p53. Consistent with this
activation. The possibility that binding of HMGA1 proteins to hypothesis is the observation that at least two tumour
the DNA could somehow impair the activity of either positive histotypes with elevated HMGA expression (i.e. thyroid and
regulatory proteins of the Bax promoter or basal transcription prostate cancers)®'®? have a very low frequency of mutations
machinery is actually under investigation. An in silico analysis in the TP53 gene. This suggests that inhibition of p53 activity
of the p53-responsive mdm2 and p21*4" promoters that we by the presence of HMGA1 proteins might diminish the
investigated in this study also revealed the presence of pressure for direct TP53 gene mutations.
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Physical and functional interactions between p53 and
members of other subfamilies of HMG proteins, such as the
HMGB proteins, have been previously described.®*3* How-
ever, the different subfamilies possess divergent functions.*®
Indeed, the reported HMGB-mediated modulation of p53
transcriptional activity seems to be relevant in normal
conditions while the HMGA1-mediated inhibition of p53
apoptotic function, which we are reporting here, might be
mostly relevant for tumour formation. This hypothesis is
consistent with the presence, in adult life, of HMGA1 only in
tumour tissue.

In conclusion, our data strongly support the existence of
a new mechanism of p53 inactivation through HMGA1-
mediated modification of the p53 transcriptional activity. This
mechanism might have important implications in tumorigeni-
city as well as in the development of tumour resistance to
antineoplastic treatments.

Materials and Methods

Cell cultures, transfections and transactivation
assays

HEK 293, HCT116, RKO and H1299 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10% foetal calf
serum (GIBCO-BRL, Life Technologies, Gaithersburg, Maryland, United
States of America), glutamine and antibiotics. Human HCT116 colorectal
adenocarcinoma cells and the p53—/— derivatives were kindly provided
by B Vogelstein.?® Cells were transfected with plasmids by lipofectamine-
plus reagent or with oligonucleotides by oligofectamine reagent
(Invitrogen), as suggested by the manufacturer. Cells were transiently
transfected with the reporter vectors indicated and previously described,
and normalized with the use of a co-transfected [—galactosidase
construct. Luciferase activity was analysed by Dual-Light System (Applied
Biosystems, Massachusetts, USA).

For the inhibiton of HMGA1b expression, antisense and the
corresponding sense oligonucleotides have been designed and synthe-
sized specifically by BIOGNOSTIK (Géttingen, Germany). Oligonucleo-
tides were added once at a concentration of 2 uM.

Expression constructs

The pCMV/Hmgat1b is described elsewhere.®” pHemagglutinin (pHA)-
tagged Hmga1 expression plasmids containing the entire or various
portions of the Hmga1 coding sequence were amplified and inserted into
the pCEFL-HA expression vector (kindly provided by Dr. S Gutkind): pHA-
A1b (amino acids 1-96) is constituted by the entire coding sequence of the
HMGA1b isoform; pHA-A1b/T is constituted by the first 79 amino acids
including the three AT-hook domains; pHA-A1b/1-63 is constituted by the
first 63 amino acids including the first two AT-hook domains and the region
between the second and the third AT-hook domains; pHA-A1b/1-53 is
constituted by the first 53 amino acids including the first two AT-hook
domains; pHA-A1b/1-43 is constituted by the first 43 amino acids including
the first AT-hook domain and the region between the first and the second
AT-hook domains; pHA-A1b/23-96 contains the Hmga1b coding sequence
deprived of the first 23 amino acids; pHA-A1b/31-96 contains the Hmga1b
coding sequence deprived of the first 31 amino acids that include the first
AT-hook domain; pHA-A1a (amino acids 1107) is constituted by the entire
coding sequence of the long HMGA1a isoform.
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In vitro translation and protein—protein binding

The pCAG-p53, pGST-p53, pGST-p53(13-96), pGST-p53(13-295), pGST-
p53(295-390) and pET2c-HMGA1b constructs are previously described
(36 and 19, respectively). GST fusion proteins and His recombinant
proteins were produced in Escherichia coli BL21 cells. Stationary phase
cultures of E. coli cells transformed with the plasmid of interest were
diluted 5-400 ml in LB with ampicillin (100 xg/ml), grown at 30°C to an
ODggg of 0.6 and induced with 0.1 mM IPTG. After an additional 2 h at
30°C, the cultures were harvested and resuspended in 10 ml of cold PBS
(140 mM NaCl, 20 mM sodium phosphate (pH 7.4)), 1 mM phenylmethyl-
suffonyl fluoride (PMSF) and protease inhibitors (Boehringer). The cells
were broken by French Press. For the GST proteins, the supernatant was
then incubated at 4°C for 1 h with 250 i of glutathione-Sepharose beads
(Amersham Pharmacia Biotech). The resin was washed with PBS and
protease inhibitors. The recombinant proteins were eluted with a buffer
containing PBS, 10 mM reduced glutathione, and 10% (v/v) glycerol. For
the His-HMGA1b protein, the supernatant was purified by using nickel-
agarose beads supplied with the His-Trap purification kit (Amersham
Pharmacia) following the manufacturer’s instructions, eluted with 500 mM
imidazol and dialysed in PBS. The purified p53 protein was purchased
from Li StarFISH (Carugate, Milan). The recombinant proteins were
subjected to in vitro protein—protein binding. The proteins were incubated
with total cellular extracts (TCEs) or other recombinant protein in NETN
buffer (20mM Tris-HCI, pH 8.0, 100mM NaCl, 1 mM EDTA, and 0.5%
Nonidet P-40) for 1 h at 4°C. The resins were then extensively washed in
the same buffer. The bound proteins were separated by SDS-PAGE, and
analysed by Western blotting.

Antibody array screening, Western blotting, and
immunoprecipitation assay

TCE were prepared with lysis buffer (50 mM Tris Hel pH 7.5, 5 mM EDTA,
300 mM NaCl, 150 mM KCI, 1 mM dithiothreitol, 1% Nonidet P40, and a
mix of protease inhibitors). We used an antibody array filter (Hypromatrix
Incorporation) in which 100 polyclonal or monoclonal antibodies, including
antibodies against well-studied proteins involved in cell cycle regulation,
apoptosis, and signal transduction pathways are immobilized on a
membrane, at predetermined positions, and retain their capabilities of
recognizing and capturing antigens. After incubation with a TCE from 293
cells overexpressing HA-HMGA1b, immunoblot assay was performed
following the manufacturer’s instructions using an HRP-conjugated anti-
HA antibody (Santa Cruz Biotechnology Inc.), followed by enhanced
chemiluminescence (ECL, Amersham Pharmacia) to detect the captured
proteins.

For co-immunoprecipitation experiments, antigens and Abs were
incubated for 3h and then supplemented with protein A-sepharose or G-
sepharose beads (Pharmacia Biotech). After 1 h, the beads were collected
and washed five times with lysis buffer, and boiled in Laemmli sample
buffer for immunoblotting analysis. Protein extracts and immunoprecipi-
tated pellets were separated by SDS-PAGE, and then transferred onto
Immobilon-P  Transfer membranes (Millipore) or stained with blue
Coomassie. Membranes were blocked with 5% non-fat milk proteins
and incubated with Abs at the appropriate dilutions. The filters were
incubated with horseradish peroxidase-conjugated secondary Abs, and
the signals were detected with ECL. The Abs used forimmunoprecipitation
and Western blotting were: anti-FLAG monoclonal Ab (Sigma); anti-HA
12CA5 monoclonal Ab (Roche); anti-p53 FI393 polyclonal Ab and anti-p53
DO1 monoclonal Ab (Santa Cruz Biotechnology Inc.); anti-HMGA1
are polyclonal Ab raised against a synthetic peptide located in the
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NHo-terminal region. Anti-y-tubulin (Santa Cruz Biotechnology Inc.) was
used for loading control.

Electrophoretic mobility shift assay (EMSA)

DNA binding assays with the recombinant proteins were performed as
previously described.* Briefly, 50 ng of His-HMGA1b recombinant protein
were incubated with radio-labelled double-strand oligonucleotide, corre-
sponding to region spanning bases —441/—500 of the human bax
promoter region (hbaxpr), and the mutated oligonucleotide, in which the
p53-binding site has been deleted (hbaxprdel). His-HMGA1b protein
was incubated in a solution made of 20 MM HEPES pH 7.9, 40 mM KCl,
0.1mM EDTA, 0.5mM MgCI2, 0.5mM DTT, 0.1mM PMSF, 0.5 ug
poly(dC-dG), 2 ug BSA and 10% glycerol, to a final volume of 20 pl, for
10min at room temperature. The samples were incubated for 15 min
after addition of 2.5 fmol of a ®*P-end-labelled oligonucleotide (specific
activity, 8000-20 000 cpm/fmol). A 100-fold molar excess of unlabelled
oligonucleotide was added as specific competitor. The DNA-protein
complexes were resolved on 6% nondenaturing acrylamide gels and
visualized by exposure to autoradiographic films.

Chromatin immunoprecipitation (Chlp) and
Re-Chlp assays

Briefly, 5 x 10° H1299 cells were cross-linked using 1% formaldehyde for
10min at room temperature. The reaction was stopped with glycine
0.125 M for 5 min. The cells were washed twice with cold PBS, harvested,
and lysed sequentially by 10min in ice and 5min centrifugation at
3000 x gat4°C with 1 ml buffer A (10 mM HEPES pH 8, 10 mM EDTA pH
8.0, 0.5mM EGTA pH 8.0, 0.25% Triton X-100 and protease inhibitors),
and then with 1 ml buffer B (10mM HEPES pH 8.0, 200 mM NaCl 1 mM
EDTA pH 8.0, 0.5mM EGTA pH 8.0, 0.01% Triton X-100 and protease
inhibitors). The pellets were then resuspended in 200 ul of lysis buffer
(10mM EDTA, 50 mM Tris-HCI pH 8.0, 1% SDS and protease inhibitors),
and sonicated five times for 30 s at maximum settings, obtaining fragments
between 0.3 and 1.0 kb. The samples were cleared by centrifugation at
14000r.p.m. for 15min. After centrifugation, 20 ul of the supernatants
were used as inputs, and the other part of the samples diluted 2.5-fold in Ip
buffer (100 mM NaCl, 2mM EDTA pH 8.0, 20 mM Tris-HCI pH 8.0, 0.5%
Triton X-100 and protease inhibitors). The samples were subjected to
immunoprecipitation with specific antibody (anti-HMGA1 described in the
previous section, and anti-p53 sheep polyclonal Ab7 from Calbiochem)
after 2h preclearing at 4°C with Protein A Sepharose or Protein G
Sepharose/BSA/Salmon Sperma (Upstate). Precipitates were washed
sequentially with 1ml Ip buffer (25mM Tris-HCI pH 8, 2mM EDTA,
150 mM NaCl, 1% Triton X-100, 0.1% SDS), 1 ml Wash buffer 1 (25 mM
Tris-HCI pH 8.2 mM EDTA, 500 mM NaCl, 1% Triton X-100, 0.1% SDS),
1 ml Wash buffer 2 (0.25 M LiCl, 1% NP40, 1% Na deoxycholate, 1 mM
EDTA, 10mM Tris-HCI pH 8), and then twice with 1 mM EDTA, 10 mM
Tris-HCI pH 8.0. Precipitated chromatin complexes were removed from the
beads through 15 min incubation with 250 ul of 1% SDS, 0.1 M NaHCO.
This step was repeated twice.

In Re-Chip experiments, complexes were eluted by incubation for
30 min at 37°C in 250 ul of Re-Ip buffer (2mM DTT, 1% Triton X-100,
2mM EDTA, 150 mM NaCl, 20 mM Tris-HCI pH 8.1) and then diluted four-
fold in Re-Ip dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl,
20 mM Tris-HCI pH 8.1 and protease inhibitors), and subjected again to
the Chlp procedure. Crosslink was reversed by an overnight incubation at
65°C with 20 ul of 5 M NaCl. Then were added 10 ul 0.5 mM EDTA, 20 ul

Cell Death and Differentiation

1M Tris-HCI pH 6.5 and 20 ug of Proteinase K, and incubated for 1 h at
45°C. DNA was purified by Phenol/CHCI5, and precipitated by two
volumes of ethanol in the presence of tRNA. PCR was performed using
specific primers: h-bax-pr-up 5’-TAATCCCAGCGCTTTGGAAG-3'; h-bax-
pr-dw 5'-GTCCAATCGCAGCTCTAATG-3; h-GAPDH-pr-up 5'-GTAT
TCCCCCAGGTTTACATG-3'; h-GAPDH-pr-dw-5-TTCTCCATGGTGGT
GAAGAC-3'.

Recombinant adenoviruses and adenoviral
infection

The E1/E3 defective recombinant adenovirus di70.3 (dl) and its Adp53
derivative, in which the human wtp53 cDNA was cloned,® were amplified
and titrated on 293 cells. Adenoviral infection was performed using 60
plaque forming units/cell of recombinant adenovirus.*®

Cell viability and TUNEL assay

Both floating and adherent cells were collected and counted in a
hemocytometer after the addition of Trypan blue. The percentage of dead
cells, that is, number of blue cells/total cell number, was determined by
scoring 100 cells per chamber three times. Cell numbers were determined
in duplicate.

For TUNEL assay, both floating and adherent cells were spun onto
slides by cytocentrifugation. After fixing in 4% formaldehyde in PBS, cells
were incubated with fluorescein-conjugated dUTP terminal deoxynucleo-
tide transferase mixture for TUNEL reaction (Roche), according to the
manufacturer’s instructions, counterstained with 1 pg/ml of Hoechst 33258
for 2 min and mounted with a coverslip in 25% glycerol in PBS. At least 400
cells were counted in each plate.
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High-mobility group A1 (HMGA1) overexpression and gene rearrangement are frequent events in human
cancer, but the molecular basis of HMGA1 oncogenic activity remains unclear. Here we describe a mecha-
nism through which HMGA1 inhibits p53-mediated apoptosis by counteracting the p53 proapoptotic activa-
tor homeodomain-interacting protein kinase 2 (HIPK2). We found that HMGA1 overexpression promoted
HIPK2 relocalization in the cytoplasm and inhibition of p53 apoptotic function, while HIPK2 overexpression
reestablished HIPK2 nuclear localization and sensitivity to apoptosis. HIPK2 depletion by RNA interference
suppressed the antiapoptotic effect of HMGA1, which indicates that HIPK2 is the target required for HMGA1
to repress the apoptotic activity of p53. Consistent with this process, a strong correlation among HMGA1
overexpression, HIPK2 cytoplasmic localization, and low spontaneous apoptosis index (comparable to that
observed in mutant p53-carrying tumors) was observed in WT p53-expressing human breast carcinomas.
Hence, cytoplasmic relocalization of HIPK2 induced by HMGA1 overexpression is a mechanism of inactiva-

tion of p53 apoptotic function that we believe to be novel.

Introduction

The high-mobility group (HMG) proteins are low-molecular
weight nuclear factors with nonhistone chromosomal accessory
functions (1). The A subgroup of HMG (i.e., HMGAla, HMGA1D,
HMGA1c, and HMGAZ2) interacts with the minor groove of many
AT-rich promoters and enhancers (2) and plays key roles in chro-
matin architecture and gene transcription control (2, 3). HMGA
proteins do not directly exert transcriptional activity and are con-
sidered architectural transcription factors. By a complex network
of protein-DNA and protein-protein interactions, they organize
chromatin into the structure required by the basal transcription
machinery to execute gene transcription (4). In physiological
conditions, HMGA proteins are expressed at a high level during
embryogenesis (5, 6), while their expression becomes low to unde-
tectable in adult tissues. High HMGA expression in adult life is
associated only with pathological conditions such as human carci-
nomas of thyroid (7, 8), colon (9-11), prostate (12), pancreas (13),
cervix (14), ovary (15), and breast (16) tissues. A functional role of
this aberrant HMGA overexpression in cancers has been previous-
ly demonstrated. We previously showed that in rat thyroid cells,
blockage of HMGA synthesis prevents tumor transformation by
murine transforming retroviruses (17, 18). Furthermore, infec-
tion of different carcinoma cells by a recombinant adenovirus
carrying the HMGA1b cDNA in antisense orientation induces

Nonstandard abbreviations used: Ad, adenovirus; EGFP, enhanced GFP; HIPK2,
homeodomain-interacting protein kinase 2; HMG, high-mobility group; LMB,
leptomycin B; MDM2, mouse double minute 2; NF-YB, nuclear factor YB; TCE, total
cell extract.
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apoptosis and interferes with tumor growth in vivo (19). To get
clues on the mechanism(s) through which HMGA proteins exert
their tumorigenic effect, we recently searched for HMGA interac-
tors by analysis of Ab arrays and found that HMGA1 binds the
p53 oncosuppressor and decreases its apoptotic activity, strongly
supporting the idea that HMGA1 contributes to tumor transfor-
mation by interfering with the apoptotic function of p53 (20).
HMGAL exerts this effect by repressing the p53 transcriptional
activity on target genes such as BAX and p21%4, and by chroma-
tin reimmunoprecipitation experiments we showed that HMGA1
and p53 are present in the same complexes bound to the BAX gene
promoter. However, despite the negative action of HMGA1 on p53
transcriptional activity on this promoter, HMGA1 overexpression
did not decrease the presence of p53 in this region, suggesting a
mechanism of p53 inactivation independent of its DNA-binding
activity, at least on this promoter.

The WT p53 protein, which is mutated or inactivated in most
human cancers, is a master regulator of the apoptotic program
(21,22). p53 is a sequence-specific transcription factor that regu-
lates the expression of genes involved in cell cycle arrest or apopto-
sis in response to genotoxic damage or cell stress, including tumor
cell response to many antineoplastic treatments (23). It has been
proposed that the posttranslational modifications that activate
pS53 are responsible for pS3-mediated biological outcomes (24, 25).
Among the p53 posttranslational modifications, phosphorylation
at serine residue 46 (Ser46) was identified as a specific modifica-
tion involved in apoptosis, at least in part through transcriptional
regulation of specific target genes (26-28). We and others have
previously shown that homeodomain-interacting protein kinase 2
(HIPK2) binds to and activates pS3 by phosphorylating it at Ser46
(29, 30). Furthermore, HIPK2 was also shown to promote apopto-
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HMGAT1, p53, and HIPK2 coexpression activates proapoptotic genes. Effect of FLAG-tagged WT HIPK2 or the kinase-defective HIPK2 mutant
(FLAG-K221R/HIPK2) on the activity exerted by HMGAT1 on reporter vectors mdm2 (A), bax (B), p21waf (C), and PIG3 (D). p53-null H1299 cells
were used as recipient. The pCMV-p53 vector encoding WT p53 protein was transfected alone or with the indicated plasmids. All transfections
were performed in duplicate; data are mean + SD of 5 independent experiments. Empty vectors were used as a control. Western blot analyses
of p53, HMGA1, and FLAG-HIPK2 proteins expression from 1 indicative experiment are shown in the lower panels.

sis by acting on targets different from p53, such as the p53 family
members p73 and p63 (31), the transcriptional corepressor c-ter-
minal binding protein (32), the p53 inhibitor mouse double min-
ute 2 (MDM2) (33), and the scaffold protein Axin (34), supporting
a major role for HIPK2 in the regulation of apoptosis. In addition,
we showed that HIPK2 physically interacts with HMGAI1Db in vitro
and in vivo, but the HIPK2-mediated function apparently occurs
regardless of this interaction (35).

Here we report that HMGALI interferes with p53-induced
apoptosis by counteracting its proapoptotic activator HIPK2. In
particular, HMGA1 overexpression prevented the nuclear local-
ization of HIPK2 and the phosphorylation of p53Ser46, while
694
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these events were restored by HIPK2 overexpression or HMGA1
downregulation by tumor cell treatment with HMGA1-specific
antisense oligonucleotides. Consistent with a causal role for
HIPK2 relocalization in the HMGA1-induced inhibition of p53
apoptotic activity, HIPK2 depletion by RNA interference sup-
pressed the antiapoptotic effect of HMGAI1 expression. In agree-
ment with these data, immunohistochemical analyses of biopsy
tissue from 69 human breast carcinomas showed significant
association among HMGA1 overexpression, HIPK2 cytoplasmic
localization, and low spontaneous apoptosis index in the pres-
ence of WT p53. Our data support the hypothesis that HMGA1
exerts its tumorigenic activity by forcing a cytoplasmic localiza-
Number 3
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tion of the p53 proapoptotic activator HIPK2, thus inhibiting
P53 apoptotic function.

Results

HIPK2 is involved in the HMGA1/pS3-mediated transcriptional regula-
tion of p53 target genes. Results of our recent studies indicate that
HMGAL interferes with the pS3-mediated transcription of the p53
effectors p21%*f! and Bax while cooperating with p53 in the tran-
scription of its inhibitor MDM2. We did not observe any detect-
able modification in the amount of p53 present on the BAX pro-
moter analyzed by chromatin reimmunoprecipitation experiments

research article

the transduced proteins were determined by Western blot analyses
(Figure 2A, lower panel). Cell death was measured by trypan blue
exclusion (Figure 2A, upper panel) and TUNEL assay (Figure 2B),
which revealed that HIPK2 overexpression inhibited the antiapop-
totic activity of HMGA1 and induced a level of cell death compa-
rable to that promoted by p53/HIPK2 coexpression. In order to
evaluate whether these results can be reproduced in more physi-
ological conditions such as in WT p53-carrying cells during cell
stress, human colon carcinoma RKO cells were induced to either
over- or underexpress HMGA1 by transfection of HA-HMGA1-
encoding vector or HMGA1-specific antisense oligonucleotide.

upon HMGAT1 overexpression (20). Thus, we asked whether
other nuclear factors are responsible for the HMGA1 effects
on pS53 transcription. We concentrated our attention on
HIPK2 for 2 main reasons: (a) HIPK2 contributes to p53
promoter selection by direct p53 phosphorylation at Ser46
and indirect p53 acetylation (28-30, 36, 37) and (b) HIPK2
binds HMGA1, and the functional role of this interaction
is unknown (35). To evaluate whether HIPK2 expression
affects HMGA1/pS53-mediated transcription, we measured
the activity of pS3-dependent promoters in the presence of
various combinations of p53, HMGA1, and HIPK2 proteins.
pS53-null H1299 cells were cotransfected with expression vec-
tors encoding HMGA1 and p53 in combination or not with
HIPK2 and with reporter vectors carrying the luciferase gene
under the control of p53-responsive promoters mdm2, BAX,
Pp21WAF1 and PIG3. As expected from our recent observations
(20), HMGA1 cooperated with p53 in the transcription of
its inhibitor MDM2 (Figure 1A), while it repressed the p53-
mediated transcription of the p53 effectors BAX and p21"AF!
(Figure 1, B and C). No effect was observed on the PIG3 pro-
moter (Figure 1D). This HMGA1 activity was dependent on
the presence of p53, because the sole expression of HMGA1
did not affect promoter activities (Figure 1). To test whether
HIPK2 contributes to this transcriptional regulation, we coex-
pressed HIPK2 with p53 and HMGA1. HIPK2 dramatically
increased the activation of the mdm2 and PIG3 promoters,
but reverted the repressive effect exerted by HMGA1 on the
BAX and p21¥AF! promoters (Figure 1). Indeed, except for the
Pp21WAFL promoter, the activation induced by coexpression of
the 3 factors exceeded that induced by HIPK2 and p53 with-
out HMGA1. This effect can be attributed to HIPK2 activ-
ity, because the kinase-dead HIPK2-K221R mutant did not
affect or even rescue the HMGA1/p53 transcriptional activity.
Taken together, these results indicate that HIPK2 reverts the
inhibitory activity of HMGAL1 on the p53 effector promoters
and points to a complex interplay among p53, HIPK2, and
HMGAL in the regulation of p53-target gene expression.
HIPK2 reverts the effects of HMGAI on p53 apoptotic function.
We previously showed that the variation of p53-target gene
transcription induced by HMGAL1 overexpression was asso-
ciated with reduction of p53 apoptotic activity (20). Because
HIPK2 is a strong proapoptotic activator of p53 and its
coexpression with HMGA1 modifies the HMGA1 activity on
pS53-mediated transcription, we examined whether HIPK2
counteracts the antiapoptotic effect of HMGA1. p53-null
H1299 cells were transiently transfected with expression vec-
tors encoding for HMGA1 or HIPK2, alone or in combina-
tion, and infected with a WT p53 recombinant adenovirus
(AdpS3) or an empty control virus (d170.3). Expressions of

The Journal of Clinical Investigation

http://www.jci.org

A+ 40 B 2
o}
~ 30 o
38 T 50
8]
% w 20 ¥
> 1
oo
> O 10 w 25
= =z
= 5
0 = o
p53 - + + + + p53 - + + + +
HMGA1 - - + + = HMGA1 - - + + =
HIPK2 + - - + + HIPK2 + - - + +
P53
- EE——
HA-HMGA1 = —
e [ - -
Y-Tubulin S — — D HMGA1 S AS
s . HMGAT1
C HMGA1 -  + :
. e s -Tubulin
8 HA-HVGA 10 -
75 S - TUDUIIN 2 75
B 3
o
S 50 @ 501
cw =
© = e}
S8 2 S 251
= o
- S
= 04
uv. - = - + + + uv  + + + ok
HMGA1 - + - - + + HMGA1 S AS S AS
HIPK2 - - + - - + HIPK2 - - + +
p53 — — — - P53 we— — S —
HIPK2  — - - — HIPK2 S S —_—_
YT e o s Y TubULIn [ —— —
Figure 2

HIPK2 rescues the HMGA1 antiapoptotic effect on p53. (A) H1299 cells were
infected with dI70.3 (= in the p53 row) or Adp53 (+ in the p53 row) viruses at
60 MOI. One hour after infection, cells were transfected with pCEFL-Hmga1
vector or pCEFL control vector and pEGFP-HIPK2 vector or pEGFP empty
vector. After 48 hours, floating and adherent cells were collected and ana-
lyzed by trypan blue exclusion. Mean + SD of 3 independent experiments
are shown. Expression of the indicated proteins was analyzed by Western
blot; the results of 1 indicative experiment of the 3 performed are reported.
Expression of y-tubulin shows equal loading of samples. (B) The same cells
reported in A were analyzed by TUNEL assay. One indicative experiment is
reported. (C) WT p53—carrying RKO cells overexpressing HA-HMGA1 protein
or not, as detected by Western blot (upper panel), were transiently trans-
fected with HIPK2 expression vector as indicated and subjected or not to UV
light irradiation (50 J/m2), and the percentage of cell death was measured by
trypan blue exclusion 36 hours after irradiation. Expression of the indicated
proteins was analyzed by Western blot; shown is 1 indicative experiment of
the 3 performed. (D) RKO cells were transiently transfected with HMGA1-spe-
cific sense (8S) or antisense (AS) oligonucleotides to reduce HMGA1 expres-
sion, as detected by Western blot (upper panel). Upon transfection of HIPK2
expression vector, cells were irradiated with UV light and analyzed as in C.
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Figure 3

Contribution of p53 phosphorylation at Ser46 to HMGA1/HIPK2-induced BAX
promoter activity. (A) Westem blot analysis of the indicated protein in WT p53—
carrying HCT116 cells 48 hours after infection at the indicted MOI. (B) The
same cells analyzed in A were treated with UV light at 50 J/m2. At 5 and 12
hours after UV light irradiation, the rate of cell death was measured by trypan
blue exclusion. (C) The same cells treated and analyzed in B were harvested
at 5 hours after UV light irradiation to perform Western blot of the indicated
proteins. (D) p53-null H1299 cells were transfected with the indicated expres-
sion vectors, and luciferase activity was determined. All transfections were per-
formed in duplicate; data are mean + SD of 3 independent experiments. Empty
vectors served as control. The expression of p53, HMGA1, and HIPK2 proteins

was determined by Western blot.

Activation of endogenous p53 by UV light was associated with
induction of cell death that, as expected from our previous results
(20), was partially inhibited by HMGA1 overexpression. Consis-
tent with the results obtained above by exogenous p53 expression,
HMGAI1-induced inhibition of cell death was completely over-
come by HIPK2 (Figure 2C). In addition, in RKO cells transfected
with HMGA1-specific sense or antisense oligonucleotides, HIPK2
overexpression increased cell susceptibility to UV light as well as
HMGAT1 depletion, and both HMGA1 depletion and HIPK2 over-
expression further induced cell death (Figure 2D). Taken together,
these results suggest that HIPK2 might be at least one of the tar-
gets for the antiapoptotic activity of HMGAL.

Phosphorylation of pS3 at Ser46 is involved in the antiapoptotic activity
of HMGA1 overexpression. Phosphorylation of human p53 at Ser46
determines promoter selection and induction of apoptosis (27,
28). Because HIPK2 phosphorylates p53 at Ser46 and the kinase-
dead HIPK2-K221R mutant did not modify the p53-mediated
transcriptional activity, we asked whether p53Ser46 phosphory-
696
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lation is involved in the HMGA1-mediated inhibition of
p53 activity. The WT pS53-carrying HCT116 cells were
infected with WT HMGA1 recombinant adenovirus
(AdHMGAL1) or control virus (AdGFP) at the same MOI
(Figure 3A) and treated or not with an apoptotic dose
of UV light. As expected from our previous data (Figure
2C and ref. 20), HMGA1 overexpression protected cells
from apoptosis in a dose-dependent manner (Figure 3B).
Interestingly, this protection was associated with reduced
phosphorylation of p53Ser46 (Figure 3C). Comparable
results were obtained in RKO cells (data not shown). No
difference was observed in the total amount of p53 or in
its phosphorylation at Ser15, a HIPK2-independent post-
translational modification involved in p53 activation for
either growth arrest or apoptotic functions (24, 25), which
supported a direct role for the inhibition of the p53Ser46
phosphorylation pathway in apoptosis resistance induced
by HMGA1 overexpression.

Next, we measured HMGA1/HIPK2-mediated transcrip-
tion of the BAX promoter in the presence of the pS3Ser46A
mutant, which cannot be phosphorylated by HIPK2. The
p53Ser46A mutant was much less efficient than WT pS53
in activating the BAX promoter; however, HMGA1 coex-
pression still suppressed promoter activity while HIPK2
restored it (Figure 3D), suggesting that the HIPK2 kinase
activity required to revert the effect of HMGAL is not con-
fined to the Ser46 phosphorylation of p53.

HIPK2 is required for the HMGA1-mediated repression of pS3-
induced apoptosis. To verify the requirement for HIPK2 in
HMGA1-mediated repression of p53 apoptotic activity,
expression of the endogenous HIPK2 protein was deplet-
ed by stable transfection of H1299 cells with a pSUPER
vector carrying HIPK2- or f-gal-specific RNA-interfering
sequences (see Methods). As shown in Figure 4A, HIPK2
expression was decreased in the H1299 HIPK2-inter-
fered (HIPK2i) cells compared with that of control vec-
tor-transfected H1299 cells (B-Gali). The 2 populations
were infected with AdpS3 in the presence or absence of
overexpressed HMGAL. As expected from previous data
(37), HIPK2-depleted cells were more resistant to p53-
mediated apoptosis (Figure 4B). However, when HMGA1
was overexpressed together with p53, the cells were pro-
tected from apoptosis only in the presence of endogenous HIPK2,
while no protection was observed in the HIPK2-depleted cells
(Figure 4B, upper panel). This protection was not caused by dif-
ferences in the expression levels of the transduced proteins, since
the amounts of p53 and HMGA1 were comparable in the 2 popu-
lations (Figure 4B, lower panel). To verify whether activation of
the endogenous pS3 protein can induce a similar outcome, WT
pS3-carrying RKO cells were stable transfected with the same pSU-
PER vectors described above, and HIPK2 depletion was verified by
Western blotting (Figure 4C). Consistent with the results obtained
by exogenous p53 expression, HMGA1 overexpression protected
from UV light-induced apoptosis only in HIPK2-expressing cells
(Figure 4D). These data indicate that HMGA1 represses the apop-
totic activity of pS3 by counteracting HIPK2.

HMGALI exerts its antiapoptotic function by interfering with the nuclear
localization of HIPK2. We previously showed that HMGA1 physi-
cally interacts with HIPK2 (35) and that HIPK2 colocalizes with
p53 in the nuclear bodies and activates p53 apoptotic function
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(29, 30). Because HMGAL1 inhibits p53-induced apoptosis by act-
ing on HIPK2, we evaluated the interaction and the localization of
HIPK?2 in the presence or absence of overexpressed HMGA1. We
confirmed the physical interaction between the 2 proteins (Fig-
ure 5A) and observed a dose-dependent cytoplasmic localization
of HMGAI1 (Figure 5, B and C) that was strongly associated with
cytoplasmic relocalization of HIPK2 (Figure 5D). This subcellu-
lar distribution of HIPK2 depended on the relative ratio between
HMGA1 and HIPK2, because HIPK2 overexpression restored
HIPK2 in the nuclei (Figure 5, E and F). Consistently, specific anti-
sense oligonucleotide depletion of HMGA1 on RKO cells, which
endogenously express HIPK2, WT p53, and high levels of HMGA1
(Figure 6A), resulted in increased nuclear localization of endog-
enous HIPK2 protein, as assessed by Western blot analysis on sepa-
rated nuclear/cytoplasmic cell extracts, while p53 remained in the
nucleus in each condition (Figure 6B). Together with our observa-
tion that this specific antisense oligonucleotide treatment was also
associated with increased UV light-induced apoptosis (Figure 2D
and ref. 20), these results strongly suggest that HMGA1 inhibits
P53 apoptotic function by interfering with the nuclear localization
of the p53 activator HIPK2.

To confirm this hypothesis, enhanced GFP-HIPK2 (EGFP-
HIPK?2) or its kinase-dead EGFP-K221R mutant were expressed in
RKO cells in the presence or absence of the nuclear export inhibi-
tor leptomycin B (LMB) (38). LMB treatment promoted more
robust nuclear compartmentalization of HIPK2 (Figure 6C) and
stronger induction of apoptosis than did mock treatment (Figure
6D), supporting the notion that HIPK2 nuclear localization is nec-
essary for p53 activation and function (39).

HMGALI overexpression strongly associates with HIPK2 cytoplasmic
localization in breast carcinomas. To evaluate whether the relationship
between HMGAT1 overexpression and HIPK2 subcellular localiza-
tion defined in tumor cell lines can occur in vivo, we analyzed both
HMGALI1 expression and HIPK2 nuclear and cytoplasmic com-
partmentalization in 69 stage I and stage II breast cancer patients
whose clinical characteristics have been described previously (40).
As shown in Table 1, HMGA1 was overexpressed in 35 of 69 cases
(51%) while HIPK2 was positive in 44 tumors (64%), with a cyto-
plasmic pattern of reactivity in 27 patients (39%) and a nuclear pat-
tern in 17 (25%). Of interest, HMGA1 overexpression significantly
correlated with the cytoplasmic compartmentalization of HIPK2
(i.e., in the HMGA1-positive samples, HIPK2 showed a cytoplasmic
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Figure 4

HIPK2 is required for HWGA-mediated repression of apoptosis.
(A) Western blot analysis of endogenous HIPK2 in p53-null H1299
cells stably transfected with pSUPER-lacZ (p-Gali) or pPSUPER-
HIPK2 (HIPK2i) vectors. Heat shock protein 70 (Hsp70) was used
as loading control. (B) The same cells used in A were infected with
Adp53 and transfected with the pCEFL-Hmga1 vector or pCEFL
empty vector. Cell death was measured as in Figure 2B, while
TCEs from the same cells used in B were analyzed by Western
blot as in Figure 2B for the indicated proteins. (C) Western blot
analysis of endogenous HIPK2 in WT p53—expressing RKO cells
stably transfected as in A. (D) The same cells used in C were
transfected with HMGA1 and irradiated with UV light (50 J/m?2) to
activate the endogenous p53. The apoptotic index was calculated
by TUNEL assay.

pattern in 57% of the cases and a nuclear one in 26%; P < 0.0001,
%2 test). In addition, in the HMGA1-positive samples, the percentage
of p53-positive (surrogate of mutant p53) breast cancers was 55% in
patients presenting nuclear localization of HIPK2 and 37% in those
presenting a cytoplasmic one (Figure 7A). To evaluate whether this
correlation was associated with resistance to apoptosis, as would be
predicted by our in vitro model, we performed a TUNEL assay on 4
selected groups of HMGA1-positive breast carcinomas (Figure 7, B
and C) according to their cytoplasmic (Figure 7D) or nuclear (Fig-
ure 7E) positivity for HIPK2 and their p53 status. As summarized
in Figure 7F, when HIPK2 was relocalized in the cytoplasm, we
observed a low apoptotic index in both p53-negative (surrogate of
WT p53) and p53-positive (surrogate of mutant p53) tumors (pS3-
negative, 2.79 + 0.253; p53-positive, 2.32 + 0.244). In contrast, when
HIPK2 was localized in the nucleus, the apoptotic index was low
only in the mutant p53-positive tumors (p53-positive, 2.76 + 0.500;
pS3-negative, 9.00 + 2.546), as expected. These results indicate that
an association among HMGA1 overexpression, HIPK2 cytoplasmic
localization, and resistance to apoptosis even in the presence of WT
P53 can occur in vivo, at least in breast carcinoma.

Discussion
Defects in apoptosis are thought to play a major role in tumori-
genesis as well as in tumor response to anticancer treatments (23).
Recently, we reported that HMGA1, whose aberrant expression is
implicated in the process of carcinogenesis, binds to the p53 onco-
suppressor and inhibits its apoptotic activity (20). At the molecu-
lar level, this inhibition is associated with increased transcription
of the p53 inhibitor MDM2 and repression of the p53 effectors
BAX and p21"4F1 (20). These observations were subsequently con-
firmed and extended to members of the p53 family by Frasca and
coauthors (41). In the present study, we investigated the mecha-
nism through which HMGA1 modifies p53 transcriptional activ-
ity and inhibits apoptosis. We found that HMGA1 repressed p53
apoptotic activity by promoting the cytoplasmic relocalization of
the p53 proapoptotic activator HIPK2.

HIPK2 physically and functionally interacts with p53 and
activates its apoptotic function by specifically phosphorylating
human p53Ser46 and mouse p53Ser58 (29, 30, 42). In particular,
it was shown that p53Ser46 phosphorylation changes the affinity
of pS3 for different promoters with a shift from growth arrest-
related genes to apoptosis-related ones (27, 28). HIPK2 promotes
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Figure 5

HMGA1 inhibits p53-induced apoptosis by interfering with HIPK2 nuclear localization. (A) For coimmunoprecipitation of exogenous proteins,
H1299 cells were transfected as indicated and TCEs were immunoprecipitated with anti-HA Ab. Inmunocomplexes were analyzed by Western
blot (WB) as indicated. For coimmunoprecipitation of endogenous proteins, TCEs from H1299 cells were immunoprecipitated with anti-HMGA1
or anti-lgG as negative control and analyzed by Western blot. (B) H1299 cells were transfected with increasing doses of pCEFL-Hmga1.
HA-HMGA1 expression was analyzed by immunofluorescence with anti-HA and tetramethylrhodamine isothiocyanate—conjugated Abs. Nuclei
were stained with Hoechst. Images are from 1 representative experiment of the 3 performed. (C) H1299 cells were transfected and immunos-
tained as in B; the percentage of HMGA1-positive cells with cytoplasmic staining was counted. (D) EGFP-HIPK2 subcellular localization in H1299
cells transfected with the indicated vectors. EGFP-HIPK2 is visible by its intrinsic green fluorescence. HA-HMGA1 expression was analyzed as
in B. (E) H1299 cells were transfected with pCEFL-Hmga1 and pEGFP-HIPK2 expression vectors at the indicated molar ratios. EGFP-HIPK2
and HA-HMGA1 expression and their subcellular localization were analyzed by immunofluorescence as in D. (F) H1299 cells were transfected
and immunostained as in E. The percentages of HMGA1-positive cells with nuclear or cytoplasmic staining of EGFP-HIPK2 were counted. Cells
with a pCEFL-Hmga1 dose of O were cotransfected with pCEFL empty vector.

pS3-mediated transcriptional activation of proapoptotic fac-  the nuclear bodies together with their typical components pro-
tors such as BAX, PIG3, Noxa, and p53-regulated apoptosis- myelocytic leukemia protein (PML) and SP100 nuclear antigen
inducing protein and repression of antiapoptotic factor such as (29, 30, 39, 44). A PML-independent, nuclear, dotted distribu-
Galectin-3 through phosphorylation of human p53Ser46 and tion of EGFP-HIPK2 has also been reported; however, HIPK2-
mouse p53Ser58 (27-30, 42, 43). HIPK2 and p53 colocalize in  dependent p53 phosphorylation and the subsequent p53-medi-
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ated activity requires the presence of PML (39), indicating that
HIPK2 nuclear localization is necessary for p53 activation. Here
we show that the nuclear localization of HIPK2 was inhibited by
HMGAT1 overexpression and restored by HMGA1 depletion or
HIPK2 overexpression. In addition, forced nuclear localization
of HIPK2 induced by the nuclear export inhibitor LMB strongly
increased HIPK2-induced apoptosis.

We previously showed that HMGA1 interacts with HIPK2. How-
ever, the functional relevance of this interaction was unclear (35). The
data we describe here show that an imbalance in the ratio between
HMGAI and HIPK2 resulting in HMGA1 overexpression elicited an
antiapoptotic effect by inducing HIPK2 accumulation in the cyto-
plasm and impairing p53Ser46 phosphorylation. Conversely, over-
expression of HIPK2 compared with that of HMGA1 reestablished
HIPK2 nuclear localization and rescued the rate of p5S3-mediated
apoptosis in the presence of HMGA1. This rescue was associated with
recovery of p53 transcriptional activity on the BAX, PIG3, and p21VAF!
promoters as well as further activation of the mdm2 promoter.

Besides TP53 gene mutations, several mechanisms of p53 pro-
tein inactivation have been shown to contribute to tumor devel-
opment, including p53 maintenance in the cytoplasm (45, 46).
The finding that cytoplasmiclocalization of HIPK2 is determined
by greater expression of HMGA1 than of HIPK2 strongly supports
the idea that HMGAT1 contributes to tumorigenicity by interfer-
ing with the tumor-suppressing activity of p53 through cytoplas-
mic localization of its activator HIPK2. This mechanism might
account for the progression of neoplasms in which p53 apoptotic
activity is impaired, notwithstanding the absence of p53 gene
mutations and/or deletions. It is noteworthy that an analysis
of 69 breast carcinoma patients showed a significant associa-
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Figure 6

HIPK2 nuclear localization strongly increases HIPK2-induced apop-
tosis. (A) Western blot analyses of endogenous HMGA1, HIPK2, and
p53 in WT p53—carrying RKO cells transduced with HMGA1-specific
sense or antisense oligonucleotides. y-Tubulin was used as loading
control. (B) From the same cells as in A, nuclear (N) and cytoplasmic
(C) extracts were prepared 36 hours after transduction and analyzed
by Western blotting for the indicated proteins. NF-YB (48) and y-tubulin
were used as markers of nuclear/cytoplasmic separation as well as
loading controls. Quantitative analysis was performed, and the rela-
tive density value (rdv) of HIPK2 was calculated as a ratio between
HIPK2 and NF-YB in the nuclear extracts and between HIPK2 and
y-tubulin in the cytoplasmic extracts. (C) RKO cells were transfected
with EGFP-HIPK2 vector and cultured in the presence or absence of
10 nM LMB for 16 hours. Subcellular localization of the EGFP construct
was examined by fluorescence microscopy. Cells were simultaneously
stained for DNA using Hoechst. The staining phenotype was catego-
rized in 2 groups, 1 with nuclear HIPK2 staining only, and 1 with both
nuclear and cytoplasmic staining. (D) RKO cells were transfected with
the indicated EGFP vectors and treated with LMB as in C. At 20 hours
after transfection, both floating and adherent cells were harvested to
measure cell death by TUNEL assay.

tion among HMGA1 overexpression, cytoplasmic localization of
HIPK2, and low spontaneous apoptosis index (comparable to that
observed and described in tumors carrying mutant p53), support-
ing the hypothesis that in these tumors there is an inactivation
of p53 apoptotic function mediated by HMGA1-dependent cyto-
plasmiclocalization of HIPK2.

In conclusion, our data strongly support the existence of what
we believe to be a new mechanism of p53 inactivation through
HMGA1-mediated cytoplasmic localization of the p53 activator
HIPK2. This mechanism might have important implications in
tumorigenicity as well as in the development of tumor resistance
to antineoplastic treatments.

Methods
Cell culture, transfections, and transactivation assays. HCT116, RKO, and H1299
cells were maintained in DMEM supplemented with 10% fetal calf serum
(GIBCO; Invitrogen), glutamine, and antibiotics. Cells were transfected with
plasmids by lipofectamine-plus reagent or with oligonucleotides by oligo-
fectamine reagent (Invitrogen) as suggested by the manufacturer. Cells were
transiently transfected with previously described reporter vectors (20, 29) and
normalized with the use of a cotransfected f3-gal construct. Luciferase activity
was analyzed by Dual-Light System (Applied Biosystems).

For inhibition of HMGA1 expression, antisense and corresponding
sense oligonucleotides were designed and synthesized specifically by
BIOGNOSTIK. Oligonucleotides were added once at a concentration of
2 mM. For inhibition of nuclear exports, cells were treated with 1 nM
LMB for 18 hours.

Expression constructs. The pCAG-p53, pCAG-p53Ser46, pCMV-Hmgal,
pCEFL-HA-HMGAL1, pFLAG-HIPK2, pFLAG-K221R/HIPK2, pEGFP-HIPK2,
and pEGFP-K221R constructs have been described previously (29, 35, 42).
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Table 1
Relationship between HIPK2 and HMGA1 in samples from 69
breast cancer patients

HIPK2 expression HMGA1-positive HMGA1-negative Total cases

Nuclear 11 (26%) 6 (22%) 17 (25%)
Cytoplasmic 24 (57%) 3(11%) 27 (39%)
Negative 7(17%) 18 (67%) 25 (36%)
Total cases 42 27 69

P <0.0001, %2 test; P < 0.005, %2 test for trend. The latter test indicates
how much of the association between HMGA1 and HIPK2 nuclear or
cytoplasmic localization is accounted for by linear trend.

Western blotting and coimmunoprecipitation. Total cell extracts (TCEs) were
prepared with lysis buffer (50 mM Tris HCI, pH 7.5; 5 mM EDTA; 300 mM
NaCl; 150 mM KCl; 1 mM dithiothreitol; 1% Nonidet P40; and a mix of
protease inhibitors) or in nondenaturing buffer (50 mM Tris-HCL, pH 7.5;
150 mM NaCl; 0.5% Triton; and 5 mM EDTA] for coimmunoprecipitation.
Immunoprecipitation was carried out by incubating 1-3 mg of TCEs with
Abs preadsorbed to protein G-agarose (Pierce Biotechnology). Immuno-
complexes were collected by centrifugation, separated by SDS-PAGE, and
blotted onto nitrocellulose membrane (Bio-Rad). Differential nuclear and
cytoplasmic cell lysates were obtained as reported previously (47). Protein
extracts were separated by SDS-PAGE and transferred to Immobilon-P
Transfer membranes (Millipore). Membranes were blocked with 5% non-
fat milk proteins and incubated with Abs at the appropriate dilutions.
The filters were incubated with horseradish per-
oxidase-conjugated secondary Abs, and the signals

manufacturer’s instructions, counterstained with 1 mg/ml Hoechst 33258
for 2 minutes, and mounted with coverslip in 25% glycerol in PBS. At least
400 cells were counted in each plate.

For TUNEL assay on human breast cancer tissue, the fluorescentin situ
detection of apoptosis in formalin-fixed, paraffin-embedded breast cancer
tissues was performed using the MEBSTAIN Apoptosis kit II IMMUNO-
TECH) according to the manufacturer’s instructions. After deparaffiniza-
tion and rehydration, 50 ul of terminal deoxynucleotidyl transferase-medi-
ated nick end-labeling reaction mixture was applied to slides, which were
then incubated at 37°C for 60 minutes. Sections were examined using a
fluorescence microscope, and the number of apoptotic cells was counted
in 8 high-power fields (original magnification, x400) per section. Counts
were averaged to determine the number of apoptotic cells.

Indirect immunofluorescence. Cells plated in 35-mm dishes were fixed in
2% formaldehyde in PBS and permeabilized in a solution of 0.25% Triton
X-100 in PBS. Immunofluorescence was obtained with the anti-HA 12CAS
mADb (Roche) and the tetramethylrhodamine isothiocyanate-conjugated
goat anti-mouse IgG (Jackson ImmunoResearch Laboratories Inc.). Cells
were stained simultaneously for DNA with Hoechst 33342 before observa-
tion with a fluorescent microscope (Zeiss).

Plasmid construction for RNA interference and cell transfection. The pSUPER-f3-gal
and pSUPER-HIPK2 plasmids were constructed as reported previously (43),
and Western blot analysis for STAT1 protein was used to exclude stimulation
of IFN production in the stably transfected cell lines. The pPSUPER-f3-gal vec-
tor carrying an interfering sequence for the LacZ gene was used as a control.

Patients and tissue specimens. The 69 stage I, stage Ila, and stage IIb breast
cancer patients (median age, 50 years; range, 30-76 years) included in this

were detected with ECL (Amersham). The Abs used A é o
for Western blotting were as follows: anti-FLAG M5 3 60
mAD (Sigma-Aldrich); anti-HA 12CAS mAbD (Roche); E 40
anti-p53 DO1 mAb and anti-heat shock protein 70 § 20
polyclonal Ab (Santa Cruz Biotechnology Inc.); sheep nF._: g
anti-p53 polyclonal Ab (Ab-7; Calbiochem); rabbit HMGAT + 4 b &
anti-phosphorylated p53Ser46 polyclonal and rab- HIPK2 N N ¢ cC
bit anti-phosphorylated p53Serl5 polyclonal Abs R = T
(Cell Signaling Technology); anti-nuclear factor YB F 10
(anti-NF-YB) (48); anti-HMGAL1 polyclonal Ab (raised 58 -
againsta synthetic peptide located in the NH2-termi- E <5
nal region; ref. 20); and anti-HIPK2 polyclonal Ab Box 4
(30). Anti-y-tubulin (Santa Cruz Biotechnology Inc.) i E 5 L J— i
was used for loading control. 1

Recombinant adenoviruses and adenoviral infection. The HIPK2 © cC N N
early genes 1 and 3-defective recombinant adenovirus pﬁi : : p ’é
dl70.3, Adp53 (49), and AAGFP and AdHMGA1 (19) s

Figure 7

were amplified and titrated on HEK293 cells as
described previously (49).

Cell viability and TUNEL assays. Both floating and adher-
ent cells were collected and counted in a hemocytom-
eter after the addition of trypan blue. The percentage of
dead cells (e.g., number of blue cells per total number of
cells) was determined by scoring 100 cells per chamber
3 times. Cell numbers were determined in duplicate.

For TUNEL assay on in vitro cell lines, both float-
ing and adherent cells were spun onto slides by
cytocentrifugation. After fixing in 4% formaldehyde
in PBS, cells were incubated with fluorescein-conju-
gated dUTP terminal deoxynucleotide transferase
mixture for TUNEL reaction (Roche) according to the
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HMGA1 and HIPK2 immunostaining in breast cancer. (A) Histogram showing the distribu-
tion of p53 immunostaining in 44 tumor samples that expressed both HMGA1 and HIPK2.
(B—E) Streptavidin-biotin immunoperoxidase staining of invasive breast ductal carcinomas
displaying HMGA1 overexpression (B), HMGA1 absence (C), and distinct cytoplasmic (D)
or nuclear (E) localization of HIPK2. Original magnification, x40. (F) Quantification of apop-
totic index in 4 groups of HMGA1 positive breast carcinomas according to their HIPK2/p53
phenotypes (8 cases: HIPK2 positive in the cytoplasm/p53 negative; 4 cases: HIPK2 posi-
tive in the cytoplasm/p53 positive; 5 cases: HIPK2 positive in the nucleus/p53 negative,
and 6 cases: HIPK2 positive in the nucleus/p53 positive). The apoptotic index was counted
in 10 fields per tumor evaluating the apoptotic index mean value in each group. The mean
apoptotic index in HIPK2 nuclear-positive, p53-negative tumors was significantly higher
than those of the other 3 groups (P < 0.0001; Bonferroni test). Lines represent median
values, shaded boxes represent twenty-fifth and seventy-fifth percentiles, and whiskers
represent minimum and maximum values. Y axis values indicate the mean value of the
number of cells. Data are mean + SD.
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study were surgically treated at the Regina Elena Cancer Institute (40).
This series included 58 invasive ductal carcinomas, 7 invasive lobular car-
cinomas, 2 tubular carcinomas, and 2 medullary carcinomas, of which
51 were T1 and 18 T2 and 50 were node-negative and 19 node-positive.
Tumors were staged according to the Unione Internationale Contre le Can-
cer TNM system 2002, and graded according to Bloom and Richardson
(50). The study was reviewed and approved by the ethics committee of the
Regina Elena National Cancer Institute, and written informed consent was
obtained from all patients.

Immunobistochemistry. Breast cancer specimens were fixed for 18-24 hours
in 4% buffered formaldehyde and then processed through to paraffin wax.
HMGAL1, HIPK2, and p53 were evaluated by immunohistochemistry on
S-um-thick paraffin-embedded tissues. Sections harvested on SuperFrost
Plus slides (Menzel-Glaser) were deparaffinized, rehydrated, and pretreat-
ed in a thermostatic bath at 96°C for 40 minutes in 10 mM citrate buffer
(pH 6). Polyclonal Abs directed against HMGA1 (diluted 1:50) and HIPK2
(1 pg/ml) and anti-p53 mADb purchased from DakoCytomation (clone DO7)
were incubated for 60 minutes at room temperature. The reactions were
revealed using Super Sensitive Link-Label Detection System purchased from
Biogenex (Space), using 3-amino-9-ethylcarbazole (AEC substrate chromo-
gen; DakoCytomation) as chromogenic substrate. All sections were slightly
counterstained with Mayer hematoxylin and mounted in aqueous mount-
ing medium (Glycergel; DakoCytomation). HMGA1 and HIPK2 proteins
were considered overexpressed when more than 10% of the neoplastic cells
presented a strong immunoreaction in the cytoplasm and/or in the nucleus.
P53 was considered positive only when a distinct nuclear stain was observed
in more than 10% of cancer cells. Evaluation of the immunohistochemical
data was performed independently and in blinded manner by 2 investiga-
tors (M. Mottolese and A.D. Benedetto).

Statistics. The y? test was used to test the relationship between HMGA1
overexpression and HIPK2 nuclear or cytoplasmic compartmentalization.
A Pvalue of less than 0.05 was considered statistically significant for both
tests. The tests indicate how much of the association between HMGA1 and
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HIPK2 nuclear or cytoplasmic localization is accounted for by linear trend.
To determine differences in apoptotic index among tumors according to
HMGATI, HIPK2, and p53 immunohistochemical phenotypes, the Bonfer-
roni test was used.
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High mobility group A (HMGA) proteins (HMGAla, HMGA1b, HMGA1lc and HMGA?2) are
nonhistone chromosomal proteins that do not have transcriptional activity per se, but they
orchestrate the assembly of multiprotein complexes involved in gene transcription, replication
and chromatin structure through a complex network of protein-DNA and protein—protein
interactions. To better understand their mechanisms of action, we have used a combination of
coimmunoprecipitation, 1-D gel SDS-PAGE and MS to identify new potential molecular inter-
actors. We have found 11 proteins that associate with HMGAL. These proteins belong to three
different classes: mRNA processing proteins, RNA helicases and protein chaperones. Some
interactions were confirmed by coimmunoprecipitation and pull-down experiments in human
embryonal kidney 293 cells. These experimental data suggest that HMGA1 proteins can associ-
ate with proteins that are strictly involved in chromatin structure and in several important mRNA
processing steps, supporting the idea that HMGA1 proteins can also participate in these events.
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1 Introduction

The mammalian high mobility group A (HMGA) nuclear
proteins are a family of nonhistone chromatin-associated
proteins. This family consists of four known members:
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HMGA1a, HMGA1b and HMGAI1c, derived from an alter-
native splicing of the same gene [1, 2], and HMGAZ2, encoded
by a different gene [3]. The HMGA proteins are characterized
by the presence of three ‘AT hook’ motifs that bind to the
minor groove of stretches of AT-rich region of DNA [4]. They
participate in a wide variety of cellular processes, including
regulation of chromatin architecture and gene transcription
control, by serving as generalized chromatin effectors, either
enhancing or suppressing the ability of more usual tran-
scriptional activators and repressors to act within the con-
fines of chromatinized DNA [5]. In fact, HMGA1 proteins
are involved in specific protein-DNA and protein—protein
interactions that induce structural changes in chromatin,
and are implicated in the formation of complexes called
‘enhanceosomes’ on promoters and enhancers of several

www.proteomics-journal.com



3736 G. M. Pierantoni et al.

genes whose transcription they regulate [6]. Enhanceosome
formation serves as a stereospecific platform to recruit RNA
polymerase II and other cofactors necessary for transcription
initiation. HMGA proteins could also regulate the transcrip-
tion by binding the AT-rich sequences called ‘scaffold
attachment regions’ (SARs) and promoting an ‘open’ chro-
matin domain structure that is permissive for transcription,
or by direct interaction with nucleosomes [7].

HMGA proteins seem to play an important role during
embryonic development [8]. In fact, their expression is high
during embryogenesis and low or absent during the adult
life [9]. HMGA proteins are also expressed at high level in
many human malignant neoplasias [10-17], and their
expression is correlated to the acquisition of the neoplastic
phenotype [18-20].

Despite the wealth of data associating aberrant or over-
expression of HMGA proteins with neoplastic transforma-
tion, still little is known about the molecular mechanisms by
which these proteins exert their effect. The identification of
new HMGA associated proteins could somehow help to
clarify their function. Proteomic represents a valuable
approach to identify new potential interactors. Therefore, to
gain insights into the functions fulfilled by HMGAI1 pro-
teins, we have developed a proteomic analysis to identify new
HMGAL1 interactors. Coimmunoprecipitation of HMGAL1
associated proteins followed by MS analysis allowed us to
identify 11 potential HMGAL1 interactors. These proteins are
mainly involved in several aspects of RNA secondary struc-
ture and metabolism, including transcription and pre-
mRNA splicing, revealing an important role of HMGA1
proteins also in chromatin remodelling finalized to mRNA
processing.

2 Materials and methods

2.1 Cell culture, expression constructs and
transfection

Human embryonal kidney (HEK) 293 cells were maintained
in DMEM, supplemented with 10% FCS (GIBCO-BRL, Life
Technologies, Gaithersburg, MD), 2 mM 1-glutamine, 10 U/
mL penicillin and 10 ng/mL streptomycin at 37°C under 5%
CO, atmosphere.

pHemagglutinin (pHA)-tagged Hmga 1b expression plas-
mid was obtained amplifying and inserting the murine
Hmgalb cDNA into the pCEFL-HA expression vector
(pCEFL-HA/HMGA1b) [21].

To construct the GST fusion genes, the entire and/or
portions of Hmgala and Hmgalb coding sequences were
amplified by PCR with pairs of primers linked to restriction
sites (EcoRI and BamHI), and cloned in the pGEX-2T plas-
mid (Promega): pGST-HMGA1a (1-107) is constituited by
the entire coding sequence; pGST-HMGA1b (1-96) is con-
stituited by the entire coding sequence; pGST-HMGA1b (1-
54) is constituted by the first 54 amino acids including the

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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first two AT-hook domains; pGST-HMGA1b (55-96) is con-
stituted by the last 42 amino acids including the last AT-hook
domain. The GST-RFG fusion protein was generated by
cloning the entire RFG c¢cDNA in the pGEX-2T plasmid (Pro-
mega) [22].

HEK293 cells were transiently transfected with 5 pg of
plasmid by lipofectamine-plus reagent as suggested by the
manufacturer (Invitrogen).

2.2 Samples preparation, immunoprecipitation and
Western blotting

For preparative gels, 8 x 10’ cells were transfected with 50 pg
of empty vector or with pHA-tagged Hmgalb expression
plasmid. For total cellular extract (TCE) preparation, cells
were harvested 48 h after the transfection. Cells were then
lysed in 7 mL of RIPA buffer (50 mM Tris HCl pH 7.5, 5 mM
EDTA, 300 mM NaCl, 150 mM KCl, 1 mM DTT, 1% NP-40
and a mix of protease inhibitors), and clarified by ultra-
centrifugation at 200000 x g at 4°C for 30 min. For immu-
noprecipitation experiments, 10 mg of TCE was incubated
with 14 pg of anti-HA antibodies for 3 h, and then supple-
mented with protein A-Sepharose beads (Pharmacia Bio-
tech). One hour later, the beads were collected and washed
five times with lysis buffer, boiled in 150 pL of Laemmli
sample buffer, and 9/10 of this sample were then treated as
follows in Section 2.5. Conversely, for analytical gels, 1 mg of
TCE was incubated with 1,4 pg of anti-HA antibodies for 3 h,
and then supplemented with protein A-Sepharose beads
(Pharmacia Biotech). One hour later, the beads were col-
lected, washed five times with lysis buffer, and boiled in
15 pL of Laemmli sample buffer. For immunoblotting anal-
ysis, 50 ug of TCE or immunoprecipitated proteins were
separated by SDS-PAGE and transferred to Immobilon-P
Transfer membranes (Millipore). Membranes were blocked
with 5% nonfat milk proteins and incubated with the appro-
priate antibodies at the appropriate dilutions. The filters
were then incubated with horseradish peroxidase-conjugated
secondary antibodies, and the revelations were performed by
ECL method (Amersham Biosciences).

2.3 Pull-down assay

The pGST-HMGA1a (1-107), pGST-HMGAT1D (1-96), pGST-
HMGAL1D (1-54), pGST-HMGA1b (55-96) and pGST-RFG
constructs are described above. GST fusion proteins were
produced in E. coli BL21 cells. Stationary phase cultures of E.
coli cells transformed with the plasmid of interest were
diluted ten times in LB with ampicillin (100 mg/mL), grown
at 30°C to an ODy, of 0.6, and induced with 0.1 mM iso-
propyl B-p-1-thiogalactopyranoside (IPTG). After additional
2 h at 30°C, the cultures were harvested and resuspended in
10 mL of cold PBS (140 mM NaCl, 20 mM sodium phos-
phate (pH 7.4)), 1 mM PMSF and protease inhibitors (Boeh-
ringer). The cells were broken by French Press and cen-
trifuged at 5000 x gat 4°C for 30 min. The supernatants were
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then incubated at 4°C for 1 h with 250 pL of glutathione-
Sepharose beads (Amersham Pharmacia Biotech). The
resins were washed with PBS and protease inhibitors. The
GST fusion proteins were incubated with 200 pg of TCEs
from parental 293 cells in NETN buffer (20 mM Tris-HCI,
pH 8.0, 100 mM NaCl, 1 mM EDTA, and 0.5% NP-40) for
1 h at 4°C. The resins were then extensively washed in the
same buffer. The bound proteins were separated by SDS-
PAGE, and analysed by Western blotting.

2.4 Antibodies

The antibodies used for immunoprecipitation and Western
blotting were: anti-p68 monoclonal Ab (Pab 204), gently pro-
vided from F. V. Fuller-Pace; anti-HA 12CA5 mAb from
Roche; antihuman FUS/TLS from Euromedex (Mundols-
heim, France); anti- -1 tubulin (G-8), anti-Hsc71 and anti-y-
tubulin (D10) from Santa Cruz (California, USA); anti-DDX1
from BD Biosciences (New Jersey, USA); anti-DDX17 and
anti-TAFII68 from Bethyl (Texas, USA); anti-HMGA1b poly-
clonal Ab was raised against a synthetic peptide located in the
NH, terminal region [23].

2.5 Proteomic analysis

All reagents for the proteomic analysis were of the highest
purity available. Water was purified using a MilliQ system
(Millipore, Bedford, MA); acetic acid (AcOH), iodoacetamide
and formic acid (FA) were from Fluka (Buchs, Switzerland);
methanol was from Merck (Darmstadt, Germany); ACN was
from Biosolve (Valkenswaard, The Netherlands); Tris® and
SDS were from Invitrogen (Carlsbad, CA) and Biosafe,
respectively; Blue coomassie was from BioRad (Hercules,
CA); trypsin proteomic grade and DTT were from Sigma-—
Aldrich. Proteins used as molecular mass references (high
molecular weights) were from Amersham Biosciences (Pis-
cataway, NJ). The proteins immunoprecipitated as men-
tioned above were separated by SDS-PAGE on a 8% poly-
acrylamide gel under well defined conditions with 550 V-h
[24], and then revealed by staining with Blue coomassie R250
Biosafe (BioRad). The coomassie dye bonds to arginine and
aromatic amino acids, and any dye, that is not bound to pro-
teins, diffuses out of the gel during the destaining step. The
proteins were fixed by incubating the gel in a solution con-
taining 30% methanol and 7.5% AcOH for 1 h, and washed
three times in water. Gel was then incubated in Blue coo-
massie overnight, and background staining was removed by
five washes in water. Gel was stored at 4°C in 1% AcOH.
From the 1-DE polyacrylamide gel, the bands were excised
and subjected to in-gel tryptic digestion. Protein digestion
was conducted as previously described [25], modified as
described below. Briefly, the gel pieces were destained in
100 pL of 50 mM ammonium bicarbonate, and 50% ACN at
room temperature. The gel slices were dried in neat ACN
before performing cysteines reduction with DTT and alkyla-
tion with iodoacetamide. Pieces of gel were reswollen in
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20 pL of 20 mM ammonium bicarbonate and 6.25 ng/uL of
trypsin from pig (Sigma, St. Louis, MO, USA; type IX-S, ref
T-0303). After overnight incubation at room temperature, the
supernatant was removed before the addition of 1% FA so-
lution in water. This solution was pooled with the previous
supernatant. A second extraction using 50% ACN was per-
formed to improve peptide material recovery and then
pooled with the previous supernatant. The extracted solution
was partially dried by Speed-Vac for a final 2-5 pL volume.

2.6 LC-MS/MS

Peptide separations were carried out on an Ultimate HPLC
pump coupled to a Famos autosampler (both from Dionex/
LC Packings, Amsterdam, Holland). MS data were acquired
on a QTRAP 2000 triple quadrupole-linear IT mass spec-
trometer (Applied Biosystems/MDS Sciex, Concord, Ontario,
Canada). The Analyst 1.4 software controlled both the mass
spectrometer and the HPLC system. Peptides separation was
carried out on a 75 pum idx15cm commercial column
packed with C18 PepMap material (100 A, 3 um particles
size, Dionex). Separations were conducted using a 45 min
HPLC cycle corresponding to a 25 min Gradient from 1% A
(1% ACN, 0.1% FA, 98.9% water) up to 80% B (80% ACN,
0.1% FA, 19.9% water). Solvents were continuously degassed
using helium bubbling. A calibrator cartridge (NAN-75,
Dionex) was used to split the micropump flow to obtain a
final flow rate of 200 nL/min on the RP column. The Q-Trap
instrument was tuned for peptide and fragment mass accu-
racy before its utilization for this study using the methods
and consumables defined by the manufacturer. The collision
energy is dynamically calculated as a linear function of the
precursor ion defined by a slope and an intercept for each ion
charge state. Each MS cycle was including an enhance MS
(EMS) survey scan in 400-1400 m/z range, an enhancement
resolution (ER) scan range of 10 m/z and two enhanced
product ion (EPI) scans ranging between 100 and 1800 m/z.
After the two cycles of fragmentation, each precursor ion was
automatically excluded for 60 s from the successive MS
cycles.

2.7 Data processing and database searches

For the export of raw CID spectra in a format compatible
with database search by MASCOT, a script provided by the
manufacturer was used (Mascot.dll, ver. 1.6b5, Matrix Sci-
ence, London). CID spectra for precursors less than 1.0 Da
apart were grouped if they occurred within the ten following
cycles. Spectra were rejected if they contained less than ten
peaks with a precursor intensity lower than 50 counts. An
on-site biprocessor version of the MASCOT protein identifi-
cation software (version 1.9) was used for this data analysis.
The peptides are not redundant matched peptides and
manually verified. All data treatments were conducted with
the optimized parameters including the enzyme specificity,
i.e. trypsin, with cleavage when K or R is followed by P, fixed
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cysteine modification (carbamidomethylation) and variable
modifications of methionine (monooxidized methionine)
and asparagine/glutamine (formally ‘deamidation’, but due
to deisotoping artefact during data extraction). The Human
subset of the merged Swiss-Prot/TrEMBL database version
41.0 and 24.0, respectively was used for searches. No protein
mass restriction was used, and all protein identifications
were manually validated.

3 Results and discussion
3.1 Proteomic analysis of HMIGA1 interactors

In order to isolate and identify new HMGAI interacting
proteins, we employed proteomic analysis. To this aim, an
expression vector coding for the full-length Hmgalb cDNA
tagged with the influenza virus HA epitope was transiently
transfected in human embryonic kidney 293 cells. The
expression of HA-HMGAL1D protein was verified by Western
blotting analysis using both anti-HA and anti-HMGA1b
antibodies (Fig. 1A). About 10 mg of TCE was then utilized
for the proteomic analysis. In particular, proteins associated
with HA-HMGA1 were purified by coimmunoprecipitation
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using anti-HA antibodies. Preliminary SDS-PAGE experi-
ments showed a large number of protein bands gathered in
the high molecular region of the gel. Therefore, the immu-
noprecipitated material was fractionated on an 8% 1-D gel to
enhance the resolution at high molecular weight. Proteins
were stained with Blue coomassie as shown in the Fig. 1B.
Two different standard molecular weights were loaded on the
gel (lanes 1 and 2 of the Fig. 1B). The comparison between
the third lane, corresponding to the immunoprecipitated
lysate of empty-vector overexpressing cells, and the fourth
lane, which corresponds to that of HA-HMGA1b over-
expressing cells, allowed us to identify several bands which
were present exclusively in the immunoprecipitated sample
of HA-HMGAI1Db overexpressing cells. Then, the gel was
sequentially cut in several fragments, indicated by square
brackets from A to F in Fig. 1B. Proteins contained in each
fragment were digested inside the gel with trypsin, and the
extracted material was analysed by RP-HPLC ESI-MS/MS.
Acquired data were converted for protein identification using
the MASCOT software against the human subset of Swiss-
Prot and TrEMBL databases. All data treatments were con-
ducted with optimized parameters, and all protein identifi-
cations were manually validated. Among the gel slices
digested, only six led to the identification of 11 different

Figure 1. Analysis of HMGA1
,(\"t} interactors separated by SDS-
;?33 PAGE. (A) TCEs derived from

é\; Qoé‘v pCEFL-HA empty vector or

pCEFL-HA/HMGA1b overex-
pressing cells were analysed by
Western blotting with anti-HA
and anti-HMGA1b antibodies.
v-Tubulin was used to equalize
protein loading. (B) Equal
amount of total cellular proteins
derived from control cells (lane
3) and from HA-HMGA1 over-
expressing cells (lane 4) were
immunoprecipitated with anti-
HA antibodies, separated by
SDS-PAGE on an 8% polyacryl-
amide gel, and stained with Bio-

Safe Blue coomassie. The gel

D,{DRP2) .

jEmmI was sequentially cut, and each
cut, that had MS successful
result, was labelled. The posi-
tion of the fragments that have
had success in spectrometric
. {Ma2} analysis are indicated by square
brackets on the right side of the
picture from Ato F. The other gel
slices, indicated on the right side
of the picture from ato d, did not
lead to a significant protein
identification. Two different mo-
lecular masses of known pro-

teins are loaded in the lanes 1
IP HA and 2.

[
]
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BEMNHNPPII
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proteins corresponding to 50 polypeptides (Fig. 1B). The
final results are summarized in Table 1, where the names
and Swiss-Prot/TrTEMBL accession numbers of the identi-
fied proteins and their function are reported. It was not
surprising that each excised band from 1-DE gel separation
contained more than one protein. The other gel slices,
indicated from ‘a to d’ on the picture did not lead to signif-
icant protein identification (Fig. 1B). In several cases, other
peptide sequences were not sufficiently discriminant to
identify a single protein but they gave only information
about protein family. Moreover, peptides corresponding to
heterogeneous nuclear ribonucleoproteins M and H3
(hnRNP M and hnRNP H3), tubulin beta-1 chain and heat
shock cognate 71 (hsc71), demonstrated to be HMGA1 mo-
lecular partners by other groups [26], were also found in our
study (Table 1).

3.2 In vivo and in vitro characterization of HVIGA1
interactors

To validate the interactions between HMGAI1 proteins and
some of the new identified associated proteins in vivo, TCEs
from 293 cells transfected with the pCEFL-HA empty vector
or with the full-length Hmga1b cDNA tagged with the influ-
enza virus HA epitope were immunoprecipitated with the
antibodies against p68 helicase, FUS and DDX1. The fol-
lowing filters were then immunoblotted with anti-HA anti-
bodies. As shown in Fig. 2A, left panel, a great amount of
HMGA1b protein was present in all of the immunocom-
plexes from 293 cells overexpressing HA-HMGAL1Db protein,
confirming that HMGAL1 and the indicated proteins really

Table 1. HMGAT1 interactors identified by MS analysis
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interact each other. Coimmunoprecipitations with isotype-
matched IgG were also performed as control of the specificity
of the interactions.

To examine the effective amount of the molecular
interactors identified in 293 cells, we have evaluated their
protein levels in empty vector- or HA-HMGA1b- expressing
cells by Western blotting analysis performed with the ap-
propriate antibodies. As shown in the Fig. 2A, right panel,
the amount of each interactor is independent from
HMGAL expression. Moreover, we have confirmed the HA-
HMGA1D expression level in transfected 293 cells by
Western blotting using anti-HA antibodies. These experi-
ments have demonstrated that the interactions, evaluated
through proteomic analysis, are real, and that HMGA1
proteins interact, at least in this cellular system, with the
new identified proteins.

To further examine the specificity of these interactions,
and to map the regions of HMGA1b protein required for the
binding to its molecular interactors, pull-down assays were
performed incubating a total lysate deriving from 293 cells
with the HMGA1b recombinant protein fused to GST and
with two HMGA1b-deletion mutants: GST-HMGA1b (1-54)
and GST-HMGAT1D (55-96) (scheme in Fig. 2B). As shown in
the Fig. 2C, upper panel, all the interactors, with the excep-
tion of Tubulin B-1, bind the C-terminal end of the HMGA1b
protein. TAFII68, DDX1 and, in a smaller amount, DDX17,
are able to also bind the NH-terminal region of HMGA1b
protein. Tubulin -1 chain, conversely, is able to only bind the
HMGA1b NH,- terminal region (Fig. 2C, upper panel).
Finally, we have also analysed the interactions between the
long HMGA1a isoform, which differs from the short isoform

Gel frag-  Protein description Swiss-Prot  Function Score # Matched % of

ment Acc. No. (MASCOT) peptides recovery

A ATP-dependent helicase (DDX1) Q92499 ATP-dependent helicase 286 8 13

B, Heterogeneous nuclear P52272 Processing events of 133 4 8
ribonucleoprotein M (hnRNP M) pre-mRNAs

B, TATA-binding protein associated Q92804 Transcription initiation 115 5 10
factor 2N (RB56) (TAFI168)

(o Probable RNA-dependent helicase Q92841 RNA-dependent ATP-ase 357 7 13
p72 (DDX17) helicase

C, Probable RNA-dependent helicase  P17844 RNA-dependent ATP-ase 266 6 11
p68 (DDX5) helicase

C, Heat shock cognate 71 kDa Protein  P11142 Chaperone 129 3 6

D, RNA-binding protein FUS P35637 Annealing of ss DNAs 130 3 8

and D-loop formation in
superhelical ds

D, Dihydropyrimidinase related Q16555 DNA Hidrolase activity 57 2 5
protein-2 (DRP-2)

E Tubulin beta-1 chain P07437 Constituent of micro-tubules 107 3 7

F, Complement component 1 (MA32) Q07021 Splicing 223 3 10

F, Heterogeneous nuclear ribonucleo- P31942 Processing events of 131 2 9
protein H3 (hnRNP H3) pre-mRNAs
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Figure 2. In vivo and in vitro interactions between HMGA1 proteins and MS identified interactors. (A) In vivo interactions by coimmuno-
precipitation assay between HMGA1b protein and some identified interactors. Two hundred and ninety three cells were transfected with
empty vector or with pCEFL-HA/Hmga 1b expression vector. Forty-eight hours post-transfection, TCEs were prepared and equal amount of
proteins were immunoprecipitated with anti-p68, anti-Fus, anti-DDX1. The immunocomplexes were then analysed by Western blotting
using anti-HA antibodies (left panel). Coimmunoprecipitations with isotype-matched IgG were also performed as negative control for the
specificity of the interactions. The expression level of the HA-HMGA1b protein and its interactors was detected by Western blotting using
specific antibodies as indicated. y-Tubulin was used to equalize protein loading (right panel). (B) Schematic representation of GST fusion
proteins used in the pull-down assay. (C) GST pull-down assays of the indicated GST-fusion proteins with the endogenous cellular extracts
from 293 cells. The relative inputs are TCEs derived from 293 cells. The bound complexes were separated by SDS-PAGE, and the filter was
incubated with the relative antibodies (upper panel). Gel was stained with Blue coomassie to show that equal amount of GST-fusion pro-
teins were used in the assay (lower panel).

HMGAI1D only for the deletion of 11 amino acids between 3.3 Functional classification of the HMIGA1

the first and the second AT-hook domains. To this aim, TCE interactors

from 293 cells was incubated with the GST-HMGA1a fusion

protein. As shown in Fig. 2C, upper panel, the HMGAla 3.3.1 DEAD-box proteins

isoform is also able to bind all the identified interactors of the

short HMGA1b isoform. No interacting proteins were Among the RNA chaperones, that ensure the correct folding
detectable in the complexes obtained incubating TCE with of RNA molecules, there are the RNA helicases of the DEAD-
the GST protein alone or with an unrelated GST fusion pro- box family and related families. The term RNA helicase
tein such as GST-RFG (Fig. 2C, upper panel). refers to enzymes that locally unwind complex RNA struc-
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tures, an activity that is associated with the hydrolysis of a
nucleoside triphosphate (NTP), preferentially ATP [27].
DEAD represents the one letter code for the tetrapeptide
Asp-Glu-Ala-Asp. DEAD box proteins modulate RNA sec-
ondary structure in all cellular processes involving RNA,
including transcription, pre-mRNA processing, ribosome
biogenesis, RNA export, translation initiation and RNA deg-
radation [28, 29]. Several DEAD box proteins have been
shown to bind HMGAL1 proteins in this study, such as DDX1,
p68 and p72. DDX1 is a human DEAD box protein that also
contains a region with homology to heterogeneous nuclear
ribonucleoprotein U (hnRNP U) [30], which mediates the
binding of TFIIH to the RNA polymerase II holoenzyme
31].

p68 (DDX5) [32] and p72 (DDX17) [33] are highly
related members of the DEAD box family, and are ‘estab-
lished” RNA helicases. They have been implicated in
growth regulation and in both pre-mRNA and pre-rRNA
processing. These proteins interact with p300/CBP coac-
tivator, with the RNA polymerase II holoenzyme [34], and
also with the transcriptional repressor histone deacetylase
I (HDACI) [35]. Moreover, p68 potently synergizes with
the p53 tumour suppressor protein to stimulate tran-
scription of p53-dependent promoters, acting as coacti-
vator of p53-dependent apoptosis [36]. All these data sup-
port the role of p68 and p72 helicases as transcriptional
regulators [35]. The recent reports that HMGA1 proteins
interact with p53 [23] and modulate HDAC1 activity [37],
and the fact that CBP/p300 is able to interact and to
acetylate HMGA1 proteins [38], strongly support the
validity of the interactions between HMGA1 proteins and
p68 or p72 helicases, found by our proteomic approach.
These findings suggest that HMGA1 proteins could be
involved not only in basal transcriptional activity, but also
in post-transcriptional mechanisms, supporting the idea,
also deriving from other studies [26], that implicates
HMGA proteins in the participation of the spliceosome
complex.

3.3.2 FUS/TLS and TAFII68

TLS, also known as FUS, is the product of a gene commonly
translocated in liposarcomas (TLS), and it is prototypical of a
class of nuclear proteins that contains a C-terminal domain
with a distinct RNA recognition motif (RRM) surrounded by
Arg-Gly-Gly (RGG) repeats [38]. TLS and the related protein
TAFII68/RB56 [39, 40], also identified in our study as poten-
tial interactor of HMGAT1 proteins, have other features that
distinguish them from the most heterogeneous ribonuclear
proteins (hnRNPs). In particular, the NH2-terminal region is
different from other RNP-carrying proteins; this region
could serve as a transcriptional activation domain, and it is
able to directly interact with components of the transcrip-
tional machinery, such as TFIID and RNA polymerase II
[41].
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3.3.3 Other molecular interactors

Among the identified interactors in this work, four of them,
different from the above described, have recently been
identified as molecular partners of HMGA1 proteins by
other group [26]. They are: the heat shock cognate 71 kDa
protein (hsc71), the heterogeneous nuclear ribonucleopro-
teins H3 and M (hnRNP H3 and hnRNP M), and tubulin
B-1 protein. Hsc71 is mainly involved in chaperoning and
protein folding [42]; hnRNP H3 and hnRNP M are involved
in splicing process, and, in particular, in early heat shock-
induced splicing arrest [43]; tubulin B-1 is one of the most
common member of the tubulin family, which makes up
microtubules [44].

We have also identified as interactors DRP-2 and
MA32 proteins. The dihydropyrimidinase related protein
2 (DRP-2) presents a hydrolase activity, and it is an
important molecule in guiding neuronal development
[45]; the complement component 1 (MA32) is so named
for its characteristic to bind the globular heads of C1Q
inhibiting C1 activation and is a subunit of human pre-
mRNA splicing factor SF2 [46], which prevents exon
skipping, ensures the accuracy of splicing and regulates
alternative splicing. Therefore, these other HMGA1 inter-
actors confirm a role of HMGA1 proteins in post-tran-
scriptional processes.

4 Concluding remarks

HMGA proteins are chromatinic proteins which act as
architectural factors, and play a general role modulating
gene expression in different cellular events, altering the
chromatin structure, and facilitating the formation of high-
order nucleoprotein structures in which multiple protein—
protein and protein-DNA contacts enhance the specificity
and the stability of the regulatory complexes. Therefore,
specific sets of genes are activated or repressed by assem-
bling complex nucleoprotein structures, also termed enhan-
ceosomes, containing the components of basal transcription
and various transcriptional factors bound to their cognate
promoter/enhancer elements. In this work, we have identi-
fied new several proteins associated with HMGA1 proteins,
which are involved in DNA- and RNA-dependent essential
nuclear processes. In particular, our data implicate HMGA1
proteins in post-transcriptional processes, above all in
mRNA processing.
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Abstract

The high-mobility group A (HMGA) non-histone chromosomal proteins HMGA1 and
HMGAZ2 are architectural factors. They are abundantly expressed during embryogenesis
and in most malignant neoplasias, whereas their expression is low or absent in normal
adult tissues. Their over-expression is known to have a causal role in cellular neoplas-
tic transformation. Previous studies from our group have shown that their expression is
restricted to specific germinal cells. In this study we have evaluated, by immunohistochem-
istry, the expression of HMGA1 and HMGAZ2 in a series of post-pubertal testicular tumours
of different histological types, including 30 seminomas, 15 teratomas, 15 embryonal car-
cinomas and 10 mixed germinal tumours with a prominent yolk sac tumour component.
HMGAT1 protein expression was detected in all seminomas and embryonal carcinomas anal-
ysed, but not in teratomas or yolk sac carcinomas. Conversely, HMGA2 was present only
in embryonal carcinomas and yolk sac carcinomas, but not in seminomas or teratomas.
The immunohistochemical data were further confirmed by Western blot and, at the mRNA
level, by RT-PCR analyses. These findings indicate that HMGA1 and HMGA?2 are differ-
ently expressed with respect to the state of differentiation of testicular germ cell tumours
(TGCTs), with over-expression of both proteins in pluripotential embryonal carcinoma cells
and loss of expression of HMGAL1 in yolk sac tumours and of both proteins in the mature
adult tissue of teratoma areas. Therefore, the different profiles of HMGA1 and HMGA2
protein expression could represent a valuable diagnostic tool in some cases in which the
histological differential diagnosis is problematic.
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Introduction

Testicular germ cell tumours represent the most com-
mon malignancy in males aged 15—34 years and rep-
resent a major cause of death attributable to cancer
in this age group [1]. Testicular germ cell tumours
(TGCTs) can be subdivided into seminoma and non-
seminoma germ cell tumours (NSGCTs), which con-
sist of embryonal cell carcinoma, choriocarcinoma,
yolk sac tumour and teratoma. Neoplasms contain-
ing more than one tumour cell component, e.g. semi-
noma and embryonal cell carcinoma, are referred to
as mixed germ cell tumours. Seminomas and NSGCTs
not only present distinctive clinical features but also
show significant differences as far as therapy and
prognosis are concerned [2].

The mammalian high mobility group A (HMGA)
family of chromosomal proteins includes HMGAla
and HMGA1b, which are encoded by the same gene,
HMGAI, through alternative splicing [3], and the
closely related HMGA2 [4]. They are small, non-
histone, chromatin-associated proteins that bind DNA
in AT-rich regions through three basic domains called
‘AT-hooks’. Members of the HMGA protein family
have no intrinsic transcriptional activity, but they can
regulate transcription by altering the architecture of
chromatin, so furthering the assembly of multipro-
tein complexes of transcriptional factors [5]. Both
genes are widely expressed during embryogenesis [6],
whereas their expression is low or absent in normal
adult tissues. Functional null for the Hmga2 gene
results in a pygmy phenotype with a drastic reduction

Copyright © 2007 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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in fat tissue, and is associated with a longer cell cycle
of embryonic fibroblasts [6], whereas transgenic mice
carrying an activated Hmga2 gene show a giant phe-
notype associated with pelvic/abdominal lipomatosis
[7], suggesting HMGA?2 as a key protein in embry-
onic development and adipocytic cell growth. Con-
versely, both heterozygous and homozygous mice for
the Hmgal-null allele show cardiac hypertrophy due
to a direct role of HMGA1 on cardiomyocytic cell
growth regulation, indicating a critical role of HMGA1
in heart development and growth. Both HMGA1 and
HMGAZ2 proteins are over-expressed in several exper-
imental and human malignancies [4]. Several studies
have shown that their over-expression has a causal
role in malignant cell transformation. In fact, the
block of their expression has been shown to prevent
thyroid cell transformation and lead malignant cells
to death [8,9]. Moreover, in vitro and in vivo stud-
ies demonstrated an oncogenic activity of the over-
expressed HMGA proteins, since either HMGA1 or
HMGA?2 over-expression is able to transform mouse
and rat fibroblasts [10], and transgenic mice over-
expressing either HMGA1 or HMGA?2 develop NK-T
cell lymphomas and pituitary adenomas [11-13]. We
have previously shown that HMGAI is present in
mitotic cells (spermatogonia and primary spermato-
cytes), whereas HMGA?2 is highly expressed in mei-
otic and post-meiotic cells (secondary spermatocytes
and spermatids) [14,15]; in addition, we have demon-
strated a specific function for HMGA?2 in the regu-
lation of spermatogenesis, because this differentiation
programme is dramatically hampered in Hmga2 =/~
mice in spite of the presence of Hmgal [15]. The
aim of the present study was to evaluate HMGAI1 and
HMGA?2 expression in TGCTs to assess correlation
with differential histological diagnosis.

Materials and methods

Tissue samples

The tissue bank of the National Cancer Institute ‘G.
Pascale’ provided 70 cases of cryopreserved tissue
from 30 seminomas, 15 teratomas, 15 pure embryonal
carcinomas and 10 mixed tumours with a prevalent
component of yolk sac tumour (in particular, eight
with a pattern of microcystic and solid, one with a
pattern of microcystic and papillary, and one with a
pattern of microcystic, papillary and hepatoid). Ethics
Committee approval was given in all instances.

Antibodies

Antibodies were obtained from the following sources:
(a) polyclonal rabbit antibody anti-HMGAI raised
against a synthetic peptide located in the NH,-terminal
region (SKSSQPLASKQEKDGT) [16]; (b) polyclonal
rabbit antibody anti-HMGA1 (No. 4078, Abcam,
Cambridge, UK); (c) polyclonal rabbit antibody anti-
HMGA?2 raised against a synthetic peptide located in
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the NH,-terminal region (SARGEGAGQPSTSAQG)
[15]; (d) polyclonal rabbit antibody anti-HMGA?2 (No.
41878, Abcam); (e) polyclonal rabbit antibody anti-
SP1 (No. sc-14027, Santa Cruz Biotechnology, CA,
USA).

Histological analysis and immunohistochemistry

For light microscopy, tissues were fixed by immer-
sion in 10% formalin and embedded in paraffin wax
by standard procedures. Sections (5 um) were stained
with haematoxylin and eosin or processed for immuno-
histochemistry. For each paraffin-embedded sample,
4 um serial sections mounted on slides and pre-
treated for immunohistochemistry were dewaxed in
xylene and brought through graded ethanols to deion-
ized distilled water. Before staining for immunohis-
tochemistry, the sections were incubated in a 750 W
microwave oven for 15 min in 10 mm buffered citrate,
pH 6.0, to complete antigen unmasking. The classical
avidin—biotin peroxidase complex (ABC) procedure
was used for immunohistochemistry. In the ABC sys-
tem, endogenous peroxidase was quenched by incuba-
tion of the sections in 0.1% sodium azide with 0.3%
hydrogen peroxide for 30 min at room temperature.
Non-specific binding was blocked by incubation with
non-immune serum (1% TRIS—bovine albumin for
15 min at room temperature). The sections were incu-
bated overnight with antibodies against HMGALI at a
dilution of 1:200 and with antibodies against HMGA?2
(diluted 1:200) [14—16]. For HMGA1 and HMGA?2
detection, two additional antibodies were used which
gave similar results (not shown). The following con-
trols were performed: (a) omission of the primary anti-
body; (b) substitution of the primary antiserum with
non-immune serum diluted 1:500 in blocking buffer;
(c) addition of the target peptide used to produce the
antibody (107% m). No immunostaining was observed
after any of the control procedures. Peroxidase activ-
ity was developed with the use of a filtered solution of
5 mg 3,3’-diaminobenzideine tetrahydrochloride (dis-
solved in 10 ml 0.05 M Tris buffer, pH 7.6) and 0.03%
H,0,. Mayer’s haematoxylin was used for nuclear
counterstaining. The sections were mounted with a
synthetic medium. Antibodies against the HMGA1 and
HMGAZ? proteins are described elsewhere [14—16].

Protein extraction and western blot analysis

Total cell extracts (TCEs) were prepared with lysis
buffer (50 mm Tris—HCl, pH 7.5, 5 mm EDTA,
300 mm NaCl, 150 mm KCIl, 1 mm dithiothreitol,
1% Nonidet P40 and a mix of protease inhibitors).
Protein concentration was estimated by a modified
Bradford assay (Bio-Rad). The protein extracts were
boiled in Laemmli sample buffer, separated by sodium
dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS—PAGE) and transferred to Immobilon-P trans-
fer membranes (Immobilon Millipore Corporation,
Bedford, MA, USA). The membranes were blocked
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with 5% non-fat milk proteins and incubated with
the antibody at the appropriate dilution. Antibodies
for the detection of HMGA1 and HMGA?2 protein
are described elsewhere [14—16]. For Western blot
analyses, two additional antibodies were used for
HMGAT1 and HMGA?2, which gave the same results
(not shown). Bound antibodies were detected using
horseradish peroxidase-conjugated secondary antibod-
ies followed by enhanced chemiluminescence (Amer-
sham Life Sciences, Buckinghamshire, UK). As a con-
trol for equal loading of protein lysates, the blotted
proteins were probed with antibodies against specific
protein 1 (SP1).

RNA extraction and RT—PCR analysis

TGCTs were rapidly dissected, frozen on dry ice and
stored at —80 °C. Total RNA was extracted using TRI-
reagent solution (Molecular Research Center, Cincin-
nati, OH, USA) according to the manufacturer’s
protocol. Total RNA (5 pg) digested with RNAse-
free DNAse, were reverse-transcribed, using random
hexanucleotides as primers (100 mm) and 12 units
AMV reverse transcriptase (Promega). The cDNA
was amplified in a 25 ul reaction mixture containing
0.2 mm dNTP, 1.5 mm MgCl,, 0.4 mm each primer
and 1 U Taqg DNA polymerase (Perkin-Elmer). After
a denaturing step (95°C for 2 min) the cDNA was
further amplified in 20 PCR cycles (95 °C for 1 min,
58°C for 30s and 72°C for 30 s). The following
primers were used to amplify the HMGALI transcript:
forward primer, 5'-AGAGACCTCGGGGCCGACCA-
3’; reverse primer, 5'-GATGCCCTCCTCTTCCTCC-
TT-3' (corresponding to nucleotides 140-160 and
272-251, respectively). The following primers were
used to amplify the HMGA?2 transcript: forward
primer, 5'-CGAAAGGTGCTGGGCAGCTCCGG-3,
which maps onto the first exon; reverse primer, 5'-
CCATTTCCTAGGTCTGCCTCTTG-3’, which maps
onto the third exon. Expression of the GAPDH gene
was used as an internal control for the amount
of ¢cDNA tested. The specific primers were: for-
ward, 5-ACATGTTCCAATATGATTCC-3'; reverse,
5'-TGGACTCCACGACGTACTCA-3' (corresponding
to nucleotides 195-215 and 355-335, respectively).
The reaction products were analysed on a 2% agarose
gel and transferred to GeneScreen™ nylon membranes
(Dupont, Boston, MA, USA). The membranes were
hybridized with HMGAI and HMGA2 cDNA probes.
cDNA probes obtained by PCR were labelled with
[32P]dCTP, using the random oligonucleotide primers
(Ready-to-Go DNA labelling kit; Pharmacia Biotech,
Piscataway, NJ, USA) at a specific activity >7 x
108 cpm/ug.

Results and discussion

We evaluated the expression of HMGA1 and HMGA2
proteins in normal and TGCTs by immunohistochem-
istry, using polyclonal antibodies raised against the
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different NH,-terminal regions of the HMGAI1 and
HMGA?2 proteins and polyclonal antibodies raised
against the different COOH-terminal regions of the
HMGAT1 and HMGA? proteins. These antibodies are
specific for HMGA1 or HMGA?2 protein without
cross-reactivity. Immunohistochemical assays were
first performed on sections of normal human testis
(Figures 1A, 2A). In accordance with our previous
results obtained on mouse testis [14], both the sper-
matogonia and primary spermatocytes showed specific
nuclear positivity for HMGA1 (Figure 1A), whereas
only secondary spermatocytes showed specific nuclear
positivity for HMGA?2 (Figure 2A).

Subsequently, HMGA1 and HMGA2 expression
was examined in a series of post-pubertal TGCTs,
including 30 seminomas, 15 pure embryonal carci-
nomas, 10 mixed tumours with relevant yolk sac
tumours, and 15 mixed tumours with relevant ter-
atoma component. Moreover, HMGA1 and HMGA?2
were evaluated in 15 intratubular germ cell tumours
(ITGCTs) areas in 15 of 30 examined seminomas. The
results of this analysis, summarized in Table 1, showed
an intense HMGA1 immunoreactivity in ITGCTs,
seminomas and embryonal carcinomas, but neither
in epithelial and mesenchymal areas of teratomas or
in yolk sac carcinomas, whereas HMGA2 expression
was observed in embryonal carcinomas and yolk sac
carcinomas (with no differences between the vari-
ants observed), but not in ITGCTs, seminomas and
teratomas. Some representative immunohistochemi-
cal data are shown in Figures IB-E and 2B-E for
HMGAT1 and HMGA?2, respectively. No staining was
observed when the same samples were stained with
the antibodies preincubated with the peptides against
which antibodies were raised or in the absence of the
primary antibodies (data not shown).

Western blot analysis confirmed HMGAT1 protein
expression in seminomas and embryonal carcinomas,
and HMGA?2 protein expression in embryonal carci-
nomas, and yolk sac tumours (Figure 3A). To ver-
ify whether the altered HMGA1 and HMGAZ2 protein

Table I. HMGAI| and HMGA?2 immunohistochemical data in
post-pubertal TGCTs

Number Mean age HMGAI HMGA2
of cases [years expression expression
Tumour (n=170) (range)] (no. of cases) (no. of cases)
Seminoma 30 30.3 (20-47) +++ (23) — (30)
++ (7)
EC 15 30.8 (22-46) +++ (12) +++ (14)
++ (3) ++ (1)
YST 10 28.7 (22-44) - (10) +++ (7)
++ (3)
Teratoma 15 26 (20-30) — (15) — (15)
ITGCT* I5 27.3 (20-36) +++ (13) —(15)
++ (2)

* Associated areas in |15 of 30 seminomas examined.

EC, embryonal carcinoma; YST, yolk sac tumour; ITGCT, intratubular
germ cell tumour; —, not expressed; +++, high expression; ++,
moderate expression.

Copyright © 2007 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Figure I. Immunohistochemical analysis of HMGA| expression in normal testis and testicular germ cell tumours. (A) HMGAI
expression in human normal testis, in which nuclear positivity was observed in spermatogonia (spg) and spermatocytes (spc).
(B) HMGAI expression in intratubular germ cell tumour, in which intense nuclear positivity was observed. (C) Classic seminoma
with intense and diffuse nuclear HMGAI positivity. (D) Teratoma with mesenchymal component, in which no HMGAI positivity
was observed. (E) Embryonal carcinoma with intense nuclear HMGAI positivity. (F) Absent expression of HMGAI in a yolk sac

tumour. All magnifications x40

expression observed in TGCTs is associated with an
alteration of mRNA expression levels, we analysed
the expression of HMGAI and HMGA2 mRNA by
reverse transcription—PCR on the same cases utilized
for immunohistochemistry and western blot analy-
ses. As shown in Figure 3B, an abundant HMGAI1
mRNA amplification was observed in seminomas and
embryonal carcinoma, but not in teratomas and yolk
sac tumours. Conversely, HMGA2 mRNA was abun-
dantly amplified from embryonal carcinoma and yolk
sac tumours, but not from seminomas and teratomas
(Figure 3B).

Post-pubertal TGCTs show significant clinical and
biological differences with respect to TGCTs of pre-
pubertal age [17]. In fact, the usual post-pubertal

TGCTs are derived from an ITGCT that is never
observed in pre-pubertal TGCTs [18]. Generally,
ITGCTs are considered direct precursors of semino-
mas, leading to the hypothesis that non-seminomas
(NS-TGCTs) progress from ITGCTs through an inter-
mediate seminoma stage [19]. In particular, embry-
onal carcinoma cells could further differentiate into
somatic tissue, giving rise to teratomas [18-—20].
The different HMGA1 and HMGAZ2 profiles fit
this histological typing scheme (Figure 4). In fact,
HMGA1 and HMGA?2 coexpression was observed
only in embryonal carcinoma cells that correspond
to developmentally pluripotent embryonic cells in
the preimplantation stage of spermatogenesis, while
spermatogonia—spermatocytic-derived tumours, e.g.

J Pathol 2008; 214: 58—64 DOI: 10.1002/path
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Figure 2. Immunohistochemistry analysis of HMGA?2 expression in normal testis and testicular germ cell tumours. (A) HMGA?2
expression in human normal testis in which nuclear HMGA2 positivity was observed in spermatocytes (spc). (B) Intratubular germ
cell tumour. (C) Classic seminoma. (D) Teratoma with mesenchymal component, in which no HMGA?2 positivity was observed.
(E) Embryonal carcinoma with intense nuclear HMGAZ2 positivity. (F) Nuclear expression of HMGA2 in a yolk sac tumour. All

magnifications x40

seminomas, show only HMGAI1 over-expression.
Conversely, no expression of both HMGAI1 and
HMGA?2 proteins was detected in teratomas. In
addition, extra-embryonic differention of yolk sac
tumours shows only expression of HMGA2 pro-
tein.

This work enhances the current view that HMGA1
and HMGA?2, previously believed to play the same
role in carcinogenesis, may play different roles in
different tissues. The difficulties of pathological diag-
nosis of TGCTs are multiple, with a rate of 6% of
diagnostic error [21]. It is noteworthy that the dif-
ferent expression profile of HMGA1 and HMGA2
proteins could be a useful tool for diagnosis of
TGCTs. In fact, classical morphological criteria allow
us to easily distinguish seminomas from NS-TGCTs,
the former being classically constituted by solid
sheets of monomorphic large cells in a lymphoid

J Pathol 2008; 214: 58—64 DOI: 10.1002/path

background. However, the presence of microcystic
or pseudotubular areas, because of excessive tissue
oedema, could create a problematic differential diag-
nosis with yolk sac tumours and embryonal carci-
noma [18], emphasizing the role of the pathologist
in histological classification and staging of TGCTs.
Correct histological classification, particularly in dis-
tinction between seminoma and NS-TGCTs, appear
important for prognosis and therapeutic management.
However, incorrect histological definition could be
particularly critical in the choice of therapeutic strate-
gies, with a significant impact on the morbidity
and mortality of patients. Currently, testicular can-
cers are curable in the majority of patients. In fact,
particularly for low stages, radiosensitivity demon-
strated in seminomas leads to irradiation of retroperi-
toneal lymph nodes, whilst radiation insensitivity

Copyright © 2007 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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of non-seminomatous tumours leads to considera-
tion of lymph nodes removal or platin-based therapy
[21].

Clearly, the coexpression of HMGA1 and HMGA?2
proteins, together with other well-known molecu-
lar markers (e.g. CD30, «-fetoprotein, SOX2 and
cytokeratin) in neoplastic cells is suggestive of an
embryonal carcinoma diagnosis, while only HMGA1
expression is indicative of seminomas and only

HMGA?2 expression is specific of yolk sac tumours.
Indeed, the use of HMGA1 and HMGAZ2 together with
the above-mentioned markers could improve diagnos-
tic specificity in the classification of TGCTs to provide
adequate therapeutic strategies.
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