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Università degli Studi di Napoli ‘Federico II’, Via S. Pansini 5, 80131 Naples, Italy
dH. San Raffaele-Telethon Institute for Gene Therapy (HSR-TIGET), 20132 Milano, Italy
eDepartment of Medical Oncology, Dana Farber Cancer Institute, Department of Medicine and Genetics, Harvard Medical School,

Boston, MA 02115, USA
fDipartimento di Medicina Sperimentale, II Università di Napoli, 80138 Naples, Italy
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A B S T R A C T

The high mobility group HMGA1 protein belongs to a family of architectural factors that

play a role in chromosomal organisation and gene transcription regulation. HMGA1 overex-

pression represents a common feature of human malignant tumours and is causally asso-

ciated with neoplastic transformation and metastatic progression. Recently, HMGA1

expression has been correlated with the presence of chromosomal rearrangements and

suggested to promote genomic instability. Here, we report a novel interaction between

HMGA1 protein and the ataxia-telangiectasia mutated (ATM) kinase, the major key player

in the cellular response to DNA damage caused by several agents such as ionising radiation

(IR). We identified an SQ motif on HMGA1, which is effectively phosphorylated by ATM

in vitro and in vivo. Interestingly, confocal microscopy revealed that HMGA1 colocalises with

the activated form of ATM (ATM S1981p). Moreover, HMGA1 ectopic expression decreases

cell survival following exposure to IR as assessed by clonogenic survival in MCF-7 cells, fur-

ther supporting the hypothesis that HMGA1 might act as a downstream target of the ATM

pathway in response to DNA damage.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The high molecular group A (HMGA) proteins are a class of

nuclear, non-histone proteins involved in a wide range of cel-
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scription, differentiation and neoplastic transformation.1

The HMGA family consists of the HMGA1 gene, which codes

byalternative splicing for twomajor isoforms, the HMGA1a and
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HMGA1b proteins, and the HMGA2 gene. HMGA proteins con-

tain three DNA binding domains, referred to as ‘AT-hooks’, that

allow the binding to the minorgroove of ATrich DNA sequences

and a highly acidic carboxy-terminal region. HMGA proteins

behave as architectural factors of gene transcription,1 regulat-

ing, positively or negatively, the expression of a large number of

genes in a way dependent on the cellular context.2

HMGA proteins are highly expressed during embryogene-

sis, whilst they are expressed only at low levels in normal adult

tissues.3 HMGA1 overexpression represents a common feature

of human malignant tumours including thyroid,4 breast,5

ovary6 and prostate,7 and is causally associated with the acqui-

sition of a transformed phenotype. In fact, HMGA1 protein sup-

pression prevents thyroid cell transformation by the Kirsten

murine sarcoma virus,8 and an adenovirus carrying the

HMGA1 gene in the antisense orientation induces death of hu-

man thyroid carcinoma cells.9 Moreover, HMGA1 overexpres-

sion induces the neoplastic phenotype in Rat1a cells and

human CB33 lymphoid cells10 and in the human breast epithe-

lial MCF-7 cells.11 Accordingly, transgenic mice overexpressing

the wild-type form of the Hmga1 gene develop pituitary adeno-

mas and natural killer cell lymphomas.13 Interestingly, in sev-

eral human prostate cancer cell lines HMGA1 expression has

been positively correlated to the extent of chromosomal rear-

rangements,14 and its ectopic expression was able to enhance

the presence and heterogeneity of unbalanced chromosomal

rearrangements in LNCaP prostate cell line,14 suggesting a role

for HMGA1 proteins in the acquisition of genomic instability,

one of the hallmarks of cancer cells. In human breast tumours

HMGA1 overexpression has been correlated to the downregu-

lation of BRCA1,5 a gene involved in DNA repair following dif-

ferent types of DNA damage.15 Moreover, HMGA1

overexpression was found to decrease cell survival following

exposure to DNA-damaging agents of human breast cancer-

derived MCF-7 cells, by inhibition of nucleotide excision repair

(NER), through downregulation of XPA,16 or by inhibition of

double-strand breaks (DSBs) repair, through a mechanism

involving BRCA1 downregulation.5 Recently, also HMGA2

expression has been shown to promote enhanced sensitivity

in response to doxorubicin and other related DNA-damaging

agents, likely through modulation of the signalling pathway

responsible for the maintenance of genomic integrity.17

Genome stability is threatened by DNA-damaging agents

that can either be endogenous, deriving from normal cell

metabolism, or exogenous such as ionising radiation (IR). IR

induces DNA double-strand breaks (DSBs) that can potentially

lead to mutations, translocations, abnormal recombination

and chromosome breakage or loss. Detection of damaged

DNA triggers checkpoint pathways that prevent cell cycle pro-

gression and activate the DNA repair system. If the type or

amount of damage overwhelm the survival response machin-

ery, apoptosis is triggered.18

ATM, the gene mutated in the human disease ataxia-telan-

giectasia (AT),19 is crucial for initiating signalling pathways

following exposure to IR or other agents that cause DSBs. Like

other syndromes that are caused by defects in the DNA-dam-

age response, AT patients show an increased risk for cancer,

chromosome fragility and radiosensitivity.20 Once activated

by DNA damage,21 ATM phosphorylates numerous substrates

to induce cell cycle arrest, to reduce chromosomal breakage
and to enhance cell survival. ATM belongs to the ‘PI3K-like

protein kinases’ (PIKKs) family of proteins, which all contain

a domain with motifs typical of the phosphatidylinositol 3-ki-

nase (PI3K).18 ATM, similarly to other PIKKs, features a serine/

threonine kinase activity. In particular, ATM targets serine or

threonine residues followed by glutamine,22 named the SQ/

TQ (or S/TQ) motif, which is characteristic of DNA-damage re-

sponse proteins.

Since HMGA proteins have been recently shown to play a

role in the cellular response to DNA-damaging agents, we

hypothesised that HMGA might function as adaptor media-

tors of the ATM-induced signalling pathway following IR.

Our studies demonstrate the interaction between HMGA1b

and ATM proteins and identify the HMGA1 protein as a novel

target of the ATM kinase. Even though the physiological role

of this interaction needs further studies, we provide evidence

that HMGA play a role in the cellular response to DNA damage

caused by IR.

2. Materials and methods

2.1. Cell cultures

Human embryonic kidney 293T cells were cultured in DMEM

supplemented by 10% (v/v) foetal bovine serum (FBS), 2 mM L-

glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin

(GIBCO-BRL). Human lymphoblasts GM2184 and GM1526 were

obtained from Coriell Cell Repositories and cultured in RPMI

supplemented by 15% (v/v) FBS, 2 mM L-glutamine, 100 U/ml

penicillin and 0.1 mg/ml streptomycin (GIBCO-BRL). Wild-type

and Hmga1 –/– AB2.1 ES cells, described elsewhere,23 were cul-

tured on a layer of mitomycin C-inactivated fibroblasts. Before

c-irradiation fibroblasts were removed by three passages onto

0.1% (w/v) gelatin-treated plates, and the undifferentiated

statewas maintained by the addition of 103 units/ml leukaemia

inhibiting factor (Chemicon). Wild-type, Hmga1 +/– and Hmga1

–/– mouse embryonic fibroblasts (MEFs) were established from

14.5 dpc embryos following the standard procedures. MEFs

were cultured in DMEM supplemented by 10% (v/v) FBS, 2 mM

L-glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin and

1% (v/v) non-essential aminoacids (GIBCO-BRL).

For c-irradiation experiments, cells were irradiated by

6 MV X-ray of a linear accelerator with doses ranging from 0

to 10 Gy.

2.2. Plasmid constructs and recombinant proteins

HMGA1b full-length and its deletion mutants were cloned into

pCEFL-HA, in frame with the HA epitope, as described else-

where.24 Wild-type HMGA1b full-length was also cloned into

pcDNA3.1/Hygro (Invitrogen) for co-immunoprecipitation

experiments. The pFLAG-ATM-wild-type (wt) and kinase-

dead (kd) expressing vectors previously described25 were

kindly provided by Dr. M.B. Kastan. The recombinant HMGA1b

full-length and truncated (aa 1–79) proteins were generated by

cloning the corresponding cDNAs in frame to the polyhisti-

dine tag in pET21c expression vector (Novagen). Serine 88 of

HMGA1b was mutated to alanine by PCR using pET-HMGA1b

wild-type as template, and the resulting cDNA was cloned

into pET21c vector in frame to the polyhistidine tag.
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BL21/DE3 cells were transformed with each vector (pET-

HMGA1b, pET-HMGA1b (1–79), pET-HMGA1b S88A), grown in

Luria Broth (LB) and induced with isopropyl-b-D-thiogalacto-

side, then harvested and sonicated. Recombinant proteins

were purified using the His-Trap purification kit (Amersham

Biosciences), then dialysed and analysed by SDS–PAGE.

2.3. Transfections, immunoprecipitation and Western
blots

Transient transfections into 293T cells were performed with

FuGene6 (Roche) according to the manufacturers’ specifica-

tions. Mammalian cell extracts were prepared and co-immu-

noprecipitations were performed as previously described,23 in

the presence or absence of 100 ng/ll ethidium bromide. Anti-

FLAG M2 (Sigma) or anti-HA Clone 12CA5 (Roche) monoclonal

antibodies were used for co-immunoprecipitation experi-

ments along with protein A/G-sepharose (Amersham Biosci-

ences). Anti-ATM/ATR substrate (phospho-Ser/Thr antibody)

(Cell Signalling Technology) was used to evaluate the phos-

phorylation of HMGA proteins by ATM in vivo. Proteins were

resolved by 3–8% (v/v) NuPAGE (Invitrogen) or by 15% (v/v)

SDS–PAGE and transferred to high or low molecular weight

nitrocellulose, respectively. Western blots were performed

using the above-mentioned anti-FLAG and anti-HA antibod-

ies, or anti-ATM polyclonal antibody (Novus Biologicals) and

anti-HMGA1 polyclonal antibody (raised against the amino-

terminal region of the protein). All the antibodies were diluted

(1:200) in 5% (w/v) non-fat dry milk (Biorad).

2.4. In vitro kinase assays

For in vitro kinase assays, the ATM kinase was obtained by

immunoprecipitation with an anti-FLAG antibody from 293T

transfected cells or with an anti-ATM antibody (Novus Biolog-

icals) from human lymphoblasts. Beads were washed twice

with buffer A, twice with buffer A containing 0.5 M LiCl and

twice with kinase buffer as previously described.19 ATM ki-

nase reactions were carried out at 30 �C for 15 min in 50 ll

of kinase buffer containing 10 lCi of [c-32P]ATP and 10 lg of

each substrate (for recombinant proteins) or 50 mM of cold

ATP and 200 lM of each substrate (for peptides). 5 mM caf-

feine (Sigma) was used as a specific kinase inhibitor. Follow-

ing the kinase reaction, HMGA1 peptides (produced by

Neosystem) were spotted onto P81 phosphocellulose squares

(Upstate) and washed extensively with 1% orthophosphoric

acid. 32P incorporation was measured by a b-counter scintilla-

tor (Beckman Coulter). Recombinant proteins, instead, were

resolved by 15% SDS–PAGE and phosphorylation was revealed

by autoradiography.

2.5. Immunofluorescence microscopy

Wild-type and Hmga1 –/– MEFs were grown on glass coverslips,

then fixed for 20 min in 4% (v/v) paraformaldehyde in PBS fol-

lowing mock or c-irradiation. Cells were then permeabilised

with 0.2% (v/v) Triton X-100 in PBS for 5 min at room temper-

ature and blocked in PBS containing 1% (w/v) BSA for 20 min.

Cells were incubated with primary antibodies for 1 h at room

temperature in a humidified chamber, then washed with PBS
and incubated for an additional hour with the secondary anti-

body. Primary antibodies used for immunostaining were: goat

anti-HMGA1b sc-1564 (Santa Cruz), rabbit anti-HMGA1 (raised

against the amino-terminal region of the protein), rabbit

anti-ATM S1981p (Rockland) and mouse anti-cH2AX (Cell

Signaling). As secondary antibodies we used anti-goat

rhodamine-conjugated, anti-rabbit fluorescein-conjugated

and anti-mouse rhodamine-conjugated (Jackson ImmunoRe-

search). All the antibodies were diluted (1:100) in PBS.

2.6. FACS analysis

Cells were plated in 6-well plates at a density of 2.5 · 105/well,

incubated for 24 h and then exposed to a range of ionising

radiations (0–10 Gy). Before harvesting at different timepoints

following IR (0, 12, 24, 48 h), cells were pulsed for an hour with

10 lM BrdU (BrdU Flow kit, BD Pharmingen), then fixed and

stained with a FITC-anti-BrdU antibody according to the man-

ufacturers’ instructions. 7-Amino-actinomycin D (7-AAD)

fluorescent dye was used to label DNA. Cells were sorted on

a FACScan flow cytometer (Becton Dickinson), and the results

were analysed with FlowJo software, 4.3 version (TreeStar).

2.7. Clonogenic assay

Cell lines were plated in 6-well plates at a density of 300–800

cells/well, incubated for 24 h and then exposed to a range of

doses of ionising radiations (0–10 Gy), followed by a two-week

incubation. Prior to counting colonies, cells were fixed and

stained with crystal violet. Populations of more than 50 cells

were scored as surviving colonies. The mean of colony counts

normalised for plating efficiency is reported.

3. Results

3.1. ATM and HMGA1 proteins interact in vivo

To determine whether ATM and HMGA1 interact in vivo, we

transiently transfected 293T cells with expression vectors

containing the full-length cDNAs for ATM and HMGA1b genes

fused to the FLAG or HA tag, respectively. Total cell lysates

were immunoprecipitated using an anti-HA antibody and

analysed by immunoblotting with an anti-ATM antibody. A

band corresponding to FLAG-ATM was effectively co-immu-

noprecipitated only in cells expressing HA-HMGA1b demon-

strating that the two proteins are able to interact in vivo

(Fig. 1a). Moreover, HA-HMGA1b is able to co-immunoprecip-

itate also the endogenous ATM protein, which is highly ex-

pressed in 293T cells21 (Fig. 1a, middle lane). Since both

ATM and HMGA1 are chromatin-associated proteins, we per-

formed a co-immunoprecipitation experiment in the pres-

ence of ethidium bromide to exclude that their co-

immunoprecipitation may be dependent on contaminating

DNA (Fig. 1a).

The reverse co-immmunoprecipitation was carried out

transfecting 293T cells with a vector containing the wild-type

HMGA1b cDNA along with the FLAG-ATM-wt vector or a ki-

nase-dead FLAG-ATM-kd mutant, in which the catalytic activ-

ity is impaired.24 The analysis by immunoblot revealed that

FLAG-ATM-wt is also able to co-immunoprecipitate the



Fig. 1 – HMGA1b and ATM protein interaction. (a) 293T cells were transiently transfected with a vector expressing HA-HMGA1b,

alone or along with a FLAG-ATM expression vector. Total cell lysates were immunoprecipitated with anti-HA antibody and

blotted with anti-ATM antibody (upper panel). To determine protein levels, Western blots were performed with anti-HA

antibody (middle panel) and with anti-ATM antibody (lower panel). Immunoprecipitation in the presence of EtBr was also

performed as a control of the specificity of the protein–protein interaction. (b) 293T cells were transiently transfected with

vectors expressing FLAG-ATM, wild-type (wt) or kinase-dead (kd), alone or in combination with a vector expressing HMGA1b

wild-type or HMGA1b S88A. Total cell lysates were immunoprecipitated with anti-FLAG antibody and blotted with anti-

HMGA1b antibody (upper panel). To determine protein levels, Western blots were performed with anti-FLAG antibody (middle

panel) and with anti-HMGA1b antibody (lower panel). (c) 293T cells were transiently transfected with a vector expressing

FLAG-ATM wt alone or along with vectors expressing either the wild-type form of HMGA1b (1-96) or deletion mutants

spanning several regions of the HMGA1b protein as shown in the diagram (AT-hooks (+) and the acidic tail (- ----) are

indicated). Total cell lysates were immunoprecipitated with anti-FLAG antibody and blotted with anti-HA antibody (upper

panel). To determine protein levels, Western blots were performed with anti-HA antibody (middle panel) and with anti-FLAG

antibody (lower panel). (d) 293T cells were transiently transfected with vectors expressing the wild-type form of HMGA1b or a

deletion mutant (D44–53) lacking the second AT-hook, as shown in the diagram. Cells were also transfected with a vector

expressing ATM wt and compared to cells not transfected. Total cell lysates were immunoprecipitated with anti-FLAG

antibody and blotted with anti-HA antibody (upper panel). To determine protein levels, Western blots were performed with

anti-HA antibody (middle panel) and with anti-FLAG antibody (lower panel).
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HMGA1b protein (Fig. 1b). Mutations of the ATM catalytic do-

main do not seem to impair the interaction since the FLAG-

ATM-kd mutant retains its ability to co-immunoprecipitate

HMGA1b (Fig. 1b). Likewise, mutation of the putative ATM tar-

get site on HMGA1b, serine 88 to alanine, (see below), does not

affect the interaction (Fig. 1b).

3.2. The presence of at least two AT-hook domains of
HMGA1 is necessary for its interaction with ATM

To identify the region of HMGA1 required for ATM binding, we

used a series of amino- or carboxy-terminal deletion mutants

of the HMGA1 proteins, fused to the HA tag (Fig. 1c). 293T cells

were transiently transfected with each HMGA1 mutant along

with a FLAG-ATM-wt expression vector. Total cell lysates were

then immunoprecipitated with an anti-FLAG antibody and

analysed by immunoblotting using an anti-HA antibody. Nei-

ther the progressive carboxy-terminal (1–79, 1–63, 1–53) nor

the amino-terminal (23–96, 31–96) deletion mutants of

HMGA1 showed reduced ability to co-immunoprecipitate

ATM, compared with the full-length protein (1–96) (Fig. 1c).

Conversely, no interaction was observed between ATM and

the HMGA1 mutants 1–43 and 54–98, both containing just

one AT-hook domain and both lacking the second AT-hook

(Fig. 1c). To evaluate whether the second AT-hook domain of

HMGA1 is required for the interaction, we generated a HMGA1

mutant lacking the second AT-hook domain (D44–53) and

tested its ability to interact with FLAG-ATM. As shown in

Fig. 1d, this HMGA1 mutant retains the ability to interact with

ATM, indicating that the presence of at least two AT-hook do-

mains, rather than just the second AT-hook, is required for

HMGA1–ATM interaction.

3.3. HMGA1 is phosphorylated by ATM in vitro and
in vivo

Since HMGA proteins are extensively post-translationally

modified and phosphorylation has been frequently re-

ported,26–28 we decided to investigate whether HMGA1 is tar-

geted by ATM kinase activity. By sequence analysis we found

that HMGA1 contains in its COOH terminal region a consen-

sus site for ATM phosphorylation, an SQ motif (serine 88/glu-

tamine 89), which is highly conserved amongst different

species and the different HMGA family members (Fig. 2a).

We then tested a 20 amino acid peptide, corresponding to

the HMGA1 acidic tail (aa 77–96), which contains serine 88, as

a substrate for ATM kinase activity. The endogenous wild-

type ATM kinase was immunoprecipitated from the total pro-

tein extract of the human lymphoblastoid cell line GM2184.

Before harvesting, cells were treated with a 10 Gy dose of IR

to increase ATM kinase activation as previously described.21

As shown in Fig. 2b, ATM was able to phosphorylate in vitro

the C-terminal peptide of HMGA1. The phosphorylation was

highly specific as it was strongly inhibited by 5 mM caffeine

(1,3,7-trimethylxanthine), an ATM/ATR specific inhibitor,29

and was impaired from the substitution of serine 88 with an

alanine residue (Fig. 2b).

We then assayed the ability of ATM to phosphorylate the

full-length HMGA1 recombinant protein, fused to a six-histi-

dine tag. ATM kinase and its kinase-dead mutant were immu-
noprecipitated from transiently transfected 293T cells.

HMGA1 was strongly phosphorylated by the FLAG-ATM-wt ki-

nase and only to a lesser extent by the FLAG-ATM-kd mutant,

in which the kinase activity is impaired. In both cases, the

phosphorylation was strongly decreased by 5 mM caffeine

and when serine 88 of HMGA1 was substituted by alanine

(Fig. 2c, upper panel). The same amount of ATM and ATM

kinase-dead proteins was used for the assays (Fig. 2c, lower

panel). The above data indicate that HMGA1 phosphorylation

by ATM is specific, as it is inhibited by both caffeine and a

mutation impairing ATM kinase activity. Interestingly, some

kinase activity was obtained when using an antibody cross-

reacting with both ATM and ATR to immunoprecipitate ex-

tracts from lymphoblasts wild-type for ATM (GM2184) or

ATM null (AT1526), respectively. In fact, a strong phosphoryla-

tion occurred to HMGA1 when the kinase was obtained from

GM2184 cells (Fig. 2d, upper panel) but a fainter phosphoryla-

tion also occurred when the kinase was immunoprecipitated

from AT1526 cells (Fig. 2d, middle panel). Western blot analy-

sis using an antibody against ATR confirmed that the endog-

enous kinase was effectively immunoprecipitated from

AT1526 cells (data not shown). Therefore, it is likely that also

the ATR kinase, another member of the PIKKs family, has the

ability to phosphorylate serine 88 of HMGA1. Phosphorylation

was inhibited in the HMGA1 mutant in which serine 88 is mu-

tated to alanine and in the HMGA1 mutant 1–79, that lacks the

C-terminal of the protein containing serine 88. Phosphoryla-

tion was inhibited by 5 mM caffeine as well (Fig. 2d). The

Coomassie staining indicates the amount of recombinant

proteins used as substrates for the kinase assays (Fig. 2d, low-

er panel).

To verify that HMGA1 is effectively a substrate of ATM ki-

nase activity in response to DNA damage in vivo, we treated

HA-HMGA1-transfected 293 cells with a 10 Gy dose of IR to in-

duce endogenous ATM activation. Cells were collected 5 min

after treatment and extracted proteins immunoprecipitated

with antibodies that recognise serine and threonine residues

phosphorylated by ATM (Anti-P-Sub-ATM). Analysis of the

immunoprecipitates through Western blot with an anti-HA

antibody showed a band corresponding to the HA-HMGA1

protein, indicating that, following IR exposure, HMGA1 is

phosphorylated in vivo by ATM (Fig. 2e). The specificity of

HMGA1 phosphorylation by ATM was assessed by the absence

of HMGA1 immunoprecipitation in the presence of 5 mM caf-

feine (Fig. 2e).

3.4. Colocalisation of HMGA1b and ATMS1981p

To support further the hypothesis that HMGA1b is a target of

the ATM kinase we investigated whether the two proteins

colocalise to the same regions of the nuclear compartment

by double-immunofluorescence labelling. Mouse embryonic

fibroblasts (MEFs), wild-type for both ATM and Hmga1 genes,

were either treated or not treated with a 2 Gy dose of IR. Fol-

lowing double staining with antibodies against HMGA1b (red

channel) and against the activated, phosphorylated (serine

1981) form of ATM, ATMS1981p, (green channel), cells were

analysed by confocal microscopy (Fig. 3a). As expected, ATM

kinase was massively activated after irradiation and, intrigu-

ingly, it partially colocalises with the endogenous HMGA1b



Fig. 2 – HMGA1 phosphorylation by ATM kinase. (a) Amino acid sequence alignment of HMGA1b and HMGA2 from the indicated

species (AT-hooks are shown in bold, ATM consensus site is underlined and serine 88 is marked with an asterisk). (b) In vitro

kinase assay testing ATM kinase activity on the HMGA1 carboxy-terminal peptide (aa 77–96) wild-type or mutated (S88A).

Phosphorylation was assessed with or without caffeine (5 mM). A representative experiment (out of three different ones,

each performed in duplicate) is shown. (c) In vitro kinase assays using FLAG-ATM wild-type (wt) or its kinase-dead (kd)

mutant on the histidine-tagged HMGA1b recombinant proteins both wild-type (with or without 5 mM caffeine) and mutated

in the putative ATM consensus motif (S88A). Following the kinase reaction, proteins were resolved by SDS–PAGE and the

autoradiography of the dried gel is shown (upper panel). FLAG-ATM wt and kd were immunoprecipitated from transiently

transfected 293T cells with anti-FLAG antibody. One fifth of each immunoprecipitate was probed with anti-ATM antibody

(lower panel). (d) In vitro kinase assays were performed using the endogenous ATM kinase immunoprecipitated from human

GM2184 lymphoblasts or from AT1526 (ATM –/–) as negative control. Kinase activity was assayed on the histidine-tagged

HMGA1b recombinant proteins either wild-type (with or without 5 mM caffeine), mutated in serine 88 or deleted of the

carboxy-terminal tail containing serine 88. Following the kinase reaction, proteins were resolved by SDS–PAGE and the

autoradiography of the dried gel is shown (upper and middle panels). Similar amounts of recombinant proteins were used for

the assay as shown by Coomassie staining (lower panel). (e) 293T cells transfected with a vector expressing HMGA1b were

untreated or treated with a 10 Gy dose of IR to induce activation of endogenous ATM. Total cell extracts were

immunoprecipitated with an antibody able to recognise serine and threonine residues phosphorylated by activated ATM

(Anti-P-Sub-ATM). Immunoprecipitates were analysed by SDS–PAGE followed by Western blot with anti-HA antibody. 293T

cells were also treated with 5 mM caffeine as a control of the phosphorylation specificity.
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Fig. 3 – Colocalisation of HMGA1, ATM and cH2AX foci. (a) HMGA1 colocalises with the ATM active kinase. MEFs were untreated

or treated with a 2 Gy dose of IR, and then analysed by confocal microscopy following double-immunofluorescence staining

with antibodies against ATM S1981p (green channel) and HMGA1b (red channel). (b) cH2AX foci formation in Hmga1 null

MEFs. MEFs wt and –/– for Hmga1 were untreated or treated with a 4 Gy dose of IR. Immunofluorescence staining is with an

antibody against cH2AX (red channel). (c) HMGA1b does not colocalise with cH2AX foci. Wild-type MEFs were untreated or

treated with a 2 Gy dose of IR, and then analysed by confocal microscopy following double-immunofluorescence staining

with antibodies against HMGA1b (green channel) and cH2AX (red channel).
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Fig. 4 – Cell cycle checkpoints are not impaired in Hmga1 null cells following IR. (a) ES Hmga1 wt or Hmga1 –/– (Clones 95.3 and

95.14) were either untreated or treated with a 10 Gy dose of IR. Cells were harvested at different timepoints following BrdU

treatment and stained with a FITC-conjugated anti-BrdU antibody and 7-AAD. Cell cycle profiles were obtained by FACS

analysis and the distribution of the cells in each different phase is reported from a representative experiment (out of three

different ones, each performed in duplicate). (b) MEFs from Hmga1 wild-type, +/– and –/– embryos were either untreated or

treated with doses of 5 and 10 Gy IR. Cells were harvested at different timepoints following BrdU treatment and stained with a

FITC-conjugated anti-BrdU antibody and 7-AAD. Cell cycle profiles were obtained by FACS analysis and the distribution of the

cells in each different phase is reported from a representative experiment (out of two different ones, each performed in

triplicate).
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protein (Fig. 3a, merge), both when activated in untreated

cells and when activated by c-irradiation. This colocalisation

provides additional evidence that HMGA1b may act in vivo

as a substrate of the functional ATM kinase.
3.5. HMGA1 does not localise with IR-induced cH2AX foci

The phosphorylation of histone H2AX (cH2AX) is amongst the

earliest responses to DNA damage, and it is considered the
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earliest detectable marker for DSBs.30 Since many proteins in-

volved in DNA repair quickly relocalise to the cH2AX nuclear

foci31, we sought to investigate first whether cH2AX effec-

tively forms foci in Hmga1 null cells, then if HMGA1 relocalis-

es to the cH2AX foci following DNA damage. Mouse

embryonic fibroblasts (MEFs) wild-type or null for the Hmga1

gene (Hmga1 –/– E8 and E9) were either untreated or exposed

to a 4 Gy dose of IR and after 3 h fixed and stained with an

antibody against the phosphorylated form of histone H2AX.

Immunofluorescence showed that, following IR treatment,

cH2AX foci are effectively induced in Hmga1 –/– as in wild-

type cells (Fig. 3b, red channel).

To assess if HMGA1 is recruited to the same DSBs sites

where cH2AX acts, we treated wild-type MEFs with a 2 Gy

dose of IR. After three hours IR-induced DNA damage cells

were fixed and double labelled with antibodies against

HMGA1b (green channel) and cH2AX (red channel). Confocal

microscopy revealed that in mouse embryonic fibroblasts

HMGA1b does not localise with IR-induced cH2AX foci at least

at the dose and timepoint used (Fig. 3c).
Fig. 5 – Cell survival is decreased in HMGA1b expressing MCF-7

cells following IR. (a) Clonogenic survival assay of the indi-

cated MCF-7 clones exposed to 0, 2, 4, 8 Gy of IR. The

percentage of survival is reported from a representative

experiment (out of three independent ones, each performed

in triplicate). (b) Clonogenic survival assay of MCF-7 clones

exposed to a 4 Gy dose of IR and treated with the indicated

amount of caffeine. The percentage of survival represents

the mean of three different experiments (+s.d.), each

performed in triplicate.
3.6. Cell cycle checkpoints are not impaired in Hmga1 null
cells following IR

The ATM-mediated pathway is responsible for the activation

of cell cycle checkpoints following DNA damage. The result-

ing process allows the proper assembly of the DNA repair

machinery. To investigate whether HMGA1 might be involved

in this pathway, we analysed the cell cycle profile of mouse

embryonic stem (ES) cells or fibroblasts (MEFs) null for Hmga1

in response to IR.

ES cells devoid of the feeder fibroblasts were exposed to a

10 Gy dose of IR and harvested at different timepoints (0, 12,

24 and 48 h) after 1 h of 5-bromo-2-deoxyuridine (BrdU) treat-

ment (Fig. 4a). At 12 h, following IR treatment, both Hmga1 –/–

clones (95.3 and 95.14) and wild-type ES cells accumulate in

G2/M. At 24 h cells restarted cycling or underwent apoptosis

that was massive at 48 h. Anyway, no significant differences

were observed between wild-type and Hmga1 –/– cells at least

at the IR dose tested.

We also analysed cell cycle profiles of MEFs obtained from

Hmga1 wild-type, +/– and –/– embryos at 14.5 dpc. MEFs at

early passages were exposed to doses of 5 and 10 Gy IR, then

treated with BrdU and analysed at 12, 24 and 48 h (Fig. 4b). At

12 h MEFs of all three genotypes arrested in G2/M in a dose-

dependent manner. At 24 and 48 h, the block was slowly

released and only a small percentage of cells underwent

apoptosis (less than 10%). As for the ES cells we did not

observe any statistically significant difference between wild-

type or Hmga1 null cells at the IR doses and timepoints

analysed. However, even though it seems that lack of HMGA1

does not affect the ability of ES cells and MEFs to activate cell

cycle checkpoints following IR, we cannot rule out the possi-

bility that the other member of the HMGA family, HMGA2,

might compensate for HMGA1 loss.

3.7. Cell survival is decreased in HMGA1b expressing
MCF-7 cells following IR

Cells defective in genes involved in the response to DNA dam-

age usually show an altered long-term survival following

exposure to the damaging agent. Therefore, we sought to

investigate whether HMGA1 was able to affect cell survival

following IR treatment. To this aim we used a different cellu-

lar system such as the human breast cancer cell line MCF-7,

in which neither HMGA1 nor HMGA2 genes are expressed.

Moreover, HMGA1b expression has been previously shown

to sensitise MCF-7 cells to damage-induced by UV and cis-

platin treatment.12 We compared two different clones of

MCF-7 stably transfected with an HMGA1b expressing vector

to the control cells, transfected with the empty vector (EV).

Cells were exposed to doses of 2, 4 and 8 Gy of IR and after

2 weeks clonogenic survival was evaluated by colony count-

ing. Both HMGA1b expressing clones (MCF-7 HA-HMGA1b

Cl1 and Cl3) showed a decrease in the percentage of cell sur-

vival compared to the control MCF-7 EV Cl3 (Fig. 5a). Interest-

ingly, this response was highly reproducible and described

also in response to the radiomimetic antibiotic bleomycin.12

To assess whether the enhanced radiosensitivity of HMGA1b

expressing cells was correlated to the ATM/ATR pathway, cells

were exposed to a 4 Gy IR dose, treated with two different
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doses of caffeine (1 and 5 mM, respectively) and analysed

after two weeks. Caffeine treatment effectively enhanced cell

radiosensitivity in a dose-dependent manner, but no signifi-

cant differences were observed between HMGA1b expressing

MCF-7 clones and MCF-7 EV Cl3 control cells (Fig. 5b).

4. Discussion

Recently, several works correlated HMGA expression to en-

hanced cell sensitivity in response to different DNA-damag-

ing agents.5,16,17 Here, we report a novel interaction between

the HMGA1 family member and the ATM protein kinase, the

major key player in the activation of the cellular response

aimed to safeguard genome integrity following DNA damage.

We show that HMGA1b and ATM are able to co-immunopre-

cipitate in 293T cells and that at least two AT-hook domains

of HMGA1 are necessary for this interaction. Since ATM phos-

phorylates its substrates on serine or threonine that precede a

glutamine residue, we looked for the presence of these S/TQ

motifs on the HMGA protein sequences. Interestingly, both

the HMGA1 and the HMGA2 members of the HMGA family

present such motifs in the carboxy-terminal region of the pro-

tein, and this SQ motif also appears to be highly conserved

amongst different species making it tempting to speculate

that it may be crucial to the protein function. Subsequently,

we demonstrated that HMGA1 is indeed an ATM target

in vitro using both the HMGA1 C-terminal peptide and the

full-length protein. HMGA1 phosphorylation was strongly re-

duced when using caffeine or the ATM kinase-dead mutant.

Moreover, we showed that HMGA1 phosphorylation was in-

deed site-specific since it was abolished when serine 88 was

mutated to alanine. Intriguingly, we found trace HMGA1b

phosphorylation when immunoprecipitating extracts from

ATM –/– cells with an antibody cross-reacting with the ATR ki-

nase. It is, therefore, likely that HMGA1 might be a target also

of the ATR kinase that shares with ATM the same consensus

sequence and several substrates,18 and it has been recently

shown to be activated by ATM following IR.32

Finally, using an antibody raised against a pool of ATM/

ATR substrates to immunoprecipitate HMGA1b after IR expo-

sure, we also demonstrated that ATM phosphorylates

HMGA1b in vivo. Accordingly, this phosphorylation was inhib-

ited by caffeine.

Following DNA damage, in fact, ATM is activated through

autophosphorylation at serine 1981 resulting in the dissocia-

tion of inactive dimers.21 The active ATM monomers in part

are free to move throughout the nucleus and in part are re-

cruited at the site of DNA damage.18 The M/R/N complex ap-

pears to be responsible for the initial recruitment of ATM at

DSBs sites,33–35 then MDC1 has been recently shown to bind

cH2AX and retain active ATM on the chromosome regions

adjacent to the break sites,36 leading to further expansion of

H2AX phosphorylation. The phosphorylation of H2AX by

ATM is amongst the earliest responses to DSBs and controls

the accumulation of checkpoint/repair proteins to large chro-

matin regions surrounding DNA damage sites. cH2AX has

been proposed to function as a docking protein for the reten-

tion of the DNA-damage response factors,37 or it may modu-

late the chromatin structure to facilitate the accumulation of
checkpoint proteins.37 We observed efficient formation of

cH2AX foci following IR in Hmga1 –/– MEFs. Interestingly, as

assessed by immunofluorescence and confocal microscopy

there is no colocalisation between the HMGA1b and cH2AX

proteins. Since HMGA and H2AX are both chromatinic pro-

teins involved in chromatin remodelling it is tempting to

speculate that HMGA1 phosphorylation might serve to dis-

place HMGA and favour assembly of H2AX in the regions of

DNA damage. This may be consistent with the recent finding

that HMGA2 interferes with the basal H2AX phosphorylation

mechanism,17 but additional studies are needed to further ad-

dress this issue.

In an attempt to gain insight into the physiological role of

the HMGA1 and ATM interaction, we decided to investigate

whether IR-induced cell cycle checkpoint activation was

somehow impaired in cells lacking the Hmga1 gene. Following

the DNA damage, ATM triggers a complex regulatory pathway

aimed to allow for DNA repair before proceeding through the

cell cycle, and many proteins involved in this pathway show

defects in IR-induced checkpoints, MDC1,38 H2AX and

53BP1,37 CHK139 and CHK2.40,41 However, following IR treat-

ment, both Hmga1 –/– ES cells and MEFs did not show any de-

fects in cell cycle checkpoint activation relative to wild-type

cells under the conditions used in this study. One possible

explanation may lie in that both ES cells and MEFs express

the HMGA2 member of the HMGA family, which may compen-

sate for HMGA1 loss. As a result, we are generating Hmga1/

Hmga2 double knock-out alleles in mice that will attempt to

address this issue. As an alternative means to investigate this

question, we used the human MCF-7 tumour-derived cell line

that does not express either HMGA family members and ana-

lysed the effect of ectopic HMGA1b overexpression following

IR-induced DNA damage. Interestingly, clonogenic survival

following IR treatment was decreased in the HMGA1b express-

ing MCF-7 clones. Consistently, the same effect has been de-

scribed in response to the radiomimetic antibiotic

bleomycin,12 suggesting that HMGA1 proteins play a role in

the cellular response to DSBs-causing agents. It is not yet clear

whether the ATM signalling pathway regulates HMGA1 in this

context, since ATM inhibition by caffeine does not rescue sur-

vival of HMGA1b expressing cells.

In conclusion, we report a novel interaction between the

HMGA1 and the ATM kinase and, whilst the physiological role

of this interaction remains to be assessed, we propose that

HMGA1 should be regarded as a potential ATM-downstream

target. These findings are likely to contribute to our under-

standing of HMGA1 function in the mechanism of tumouri-

genesis and reveal new insights into potential therapeutic

strategies. In fact, HMGA1 expression enhances sensitivity

of breast cancer cells to ionising radiation (as reported here)

or to other DNA-damaging agents such as bleomycin, cis-

platin and UV irradiation.12,16 Therefore, patients bearing

HMGA1 expressing tumours might benefit from adjuvant

therapy based on such DNA-damaging agents.
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