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Modifications of Nuclear Architecture and Chromatin
Organization in Ataxia Telangiectasia Cells Are
Coupled to Changes of Gene Transcription
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Abstract Ataxia telangiectasia (AT) is a rare genetic disorder caused by mutations of ATM gene. ATM kinase is a
‘‘master controller’’ of DNA-damage response and signal transducer of external stimuli. The complex role of ATM may
explain the pleiotropic phenotype characteristic of AT syndrome, only partially. In our hypothesis, the multi-faceted
phenotype of AT patients might depend on specific chromatin reorganization, which then reflects on the cellular
transcription. We analyzed three lymphoblastoid cell-lines isolated from AT patients and one healthy control. The three-
dimensional reconstruction disclosed marked changes of nuclear morphology and architecture in AT cells. When
chromatin condensation was analyzed by differential scanning calorimetry, a remodeling was observed at the level of fiber
folding and nucleosome conformation. Despite the structural differences, chromatin did not exhibit modifications of the
average acetylation status in comparison to the control. Moreover, AT cells presented significant alterations in the
transcription of genes involved in cell-cycle regulation and stress response. In AT3RM cells, the average chromatin
decondensation went with the upregulation of c-fos, c-jun, and c-myc and downregulation of metallothioneins, p21 and
p53. AT9RM and AT44RM cells were instead characterized by an increased chromatin condensation and presented a
different transcription unbalance. Whereas in AT44RM all the considered genes were downregulated, in AT3RM the three
oncogenes and metallothioneins were upregulated, but p53 and p21 were downregulated. J. Cell. Biochem. 99: 1148–
1164, 2006. � 2006 Wiley-Liss, Inc.
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Cell nucleus is a dynamic compartment
where chromatin fibers exhibit high flexibility
[Bubulya and Spector, 2004; Ehrenhofer-Mur-
ray, 2004]. Changes of chromatin folding can
modify the accessibility of theDNAsequences to
transcription factors. Rearrangements in chro-
matin structure, in fact, are known to collabo-

rate with classical regulatory elements to
modulate gene expression [Workman andKing-
ston, 1998; Stein et al., 1999]. At the level of low-
order chromatin structure, nucleosomes can be
switched on from a closed to an open conforma-
tion by remodeling complexes [Polach and
Widom, 1995; Cosma et al., 1999], histone
modifications [Marmorstein, 2001; Lachner
et al., 2003], DNA supercoiling [Vergani et al.,
1994]. Also the large-scale chromatin organiza-
tion seems to participate in the control of gene
expression [Belmont et al., 1984; Belmont et al.,
1999; Cremer and Cremer, 2001; Cremer et al.,
2003].Manyevidences demonstratedasnuclear
architecture changed during cell differentiation
[Marshall, 2003] and in response to cell shape
alterations [Vergani et al., 2004] or hormone
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exposure [Nye et al., 2002]. However, it remains
unclear how changes in the three-dimensional
chromatin organization might affect the gene
expression.
We investigated the three-dimensional chro-

matin organization and the pattern of gene
expression in lymphoblastoid cell-lines isolated
from patients affected by ataxia telangiectasia
(AT), a progressive neurodegenerative disorder
caused bymutations of theATM gene. TheATM
serine/threonine kinase belongs to the phos-
phoinositide 3-kinase like kinase (PIKK)
family. ATM is involved in the response to
DNA damages, cell-cycle control, and in the
maintenance of the genomic integrity [Savitsky
et al., 1995a,b; Abraham, 2001; Shiloh and
Kastan, 2001]. ATM acts as an early sensor
andactivator of the cellular responses to double-
strand DNA breaks (DSBs) [Shiloh, 2003].
Following DNA damages, ATM autophosphor-
ylates on serine 1981 and, as consequence, the
inactive dimeric/multimeric form dissociates
into the active monomers [Goodarzi and Lees-
Miller, 2004]. Recent evidences suggested that
ATM is also activated by physiological events,
such as the chromatin remodeling occurring
during transcription [Bakkenist and Kastan,
2003]. Activation of ATM results in phosphor-
ylation of many substrates, including p53, and
triggers cell-cycle arrest at G1/S, intra-S, or G2/
M phase [Kurz and Lees-Miller, 2004] or,
alternatively, induces apoptosis. However,

ATM controls also pathways not directly asso-
ciated with DNA damage [Xu et al., 1996; Lim
et al., 1998; Guo et al., 1999; Smilenov et al.,
1999].

The majority of ATMmutations give rise to a
truncated unstable protein or no product at all.
Mutations include large or small in-frame
deletions, insertions, and substitutions [Gilad
et al., 1996; Concannon and Gatti, 1997;
Sandoval et al., 1999; Abraham, 2001]. The
clinical phenotype of AT patients is character-
ized by cerebellar ataxia, ocular telangiectasia,
oculomotor apraxia, immunodeficiency, and
cancer susceptibility [Shiloh, 2003]. AT cells
show also severe chromosomal aberrations [van
Gent et al., 2001], genomic instability, radio-
resistant DNA synthesis [Shiloh, 2003], hyper-
sensitivity to ionizing radiations, and oxygen
radicals [Rich et al., 2000].

The role of ATM as a hierarchical kinase
(Fig. 1) explains how it can impact many
pathways at once. However, the relationship
between phenotype severity and kind of ATM
mutation is still unclear. Previous studies
carried out by Vergani et al. [1999]; Djuzenova
and Flentje [2001]; Grattarola et al. [2003]
reported strong evidences of an altered chro-
matin condensation in AT cells. Also in meiosis
the nuclear architecture is affected by ATM
mutations, since ATM mutants show an imma-
ture heterochromatin distribution [Scherthan
et al., 2000]. Moreover, Hittelman and Pandita

Fig. 1. Role of ATM in the physiological signaling network.
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[1994] suggested that the chromatin alterations
characteristic of AT cells might cause a more
probable conversion of DSBs into chromosome
damage.

These data strengthened our opinion that
rearrangements of chromatin structure may
represent a central event of AT disorder and
induce a wide-range of down-stream effects, in
particular at the level of gene transcription. We
hypothesized that the chromatin remodeling
occurring in AT cell-lines is strictly related to
the kind of ATM mutation.

In this study we analyzed three lymphoblas-
toid cell-lines isolated from homozygous AT
patients and one healthy control. The AT cell-
lines were selected on the basis of the ATM
mutation: a large deletion in AT44RM [Gilad
et al., 1996], a single substitution C!T in
AT9RM, a mutation not yet identified in
AT3RM cells, which nevertheless exhibit a
classical AT phenotype lacking of ATM protein.
The healthy control was a relative of the
AT44RMpatient withwild-typeATMgenotype.
For each cell-line the three-dimensional nuclear
architecture was analyzed, by determining the
localization of the highly condensed domains,
the texture, and granularity of the chromatin.
We determined also the average chromatin
condensation, the level of histone acetylation,
and the fraction of the actively transcribed
nucleosomes. As last point we analyzed the
gene transcription pattern. In this preliminary
approach we focused on a limited number of
genes: two transcription factors laying under
the control of ATM, the tumor-suppressor genes
p53 [Kastan et al., 1992] and p21 [Boulaire
et al., 2000], three oncogenes, c-myc, c-jun, and
c-fos, and two stress proteins, the metallothio-
nein 1A and 2A [Beattie et al., 2005].

MATERIALS AND METHODS

Cell Cultures

Four lymphoblastoid cell-lines immorta-
lized by Epstein Barr virus were supplied by
the ‘‘Cell Repository of the Italian Registry for
Ataxia Telangiectasia’’ [Chessa et al., 1994].
Three lines derived from AT patients
(AT44RM, AT3RM, AT9RM) and one from an
intrafamilial wild-type control (243RM). Cells
were grown in RPMI 1640 medium supple-
mented with foetal calf serum 10% and
gentamycin 0.1 mg/ml (Sigma, Milano, Italy).
The cultures weremaintained at 378Cwith 5%

CO2 atmosphere. Before the experiments
cells were synchronized at the G1/S phase
of the cell-cycle by incubation with hydro-
xiurea 2 mM for 15 h.

Fluorescence Microscopy

Nuclear architecture and chromatin organi-
zationwere visualized by cell stainingwith 40, 6-
diamidino-2-phenylindole (DAPI), a fluorescent
dye selective for dsDNA. After fixation in 2%
glutharaldehyde, cells were incubated with
15 mM DAPI in a buffer preserving the 3D
structure of the nucleus (80 mM KCl, 20 mM
NaCl, 2 mM Na2EDTA, 0.5 mM EGTA,
15mM pipes, 1 mMPMSF, 0.5 mM spermidine,
0.2 mM spermine, b-mercaptoethanol 0.12%
[Belmont and Bruce, 1994]. An Axioplan light
microscope (Zeiss,Oberoken,Germany) equipped
with Zeiss Plan-Neofluar objective lens was
used to observe the cells. Digitalized images
were obtained from an air-cooled (�508C)
scientific grade CCD camera (ORCA II Hama-
matsu Photonics, Japan), with a dynamic range
of 14 bits (grey levels 0–16,383). Calibration for
defects in bi-dimensional illumination andCCD
array homogeneity was performed [Hiraoka
et al., 1987]. Optical sectioning of the single
nuclei was carried out by acquiring a stack of
128 nuclear images at different focal positions
along the z-axis (0.1 mm intervals). Shading
correction and dark image subtraction were
applied to each image [Mascetti et al., 1996].
The out-of-focus contributions were removed by
applying the nearest-neighbor algorithm
[Agard, 1984] and a constrained deconvolution
was applied to sharpen the image [Agard et al.,
1989; Mascetti et al., 2001]. The 3D reconstruc-
tion was performed by AMIRA 2.2 software
(http://www.amiravis.com).

Differential Scanning Calorimetry

Native nuclei were prepared by extraction in
hypotonic buffer as previously described [Nico-
lini et al., 1988a]. DSC experiments were
performed on a Perkin Elmer DSC instrument
(Perkin Elmer, Monza, Italy) with 100 ml
stainless-steel capsules in the temperature
range 310–410 K using standard parameters
[Nicolini et al., 1988b]. At least three different
measurements for each sample were made in
order to check accuracy and statistical signifi-
cance of the experiment. The relative melting
enthalpy of each thermal transition was calcu-
lated by decomposing the heat capacity profile
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into its Gaussian components through a least
square fitting algorithm [Bartels, 1979].

Flow Cytometry

Lymphoblastoid cells were collected, washed,
and fixed with a solution of glutaraldehyde 2%,
MgCl2 2 mM, and EGTA 2 mM in PBS 1� pH
7.35 for 45 min. Then cells were briefly per-
meated with Triton 1%, washed and incubated
O/N with the primary antibody against the
acetylated H4 (Upstate Biotechnology, Milan,
Italy). After washing, cells were incubated with
the IgG-FITC-conjugated secondary antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) in
the dark. Green fluorescence was measured by
FACS and analyzed using Cell Quest Software
(Becton Dickinson).

Mononucleosome Preparation and Separation

Mononucleosomes were extracted according
to a standard procedure [Allegra et al., 1987].
Nuclei were digested with 8 U/ml micrococcal
nuclease for 7 min at 378C. The supernatant
containing the mononucleosomes was applied
onanorganomercurial-agarose column(Bio-Rad,
Milan, Italy), where the Hg atoms selectively
retained the sulfhydryl groups throughmercap-
tide bonds. Because transcriptionally inactive
mononucleosomes have a folded conformation
with the SH group of histone H3 partially or
completely shielded, they are not retained on
the resin.On the contrary in active nucleosomes
the SH group is accessible [Walker et al., 1990;
Gavazzo et al., 1997; Vergani et al., 2004] and
they are retained selectively on the resin and
displaced with the addition of 10 mM dithio-

threitol. The elution profile was monitored
recording absorbance at 260 nm.

RNA Extraction and RT-PCR

Total RNAwas extracted by the acid phenol–
chloroform procedure according to Chomc-
zynski and Sacchi [1987]. Concentration and
purity of the RNA was determined by absorp-
tion spectrophotometry.Quality of theRNAwas
checked by electrophoretic run on 1.5% agarose.
RNA was retrotranscribed using 201 pmol oligo
dT18 (TIB MOLBIOL, Genoa, Italy), 30 units
AMV, 40 units RNAsin, and 1mM dNTPs
(Promega, Madison) in a total volume of 20 ml
at 428C for 45min. The sequence of interest was
amplified by PCR reaction using 0.25 mM sense
and anti-sense primers, 200 mM each dNTPs,
1.5 units of TAQ polymerase, 1� TaQ Buffer,
2 mM MgCl2 (TIB MOLBIOL). The primers
pairsweredesignedusing a free package [Rozen
and Skaletsky, 2000]. Table I resumes for each
primer pair the sequence, the annealing tem-
perature, and the extension length of the PCR
reaction. The general PCR scheme was the
following: denaturation at 948C for 5 min, 25–
35 cycles of amplification (948C for 1 min,
annealing and extension at 728C), and final
extension at 728C for 10 min. For each gene we
started from 20 and we arrived to 35 cycles, to
verify to be in the exponential phase of ampli-
fication. After running on 1.5% agarose gel, the
amplified sequence was evaluated by measur-
ing the optical density of the electrophoretic
band by means of Image J. 1.24 free software
(National Institute of Health, Bethesda; http://
rsb.info.nih.gov/ij/).

TABLE I. Sequences of the Primer Pairs Used in the RT-PCR Experiment

Genes Primer pairs
Transcript
length (bp)

Annealing
(8C and s) Extension (s)

p53 CCT GCC CTC AAC AAG ATG TTT TG 431 608C (45 s) 1 min 30 s
TCA AAG CTG TTC CGT CCC AG

p21 CTG CCC AAG CTC TAC CTT CC 121 658C (60 s) 45 s
CAG GTC CAC ATG GTC TTC CT

c-myc ACC ACC AGC AGC GAC TCT G 442 668C (60 s) 1 min 20 s
CTA CCT TGG GGG CCT TTT C

c-fos GAC TAC GAG GCG TCA TCC TCC C 250 678C (70 s) 1 min
CTC TGG TCT GCG ATG GGG CCA C

c-jun CCC AAG AAC GTG ACA GAT GA 399 508C (45 s) 1 min
CAC TGT CTG AGG CTC CTC CT

MT1A ACT GGT GGC TCC TGC ACC TGC ACT 175 598C (60 s) 1 min
ACA GCA GCT GCA CTT CTC TGA T

MT2A GCC GGT GAC TCC TGC ACC TGC G 175 618C (60 s) 1 min
GCA GCA GCT GCA CTT GTC CGA C

b-actin TGA CGG GGT CAC CCA CAC TGT GCC CAT CTA 661 608C (45 s) 1 min 30 s
CTAGAAGCA TTTGCGGTGGACGATGGAGGG

The primers for p21, MT1A, andMT2A were from the literature [Schonherr et al., 2001; Bianchi et al., 2002] while the primers for p53
and b-actin have been taken from Stratagene. The primers for the other genes were designed on the basis of the complete cDNA
sequences using the Primer3 free software [Rozen and Skaletsky, 2000].
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Immunoblot Analysis

Whole cell extracts were prepared as pre-
viously described [Marchi et al., 2005] by lysis in
boiling Laemmli SDS-buffer. Protein concen-
tration was determined using Bradford protein
assay reagent and bovine serum albumin as
standard [Bradford, 1976]. Samples (20–30 mg
for lane) were electrophoresed on 12% SDS–
PAGE under reducing conditions [Laemmli,
1970] and transferred to nitrocellulose mem-
branes (Amersham, Uppsala, Sweden). For
detection of metallothioneins, samples were
reduced with 1% b-mercaptoethanol before
electroforesis. After run the gel was incubated
for 20 min at room temperature in methanol/
CAPS buffer (10% methanol in 10 mM CAPS,
pH 11) supplemented with 2 mM CaCl2 and
electroblotted in the same buffer [Mizzen
et al., 1996]. Membranes were then probed with
a rabbit polyclonal anti-MT antibody (Santa
Cruz) diluted as primary antibody, and horse-
radish-peroxidase-conjugated goat anti-rabbit
IgG as secondary antibody. Blots were stripped
by incubation in stripping buffer (100 mM b-
mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl,
pH 6.7) for 30 min at 508C. Thereafter, blots
were incubated with blocking buffer and
reprobed with anti-actin antibodies (Sigma).
Binding of antibodies was visualized by
enhanced chemiluminescence (ECL) detection
system (Roche, Milan, Italy) on hyperfilm ECL
(Amersham), and bands were quantified using
ImageJ 1.31v, image analysis free software
(http://rsb.info.nih.gov/ij/). Each band was
therefore converted into a densitometry trace
allowing calculations of peak area and inten-
sity. The results were expressed as a ratio to the
densitometry area for the actin band from the
same sample.

Statistics

Data from different experiments are
expressed as means�SEM and they have been
compared by Student’s t-test. Differences are
considered significant at P< 0.05.

RESULTS

Nuclear Architecture and Morphometry

A stack of 128 nuclear sections of a single cell
was recorded to reconstruct the 3D structure of
the nucleus. At least five different nuclei were
acquired for each line and the most representa-

tive were reported in Figure 2. From the stack,
the AT3RM nucleus appears clearly enlarged
and thefluorescence distribution ismore diffuse
than in the healthy cells, where the highly
intensity chromatin domains are localized pre-
ferentially at the periphery (Fig. 2A,B). In
AT9RM and AT44RM (Fig. 2C,D), instead, the
nuclear size and morphology do not show
significant alterations in comparison with the
control. The major difference observed in
AT9RM is the distribution of the highly con-
densed domains across the entire nucleus and
not confined at the nuclear periphery, as in the
control cells.

From the 3D reconstruction of the same
nuclei we can appreciate some further details.
In particular, the healthy cell-line shows a
marked compartmentalization of the chromatin
domains (Fig. 3A): the highly condensed fibers,
which exhibit a higher fluorescent intensity
[Mascetti et al., 2001], are arranged one close to
the other to form a continuous structure
localized preferentially at the nuclear periph-
ery. In AT3RM cells (Fig. 3B) the highly
condensed domains are reduced in number
and size and form a loose network and chroma-
tin reduces its granularity assuming a more
homogeneous texture. In AT9RM nucleus
(Fig. 3C) the highly condensed domains are
preserved, even if rearranged with a movement
from the periphery towards the center. The
highly condensed regions are distributed over
the entire nucleus and not confined at the
periphery, as in 243RM cells. Also in AT44RM
(Fig. 3D) the nuclear architecture is rear-
ranged, and the chromatin domains close to
the envelope assume a more trabeculated
organization. In fact, the macrofibrils are more
evident in AT44RM than in the control and they
diffuse towards the center, where form a large
condensed domain.

The data recorded at the single cell level have
been integrated by recording the morphometric
parameters of more than 30 nuclei per line at a
lowermagnification (Table II). Compared to the
control, AT3RM cells show an increase of
nuclear perimeter (from 39 to 51 mm) and area
(from 118 to 194 mm2). Since the nuclear images
are bi-dimensional projections of a three-dimen-
sional object, this increase of the 2D area
corresponds to an increase of the 3D volume,
on condition that the thickness of the object does
not change. Since previous reports demon-
strated an inverse relationship existing
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between chromatin condensation and nuclear
volume [Belmont et al., 1984;Haussinger, 1996;
Mascetti et al., 2001], an enlarged nuclear
volume should be associated with an average
unfolding of chromatin fibers and, in fact, the
3D reconstruction showed a reduced granular-
ity of the chromatin in AT3RM cells. On the
contrary, in AT9RM cells the perimeter and
area decrease till to 33 mm and 81 mm2,
respectively. Finally, AT44RM cells exhibit
values of nuclear perimeter and area rather
similar to those of control, pointing to only

marginalmodifications occurring in thisAT line
at the level of chromatin architecture and
folding.

From these results we can infer as a reorga-
nization of nuclear architecture occurs in all
the AT cell-lines under analysis with relapses
on the nuclear morphometry. In conclusion,
while in AT44RM cells the nuclear architecture
and size are rather similar to the control, in
AT3RM and AT9RM these features result
significantly altered, even if in the opposite
directions.

Fig. 2. Representative stack from the four lymphoblastoid nuclei: (A) Control, (B) AT3RM, (C) AT9RM,
(D) AT44RM. The stacks of 128 nuclear images were acquired at different focal positions along the z-axis
after selective staining of the nuclear DNA with DAPI.
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Chromatin Remodeling

The rearrangements above described in
nuclear architecture led us to hypothesize
changes of chromatin condensation associated
with the different ATM mutations. Therefore
the high- and low-order chromatin structure
was analyzed in the four lymphoblastoid lines.
Differential scanning calorimetry is commonly
employed to determine in situ the structural
changes of chromatin associated with physiolo-
gical or pathological events, such cell-cycle
progression [Nicolini et al., 1988a; Nigg et al.,

1996], neoplastic transformation [Zink et al.,
2004], environment conditions [Vergani et al.,
1998; Vergani et al., 2004]. As widely described
[Touchette and Cole, 1985; Nicolini et al., 1988;
Balbi et al., 1989] the thermal denaturation
profile of native mammalian nuclei usually
exhibits four main transitions: Transition 0
centered at about 330 K corresponding to
melting of membranes and debris, Transition I
at 335 K corresponding to denaturation of
nuclear proteins, Transition II at 357 K to
DNA of nucleosome organized in 10 nm fila-
ment, and Transition III at about 370 K to DNA

Fig. 2. (Continued )
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of nucleosome organized in higher-order struc-
tures as fibers of 30 nm or more. This general
assignment has been verified in the human
lymphoblasts under analysis [Grattarola et al.,
2003], confirming thatTransition III represents
the melting of highly condensed chromatin,
while Transition II is associated to the melting

of uncondensed chromatin domains. The
Gaussian decomposition of Transition II revea-
led two sub-components centered at 355 and
359K, assigned to themelting of linker and core
DNA, respectively, while Transition III yielded
two components centered at 367 and 372 K
representing the melting of chromatin fibers
with different degrees of condensation [Allera
et al., 1997; Vergani et al., 1998, 1999].

First of all we assessed the internal varia-
bility of the samples by acquiring the thermo-
grams of three different cell-lines all deriving
from healthy relatives of the AT patients (data
not shown). The analysis supplied a good
reproducibility of the thermal profiles among
the different samples, with a very low internal
variability.

In Table III, we listed the values of the
relative melting enthalpy calculated for all
transitions and sub-transitions appearing in
the thermograms. In comparison with the
healthy control, all AT cell-lines exhibit sig-
nificant alterations in the heat capacity profile

Fig. 3. Three-dimensional reconstruction of the four lymphoblastoid nuclei: (A) Control, (B) AT3RM,
(C) AT9RM, (D) AT44RM. The three-dimensional organization of chromatin domains was visualized both for
the control (243RM) and the AT cells. For each cell-line a nucleus representative of the entire population was
reported. The images were acquired at high resolution using a 100�objective and the 3D reconstruction was
obtained by elaborating the stack of 128 images acquired at different focal positions along the z-axis.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

TABLE II. Morphometric and Intensito-
metric Parameters Recorded for the Three
AT cell-lines (AT3RM, AT9RM, and AT44RM)

and the Healthy Control (243RM) by
Fluorescence Microscopy

Cell-lines
Nuclear

area (mm2)

Nuclear
perimeter

(mm)
Form
factor

243RM 118� 17 39�6 0.95� 0.26
AT3RM 194� 27 51�8 0.94� 0.26
AT9RM 82� 7 33�5 0.96� 0.23
AT44RM 114� 13 39�6 0.93� 0.25

Form factor corresponds to area divided by the perimeter
squared (4pA/P2) [Belmont et al., 1980]. More than 30 nuclear
images were acquired for each sample and the standard
deviation was reported.

Structural/Functional Study of Chromatin in AT Cells 1155



(Fig. 4). AT3RMnuclei show an enhancement of
Transition II (from 0.32 to 0.44 AU) and a
reduction of Transition III (from 0.54 to 0.49
AU), which point to an average unfolding of the
highly condensed chromatin fibers. This result
perfectly matches with the enlarged nuclear
size observed in the 3D-reconstructed nucleus
(Fig. 3) and quantitativelymeasured on the 40�
images (Table II). Also the sub-components
result modified with respect to the control: a
marked decrement of the IIa/IIb ratio (from 0.31
to 0.28) is balanced by an increment of the IIIa/
IIIb ratio (from4.65 to 8.98). These data indicate
as the average decondensation occurring at the
level of the chromatin high-order structure is
associated to an opposite change at the level of
nucleosomes, which assume a more folded
conformation. Also, AT9RM supply a thermo-
gram modified with respect to control, even if
opposite with respect to AT3RM cells. The
thermal denaturation profile, in fact, exhibits

an evident decrease of Transition II (relative
enthalpy from 0.42 to 0.33) that is balanced by
the increase of Transition III (from0.54 to 0.65),
suggesting an average chromatin condensation
occurring in this cell-lines. The sub-components
are modified too, with an increase of the IIa/IIb
ratio (from 0.31 to 0.59) and a decrease of the
IIIa/IIIb one (from 4.6 to 1.73). Also in this case,
the structural changes appear different when
the low- and the high-order chromatin struc-
tures are observed. While nucleosomes show a
partial unfolding, on the contrary the 30 nm
chromatin fibers fold into more condensed
structures. The thermogram of AT44RM exhi-
bits changes rather similar to those observed for
AT9RM: Transition II in fact considerably
decreases (enthalpy from 0.42 to 0.24), and
Transition III increases (enthalpy from 0.54 to
0.73). Sub-transitions are also modified, with
the IIa/IIb ratio increasing from0.31 to 1 and the
IIIa/IIIb ratio decreasing from 4.65 to 2.27. In

Fig. 4. Thermograms of the four cell-lines. The thermal denaturation profiles of native nuclei isolated from
the four cell-lines under analysis were compared to deduce structural information about in situ chromatin.
The thermograms report heat capacity (AU) versus temperature (K) for control 243RM, AT3RM AT9RM, and
AT44RM cells.

TABLE III. The Relative Melting Enthalpies of the Transitions II and III Were Estimated on
the Thermograms Recorded for the Healthy Control (243RM) and the Three AT Cells (AT3RM,

AT9RM, and AT44RM)

Cell-lines

IITot IIa IIb Ratio IIITot IIIa IIIb Ratio

356� 2 K 354� 2 K 359� 1 K IIa/IIb 371� 1 K 369� 1 K 375� 2 K IIIa/IIIb

243RM 0.42� 0.06 0.10�0.01 0.32� 0.05 0.32 0.54� 0.08 0.45� 0.07 0.10�0.01 4.50
AT3RM 0.44� 0.05 0.10�0.02 0.34� 0.04 0.29 0.49� 0.07 0.42� 0.06 0.05�0.01 8.40
AT9RM 0.33� 0.05 0.12�0.03 0.21� 0.03 0.59 0.65� 0.09 0.41� 0.05 0.24�0.04 1.70
AT44RM 0.21� 0.02 0.11�0.01 0.11� 0.02 1 0.73� 0.11 0.51� 0.08 0.22�0.05 2.31

The relativemelting enthalpies of each sub-transitionwere also reported togetherwith their ratio. The experimentshavebeen repeated
at least three times for each cell-line and the standard deviations were <15%.
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spite of the similar changes at the level of
chromatin condensation, AT44RM does not
show thealterations of nuclear volumeobserved
for the AT9RM cells (Fig. 3 and Table II).
In conclusion, a marked chromatin remodel-

ing is evident in all three lymphoblastoid lines
affected by homozygous mutations of the ATM
gene. Nevertheless, while the AT44RM and the
AT9RM exhibit an average chromatin conden-
sation, the AT3RM cells present instead an
average chromatin decondensation.

Chromatin Acetylation

The changes of chromatin structure and
nuclear architecture are usually associated
with post-translational modifications of the
octamer histones. Therefore, we evaluated the
average acetylation status of the chromatin in
the four cell-lines by immunofluorescence label-
ing of the acetylated form of the histoneH4. The
three fluorescence histograms obtained by
cytofluorimetry of the AT lines appear to be
very similar to the healthy control (Fig. 5),
suggesting that no quantifiable modifications
occur in the chromatin acetylation as a conse-
quence of the ATM mutations. These results
were confirmed when the acetylated form of
histone H4was quantified by immunoblot (data
not shown). Our data are consistent with the
recent observations of other authors [Gupta
et al., 2005].A last considerationhas to bemade:

although the cytofluorimetric analysis does not
show changes of the chromatin acetylation
status on average, the existence of different
levels of acetylation in specific regulatory
sequences cannot be ruled out.

Nucleosome Conformation

The calorimetric data revealed as the chroma-
tin remodeling associated with the ATM
mutations affected also the nucleosome confor-
mation. By affinity chromatography we sepa-
rated active from inactive nucleosome particles
inside the entire population of transcriptable
nucleosomes. Whereas transcriptionally active
nucleosomes were retained on the matrix (II
peak), inactive oneswere eluteddirectly (I peak)
[Allfrey and Chen, 1991; Gavazzo et al., 1997;
Vergani et al., 2004]. In Table IV we listed the
average fractions of active and inactive nucleo-
somes on the overall nucleosome population.
With respect to the control, in all AT lines we
observe a general increase of transcriptionally
inactive nucleosomes. In all the samples (Fig. 6)
the I peak, in fact, is higher than the II peak,
even if the differences are not significant. A
reduced fraction of the actively transcribed
nucleosomes in AT3RM is in accordance with
the more compact nucleosome conformation
recorded by differential scanning calorimetry.
On the contrary, in AT9RM and AT44RM this
datum does not fit with the calorimetric results,

Fig. 5. Immunofluorescence labeling of the acetylated histone H4. The fluorescence histogram acquired
for the healthy control (243RM ) was compared with those of AT cells ( ): AT3RM, AT9RM, and
AT44RM. The x-axis (FL1-H) represents the green fluorescence associated to the H4 acetylation; the y-axis
(counts) corresponds to the events number.
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which indicated an average unfolding of the
nucleosome particles. This apparent discre-
pancy can depend on the nucleosomepopulation
analyzed. While the calorimetric data regarded
the entire nucleosome population of the nuclei,
the chromatographic separationwas carried out
on a nucleosome sub-population, namely the
potentially transcriptable nucleosomes, which
were selectively extracted from the nuclei by
discarding the bulk of the silent nucleosomes.

Gene Expression

From the above results we can conclude that
both single substitutions and large or short
deletions in ATM gene affect the nuclear
architecture and chromatin structure of the
cells. A further question was still open: do the
structural changes observed in chromatin and
nucleosome conformation reflect on the gene
expression profile of the cells?On the light of the

genetic instability and tumor predisposition
characteristic of AT syndrome, our initial
approach focused on genes involved in the
maintenance of cell homeostasis.

In Figure 7 we reported for every gene the
relative expression calculated with respect to
housekeeping gene. The tumor-suppressor gene
p53 is downregulated in AT3RM and AT44RM,
while it is not modulated in AT9RM. Similar
changes are observed for p21, a transcription
factor directly regulated by p53 [Vogelstein and
Kinzler, 2004].

The oncogene c-myc is significantly upregu-
lated in AT3RM and AT9RM and downregu-
lated inAT44RM.Because of the role of c-myc in
the cell-cycle progression, these data perfectly
match with the growth curves recorded for the
AT lines (data not shown), AT44RMsupplied, in
fact, a slower growth with respect to the other
three lines. The upregulation of c-myc trans-
cription inAT3RMandAT9RMsuggests higher
risk of neoplastic transformation in these
cell-lines. It is comforting that a similar tran-
scriptional modulation was observed for the
oncogenes c-fos and c-jun, members of the AP1
complex [Shaulian and Karin, 2002]. They are
upregulated in AT9RM, and especially in
AT3RM cells, whereas they are downregulated
in AT44RM.

In conclusion, AT9RM and AT3RM cell-lines
seem to posses an increased AP1 activity, in
accordance to previous in vivo results [Weizman
et al., 2003]. We can hypothesize that this

TABLE IV. Fractions of Transcriptionally
Inactive Nucleosomes Eluting at

Physiological Ionic Strength (I Peak) and
Fractions of Active Ones Eluting After

Addition of DTT (II Peak) are Summarized

Cell-lines
I peak (inactive
nucleosomes)

II peak (active
nucleosomes)

243RM 0.74� 0.09 0.23�0.09
AT3RM 0.79� 0.02 0.20�0.03
AT9RM 0.81� 0.03 0.17�0.02
AT44RM 0.80� 0.03 0.19�0.03

The fractions have been determined for each cell-line by an
affinity chromatography.
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Fig. 6. Fractionation of nucleosomes by Hg-agarose affinity chromatography. Nucleosomes released by
limited micrococcal nuclease digestion of isolated nuclei were recovered from control cells and AT3RM,
AT9RM, AT44RM cells. An organomercurial-agarose affinity chromatography allowed us to estimate the
fraction of transcriptionally active mononucleosomes from inactive ones.
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Fig. 7. Gene expression pattern. The transcription of seven genes (p53, p21, c-myc, c-jun, c-fos, MT1A,
MT2A) was analyzed for the healthy control, 243RM cells, and the three AT cell-lines (AT3RM, AT9RM, and
AT44RM) using semi-quantitative RT-PCR. Each value, with the relative standard deviation, was the averages
of at least three different independent measurements. Asterisks indicate values significantly different from
those of control at *P<0.05, **P<0.01, ***P< 0.001.
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constitutive induction of theAP1 complexmight
depend on ahigher level of stress inAT9RMand
in AT3RM cells, with respect to the control and
AT44RM lines. This opinion is confirmed when
the expression of metallothioneins is evaluated.
These molecules are classical stress response
proteins, belonging to the anti-oxidant cellular
system. The transcription of the two ubiquitous
isoforms, MT1A and MT2A, appears upregu-
lated in AT9RM cells and AT3RM, but not
modulated in AT44RM cells.

We do not ignore that these data on the
transcription of a limited number of genes need
to be completed and integrated by a wider
analysis using an improved approach based on
the DNA-microarrays.

When on the same genes we evaluated the
protein levels by immunoblotting, the results
confirm those recorded on the mRNA tran-
scripts. Regarding the metallothioneins we
measured an increase of the protein levels in
AT3RM and AT9RM cells, while no significant
differences are detected in AT44RM with
respect to the control (Fig. 8). According to the
transcriptional data, no significant changes in
p53 and c-myc proteins occur in AT cells with
respect to the control (data not shown). This is
also in accordance to what reported by other
authors for p53 in AT9RM cells [Gatei et al.,
2001]. Therefore, from these data we can infer a
good correlation in AT cells between the
changes at the transcriptional level and those
at the protein levels.

DISCUSSION

The hypothesis supporting our work is that
rearrangements in chromatin structure and

organization should occur in cells with ATM
mutations and determine alterations in the
transcription of important genes. These events
occurring down-stream of the genetic lesions, in
our opinion, should support the variability
observed at the level of clinical phenotype and
disease severity in AT patients. In a previous
report these differenceswereput in relationship
with the level of the ATM damage [Stewart
et al., 2001]. Patients with milder forms of AT
syndrome still produce modest amounts of
protein, whereas more severe forms present
truncated or unstable proteins. However, no
direct correlation between the level of ATM
protein and the cell radiosensitivity, a classical
symptom of AT syndrome, has still been proven
[Gilad et al., 1998]. On the contrary, a coupling
between radiosensitivity and chromatin decon-
densation has been described [Djuzenova and
Flentje, 2001].

Our hypothesis started from these considera-
tions and proposed that, more in general,
rearrangements of chromatin structure might
represent one of the effects of the ATM muta-
tions, with down-stream relapses on the tran-
scription profile and phenotype of the cells.

AT9RM are an ‘‘AT variant’’ with the features
of the milder form of AT syndrome, such as
reduced radiosensitivity and intermediate clin-
ical symptoms [Chessa et al., 1992]. According to
that, in this cell-line the ATM protein is still
detectable, even if its level is lower than 20%and
it is less stable than the normal protein [Gilad
et al., 1998]. This could depend on the C-T
substitution in the FATC domain, which would
cause a shortening of the protein and a reduction
of the biochemical activity [Lavin et al., 2004]. In
accordance with the lower radiosensitivity,
AT9RM cells show an increase of the average
chromatin condensation and a reorganization of
the chromatin domains with respect to the
control. The low severity of the AT syndrome in
this cell-line finds confirmation on the unmodi-
fied transcription of two proapoptotic genes, p53
and p21, which respond to DNA damage. More-
over,AT9RMpresent a slightupregulationof the
three oncogenes and metallothionein 2A, which
may suggest a stress condition for these cells.
Since the protective role of ATM kinase against
free radicals [Rotman and Shiloh, 1997], its
defects may increase the oxidative stress of the
cells and induce the expression of MTs and c-fos
in the attempt of reducing it [Bakka et al., 1981;
Satoh et al., 1994].

Fig. 8. Basal level of metallothionein proteins in AT and control
cell-lines. Immunoblotting analysis was performed using anti-
bodies against MTs as described in Materials and Methods. Equal
loading was confirmed by immunoblotting for actin.
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The second cell-line under analysis, the
AT3RM, exhibits a chromatin remodeling oppo-
site to that observed in AT9RM. An average
chromatin decondensation occurs together with
the enlargement of the nucleus and the disap-
pearance of the highly condensed domains.
These results are in accordance with the
increased radiosensitivity previously reported
for this cell-line. Moreover the lack of ATM
protein measured by immunoblot could explain
the observed downregulation of p53 and p21.
Since ATM is directly involved in p53 activation
[Kastan et al., 1992], the lack of this kinase
should produce, in fact, the accumulation of the
inactive forms of p53,which in turnwould act as
a negative feedback on its transcription. Func-
tional inactivation of p53 protein renders the
cells more susceptible to oncogenic stimuli and
environmental insults [Ko and Prives, 1996;
Giaccia and Kastan, 1998; North and Hainaut,
2000], higher risk of tumor formation, and
neurodegeneration [Westphal et al., 1997; Xu
et al., 1998; Nilsson and Cleveland, 2003]. In
accordance to that, the oncogenes c-myc, c-fos,
and c-jun, which are usually coupled with the
neoplastic transformation, are upregulated.
Also metallothioneins are induced in AT3RM,
suggesting this cell-line is more stressed,
already in physiological conditions, than the
control.
The third cell-line under analysis, AT44RM,

exhibits only a slight increase of chromatin
condensation with respect to the control. In
accordance to that, the nucleus of these cells
preserves a 3D organization rather similar to
the healthy cells. A marked downregulation of
the three oncogenes under analysis, c-myc, c-
jun, and c-fos, occurs in this cell-line, together
with a fainter inhibition of metallothionein
transcription, MT2A in particular. These three
oncogenes are involved in the regulation of cell-
cycle progression and apoptosis induction,
therefore their reduced transcription should
mean thatAT44RMdonot activate themechan-
isms of cell-cycle block because the mutation
does not damage seriously the cell function.
Similar considerations can be done regarding
the MT downregulation.
By resuming, the results of our work suggest

that AT3RM is themost altered cell-line both at
the level of nuclear architecture and chromatin
organization. At the opposite side AT44RM line
seems apparently poorly altered with respect to
control. These structural changes could depend

on major malfunctioning of the DSBs repair
system, which lies under the control of ATM
protein. These data are in accordance with
previous reports indicating as the chromatin
organization of AT cells is rather similar to that
of stressed cells [Hittelman and Pandita, 1994].

We can conclude that in AT3RM the ATM
mutation is rather severe and causes the
complete lack of the protein and a marked
chromatin remodeling affecting significantly
the expression of all the genes under analysis.
On the contrary, in AT9RM cells the presence of
ATM protein, even if at lower levels, produces
an increase of chromatin condensation which
alters only the transcription and expression of
the three oncogenes and metallothioneins,
whereas p21 and p53 expression are unmodi-
fied. At last AT44RM cells, which preserve a
nuclear organization rather similar to the
control, do not exhibit upregulated genes and
this suggests a low severe disease severity.

It remains to clarify if the structural changes
we observed in chromatin organization depend
directly on the ATM through its association
with thenuclearmatrix [Gately et al., 1998] and
euchromatin [Scherthan et al., 2000], or if ATM
kinases regulates the activity of remodeling
factors acting down-stream [Koundrioukoff
et al., 2004].
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