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Changes of Chromatin Condensation in One Patient
With Ataxia Telangiectasia Disorder: A Structural Study
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Abstract Differential scanning calorimetry and quantitative fluorescence microscopy have been employed to
characterize the structure and organization of in situ chromatin in lymphoblastoid cells obtained from one ataxia
telangiectasia (A-T) patient and one healthy family member. The proven capability of these biophysical techniques to
measure changes of chromatin condensation directly inside the cells makes them very powerful in studying the eventual
structural changes associated with the appearance of a pleiotropic genetic disorder such as ataxia telangiectasia. A-T
syndrome is genetically heterogeneous and can be induced by different mutations of a single gene. The aim of this work
is to determine whether the genetic mutation exhibited by the A-T patient of this study may be associated with
modifications of chromatin structure and organization. Both the calorimetric and the fluorescence microscopy results
acquired on cells from the A-T patient show that the structure and distribution of nuclear chromatin in situ change
considerably with respect to the control. A significant decondensation of the nuclear chromatin is in fact associated with
the appearance of the A-T disorder in the A-T patient under analysis, together with a rearrangement of the chromatin
domains inside the nucleus. J. Cell. Biochem. 75:578-586, 1999.  © 1999 Wiley-Liss, Inc.
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Ataxia telangiectasia (A-T) is an autosomal
recessive disorder characterized by cerebellar
degeneration, immunodeficiency, chromosomal
instability, cancer predisposition (particularly
to leukemias and lymphomas), radiation sensi-
tivity, and cell cycle abnormalities [for a review
see Lavin and Shiloh, 1997]. People with A-T
usually die in their teens or early 20s [Savitsky
et al., 1995; Brown et al. 1997; Fitzgerald et al.,
1997]. A-T carriers exhibit an increased sensi-
tivity to X-rays and an increased risk of cancer
[Bishop et al., 1997].

The pleiotropic nature of the A-T disorder is
also manifested in the cellular phenotype. Cells
of A-T patients have a reduced life-span, defects
in cytoskeleton, increased sensitivity to ioniz-
ing radiation, and defects in the checkpoints at
the G1 and G2 phase of the cell cycle [Savitsky
et al., 1995, 1997].
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In the last few years the A-T disorder has
proved to be genetically heterogeneous, depend-
ing on different mutations of a single gene local-
ized on chromosome 11. The A-T gene (ATM)
has been recently identified [Savitsky et al.,
1995] and it is probably involved in cell cycle
control [Brown et al., 1997].

According to the ever more accepted hypoth-
esis of a central role of chromatin structure in
regulating the gene expression [for a review see
Nicolini, 1997], the observed differences of cellu-
lar phenotype between cells isolated from the
A-T patients and the healthy control may be
related to modifications of the condensation
and spatial distrtibution of interphase chroma-
tin.

It is well known that inside the interphase
nucleus the eukaryotic chromatin exhibits dif-
ferent levels of condensation which could be
correlated with the transcriptional activity
[Lamond and Earnshaw, 1998; Zink et al., 1998].
Awell-accepted hypothesis suggests that highly
condensed domains of nuclear chromatin can
be in a transcriptionally inactive state, while
less condensed regions are actively transcribed
[Fenster et al., 1974; van Holde, 1989; Wolfe,
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1994]. Actually, a recent paper [Ellis et al.,
1996] shows that the relationship between chro-
matin condensation and transcriptional activ-
ity is more complicated.

Quantitative fluorescence microscopy is con-
sidered up to now to be one of the most powerful
techniques in studying the nuclear chromatin
in situ. It has been proved that the fluorescence
intensity of nuclei stained with DNA-selective
fluorochromes is related to both the DNA con-
tent and DNA-chromatin structure. The DNA
accessibility is in fact strictly dependent on its
condensation [Myc et al., 1992; Vergani et al.,
1992; Nicolini et al., 1997; Vergani et al., 1998].
Therefore this technique allows us to extract
from the nuclear images the topographical pa-
rameters related to the structure and organiza-
tion of in situ chromatin [Belmont et al., 1994;
Mascetti et al., 1996].

Complementary information about chroma-
tin structure at the level of native cells or nuclei
can also be obtained from differential scanning
calorimetry. In fact it has been observed that
the melting profile of chromatin exhibits differ-
ent distinguishable thermal transitions [Nico-
lini et al., 1983, 1988; Touchette and Cole, 1985;
Russo et al., 1995; Gavazzo et al., 1997; Vergani
et al., 1997]. Each transition corresponds with
the unfolding of an energetically characterized
domain and it can be observed on both isolated
and in situ chromatin fibers. It is interesting to
note that the information obtained from the
fluorescence microscopy is at the level of single
cells, while the calorimetry supplies average
data obtained on a cellular population (more
than 10° cells for sample), therefore allowing
greater statistical accuracy in the results. In
this study we employed both of these tech-
niques in order to evaluate the phenomena of
folding/unfolding which occur in the nuclear
chromatin as a function of the A-T disease.

MATERIALS AND METHODS
Cell Culture

The lymphoblastoid cell lines from the A-T
patient (AT44RM) and his healthy relative
(243RM) used as a control originated from the
Cell Repository of the Italian Registry for Ataxia
Telangiectasia [Chessa et al., 1994]. The cells
were cultured in RPMI 1640 medium supple-
mented with fetal calf serum 15% and gentamy-
cin 0.2%. The cultures were maintained at 37°C
with 5% CO, atmosphere.

The mutation of the analyzed A-T patient is
known: a deletion of 201 base pairs at the codon
1407 in exon 12 [Gilad et al., 1997].

Before the experiments the cells were syn-
chronized at the G1/S phase of the cell cycle by
incubation with Hydroxiurea 2 mM for 15 h.

For the calorimetric measurements native
nuclei have been isolated in 0.5% NP-40 and
washed twice in a hypotonic buffer (10 mM
Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCl,).
Before the calorimetric measurements the
nuclear suspension was centrifuged at 8,000g
for 30 min; then the pellet was loaded in the
proper capsule.

Calorimetry

The wide use of differential scanning calorim-
etry (DSC) for structural analysis of intact cells
and nuclei is due to its ability in measuring
nonhomogeneous and very complex biological
samples that cannot be observed using classical
spectroscopy techniques.

DSC experiments were performed on a Per-
kin Elmer DSC-2 within the usual temperature
range (310—410 K), at a scan rate of 5°/min, as
previously described in detail [Nicolini et al.,
1988]. Deconvolution of the heat capacity pro-
files into Gaussian components was carried out
by least square fitting as already reported [Ver-
gani et al., 1997]. At least three different mea-
surements of each sample were acquired in
order to check the accuracy and statistical sig-
nificance of the experiment.

Fluorescence Microscopy

A Zeiss Axioplan light microscope (Zeiss,
Oberoken, Germany) properly modified for com-
puter controlled data acquisition was used as
previously described [Mascetti et al., 1997]. For
each sample the images of about 30 cells were
acquired through Zeiss Plan-Neofluar objective
lens: in particular we used a 100X/NA = 1.3 oil
immersion lens (depth-of-field of 1.23 pym) and a
40X/NA = 0.75 lens (depth-of-field of 5.17 um).
The epifluorescence set-up consists of a 365 nm
band pass excitation filter, a 395 dichroic mir-
ror and a combination of a 397 nm long pass
and 450-490 band pass emission filters. Digital
pictures were obtained by an air-cooled (—40°C)
scientific grade charge-coupled device (CCD)
camera (Photometrics, Tucson, AZ) operating
with a dynamic range of 12 bit (gray levels from
0 to 4,095) and excellent linearity and sensitiv-
ity.
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In order to obtain quantitative information,
shading correction and dark image subtraction
have been applied to each image as previously
described [Mascetti et al., 1996]. Before the
calculations the out-of-focus contributions were
removed from each 100X image by using the
nearest-neighbor algorithm [Agard, 1984;
Hiraoka et al., 1987]. Then the constrained
deconvolution was applied to sharpen the im-
age [Agard, 1989]. For each image the Inte-
grated Fluorescence Intensity (IFI) was calcu-
lated as the summation of the intensity of each
pixel within the projected nuclear image. This
parameter represents a good estimation of the
amount of dye contained in the corresponding
nuclear slice. At low magnification the pro-
jected image corresponds to a nuclear slice of
about 5 ym in thickness. Therefore in this case
the integrated intensity represents a good esti-
mation of the total amount of DAPI contained
in a nucleus of about 5 pm in diameter (that is
the just mean nuclear diameter). Consequently
when, as in this study, we measure samples
with the same amount of DNA, the Integrated
Fluorescence Intensity is related to the average
chromatin condensation exhibited by the
nucleus. Alinear relationship between the pack-
ing of nuclear chromatin and the dye uptake
has in fact been demonstrated [Mascetti et al.,
submitted]. In order to obtain information about
the distribution of DAPI inside the intact
nucleus, after the proper correction for the out-
of-focus contributions, we calculated the fluores-
cence histogram (pixel number versus gray
level) of each 100X image. Therefore it is pos-
sible to distinguish among chromatin fibers with
a different condensation on the basis of their
relative fluorescence intensity inside the
nucleus [Nicolini et al., 1997].

In order to quantitatively evaluate the topo-
graphical distribution of chromatin domains
inside the nucleus we used three parameters
[Young et al., 1986]. “Heterogeneity” parameter
refers to the level of chromatin condensation.
Therefore when the nucleus appears uniformly
gray we obtain a value of 0, while a completely
condensed nucleus will give us a value of 1. If
the number of black pixels is Ny, the number of
gray pixels is Ng, and the number of white
pixels is Ny then we have: Hetero = Ny +
Nw/Ng + Ng + Ny.

“Clump” provides information about the size
of the chromatin granules: If a mesh of 0.5 m is

used, the clump values will be 0 if all the
granules are smaller than the mesh size,
whereas it will be 1 if all the granules are larger
than the mesh size.

“Condensation” reflects the fraction of large
granules with respect to the total nuclear area.

RESULTS

When the temperature of native nuclei is
increased at a constant rate, different peaks
appear in the heat absorption profile. Each of
these peaks has been associated with the melt-
ing of a specific molecular constituent. In physi-
ological conditions isolated nuclei exhibit three
distinguishable thermal transitions centered at
about 342 K (I Transition), 359 K (II Transi-
tion), and 373 K (III Transition). As previously
reported for different cellular systems [Nicolini
et al., 1983, 1988; Touchette and Cole, 1985;
Russo et al., 1995; Gavazzo et al., 1997; Vergani
et al., 1997] these transitions have been as-
signed as follows: Transition I to nuclear pro-
teins (residual cytoskeletal filaments, nuclear
matrix, and histones), Transition II to nucleo-
some organized into a 10 nm filament (unfolded
fiber), Transition III to nucleosome organized
in highly folded fibers (30 nm or more). After
the Gaussian decomposition, Transition II re-
sults in being constituted by two components
centered at 356 and 362 K, which we referred to
as II, and II, respectively. These components
were previously assigned [Russo et al., 1995] to
the melting of the two portions of the nucleo-
somal DNA in unfolded conformation: the linker
and the core particle DNA, respectively. In addi-
tion, Transition III results in being constituted
by two components centered at about 370 and
375 K, which we referred to as III, and III,,
respectively. These transitions represent the
melting of chromatin fibers with different de-
grees of condensation [Russo et al., 1995; Ver-
gani et al., 1997].

The calorimetric profiles of nuclei isolated
from the two cell lines under analysis (the A-T
patient and the control, respectively) are re-
ported in Figure 1. They exhibit a small but
significant change in the enthalpy distribution.
In particular (Table I) Transition II (correspond-
ing to the melting of nucleosomal DNA), shows
a rearrangement of the two components II, and
I, with an increase of the enthalpy of transi-
tion II, (from 0.299 to 0.343) and a similar
decrease of the transition II, (from 0.138 to
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Fig. 1. Profiles of heat capacity (arbitrary units) vs. temperature (K) for nuclei isolated from the A-T patient (cell line

AT44RM) and the healthy relative (cell line 243RM).

TABLE I. Relative Melting Enthalpy of the Main Thermal Transitions Exhibited by Nuclei Isolated
From Cultured Lymphoblasts of One A-T Patient (Cell Line AT44RM) and His Healthy Family
Member (Cell Line 243RM)

Thermal transitions

I I, 11, 111, 111,
Lymphoblasts 342K 356 K 362 K 370K 375 K
Healthy control 0.067 = 0.015 0.299 + 0.024 0.138 = 0.030 0.121 + 0.023 0.374 £ 0.018
A-T patient 0.024 + 0.021 0.343 + 0.028 0.107 + 0.026 0.153 = 0.014 0.374 + 0.017

0.107). Therefore these changes suggest that in
comparison with the control the A-T cells ex-
hibit a partial unfolding of the core DNA which
becomes detached from the histonic octamer,
increasing in this way the portion of the linker
DNA. The A-T patient also exhibits an increase
in the enthalpy of transition III, (from 0.121 to
0.153), the transition III; remaining almost con-
stant (0.374). This result can be explained by a
partial unfolding of the highly condensed chro-
matin towards a partially folded fiber.

When the same samples are analyzed by fluo-
rescence microscopy the nuclear images (Fig. 2)
can provide complementary information about
the chromatin condensation and the topographi-
cal distribution of its domains inside the
nucleus. Table II reports the values of the Inte-
grated Fluorescence Intensity for nuclei iso-
lated both from the A-T patient and the control.
It can be observed that the fluorescence inten-
sity is higher in the A-T patient than in the
control (fluorescence values of 3 and 3.8, respec-

tively). Starting from previous published works,
this increase of DAPI uptake can be interpreted
as a decondensation of the nuclear chromatin
in the A-T patient. In parallel we observe an
increase in the nuclear area of cells from the
A-T patient with respect to the healthy relative
(15.2 vs. 27.3 m?2). This increase of area corre-
sponds to a volume increase, both the nuclei
under analysis being spherical. An inverse rela-
tionship between chromatin condensation and
nuclear volume has been previously suggested
by several groups [Nicolini et al., 1984; Haus-
singer, 1996; Vergani et al., 1998]. Therefore
the increase of nuclear volume in the A-T pa-
tient cells is in accordance with the observa-
tions on the chromatin unfolding as a conse-
quence of the A-T disorder.

When the nuclear images are acquired at a
higher resolution, information about the chro-
matin texture and distribution inside the
nucleus can be obtained by analyzing the fluo-
rescence histograms calculated on the pro-
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Fig. 2. Equatorial planes of two representative nuclei of the cells under analysis: cell isolated from the A-T patient
(cell line AT44RM) and control cell line (cell line 243RM) isolated from the healthy relative. The images have been
corrected for the out-of-focus contributions, filtered by using constrained deconvolution, and normalized for the
exposure time as described in Materials and Methods.

TABLE II. Integrated Fluorescence Intensity and Nuclear Diameter for Nuclei Isolated From
Cultured Lymphoblasts of One A-T Patient (Cell Line AT44RM) and His Healthy Relative

(Cell Line 243RM)*
Integrated
fluorescence Nuclear diameter Nuclear area Fluorescence
Lymphoblasts intensity (*109) (um) (pm?) intensity/area
Healthy control 3.0+1 44+ 0.7 152 + 25 0.19 + 0.6
A-T patient 3.8+1 59+11 273 + 4.1 0.13 0.4

*The intensitometric and morphological parameters have been evaluated on nuclear images acquired at low magnification
(40X objective). The standard deviations are also reported for each value.

cessed image. Both the histograms (Fig. 3) show
a multimodal distribution of the fluorescence
intensity due to the presence of differently con-
densed chromatin fibers [Mascetti et al., 1996;
Nicolini et al., 1997]. A quantitative analysis of
the histograms has been made by using a Gaus-
sian decomposition method [Bartel et al., 1979]
which allows us to extract the componing peaks.
Three main peaks have been individuated in
each average histogram and the two nuclear
images have been segmented by using the corre-
sponding intensity ranges. In Figure 4 we can
see for each nucleus the domains at low (200—
700 a.u.), middle (700-1,200 a.u.), and high
(1,200-1,700 a.u.) intensity obtained by the seg-
mentation. Each of these levels can be related
to differently condensed chromatin structures.

A different localization of these structures is
evident when the nuclei from the A-T patient
and the control are compared: In particular we
can see that in A-T nuclei the chromatin do-
mains at high intensity occupy a reduced per-
centage area of the entire nucleus in compari-
son to the control. They are also localized
preferentially at the center of the nucleus rather
than at the periphery as in the control. These
high intensity domains should correspond to
highly condensed chromatin regions [Mascetti
et al., submitted] that therefore are reduced in
the A-T nuclei in accordance with the previ-
ously discussed data. A different distribution of
the domains at low intensity is also evident
between the A-T and the control nuclei, with
the control showing a less fragmented organiza-
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Fig. 3. Average fluorescence histograms reporting the average frequency distribution of the nuclear fluorescence
intensity both for cells from the A-T patient (cell line AT44RM) and the healthy relative (cell line 243RM).

tion of this domain associated with less con-
densed chromatin. These differences of chroma-
tin organization are not related to different cell
cycle phases because the cells have been syn-
chronized at G1/S phase by incubation with
hydroxyurea before the experiments. It is inter-
esting to note that the interphase nucleus is an
inhomegeneous and compartmentalized struc-
ture with specific functions localized at specific
chromatin domains [for a review see van Driel
et al., 1995]. These domains probably are non-
randomly organized within the nucleus, but at
the moment we do not understand the relation-
ship between folding—nuclear localization—
transcriptional activity at the level of a chromo-
some domain.

Finally we calculated, starting from the histo-
grams of both samples, the three morphometric
parameters chosen to quantitatively describe
the nuclear chromatin (Table III). In compari-
son with the healthy family member the nuclei
of the A-T patient show a decrease of both
“Heterogeneity” (from 0.81 to 0.73) and “Conden-
sation” (from 0.68 to 0.62) parameters that sug-
gest a chromatin decondensation as a conse-
quence of the disease. At the same time A-T
nuclei show an increase of the “Clump” (from
0.83 to 0.85). This result means that nuclei of
the A-T patient exhibit an increase of the size of
chromatin domains with respect to the healthy
relative.

DISCUSSION

Recent studies showed that the normal copy
of the ATM gene encodes a protein similar to
the phosphatidylinositol 3-kinase (PI 3-kinase),
an enzyme involved in the transfer of signals,
the prevention of apoptosis, and the control of
the cell cycle. Despite these homologies, the
function of the ATM gene product remains un-
known.

Normal ATM protein probably plays a role in
arresting cell cycle advance following genome
damage stemming from events such as expo-
sure to ionizing radiation. Most of the muta-
tions analyzed for A-T patients should lead to a
premature truncation of the protein product
with a supposed damage to the protein func-
tion.

The A-T patient of our study shows a marked
deletion (201 bp) in ATM gene which is prob-
ably associated with a reduced activity of this
protein [Savitsky et al., 1995].

In spite of the progress made in the last few
years, the pleiotropic nature of the A-T pheno-
type does not appear to be completely explained
by mutations in the ATM gene. Our starting
hypothesis was that wider modifications of chro-
matin higher-order structure and distribution
could be associated with this syndrome. The
results of our approach corroborate this hypoth-
esis. In fact our data point to a decondensation
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Distribution of the chromatin domains exhibiting different ranges of fluorescence intensity: | (low: 200-700

a.u.), Il (middle: 700-1,200 a.u.), Ill (high: 1,200-1,700 a.u.) for the same two nuclei reported in Figure 2. The
domains have been obtained by the image segmentation using the values provided by the guassian decomposition of

the histograms.

TABLE III. Three Different Parameters
Related to the Chromatin Distribution
and Organization Inside the Nucleus
Measured for Nuclei Isolated From Cultured
Lymphoblasts of One A-T Patient (Cell
Line AT44RM) and His Healthy Relative

(Cell Line 243RM)*
Hetero- Conden-
Lymphoblasts  geneity Clump sation

Healthy control 0.81 + 0.07 0.83 = 0.02 0.68 = 0.06
A-T patient 0.73 = 0.08 0.85 = 0.04 0.62 = 0.05

*The morphometric parameters have been estimated on
nuclear images acquired at higher magnification (100X
objective).

of the nuclear chromatin as a consequence of
the ATM mutation in the case of the analyzed
patient. The chromatin decondensation is ob-
served both at the level of nucleosome (an un-
folding of core DNA towards linker DNA) and at
the level of highly folded chromatin (an unfold-

ing of the highly condensed fiber towards a
partially folded one).

In accordance with common opinion, this ob-
served decondensation should be associated
with a higher transcriptional and replicative
activity of cells with this ATM mutation (a
rather large deletion in this case) in compari-
son with the healthy family member.

It is interesting that differences of chromatin
condensation have already been reported be-
tween transformed and control cells and that
transformed cells have fewer heterochromatin
domains in comparison with untransformed
ones [Barboro et al., 1993]. In accordance with
these data, A-T patients usually exhibit an in-
creased predisposition to cancer (particularly
to leukemias and lymphomas).

A further examination of this topic will con-
cern the analysis of more than one A-T patient
in order to evaluate how the changes of chroma-
tin structure and distribution may be related
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with the seriousness of the disease and with the
kind of ATM defect (deletion vs. puntiform mu-
tation, width of deletion, etc.).
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