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Abstract — We examined the functions of the rat lymphocyte nuclear matrix after a single exposure to total body irradiation
with doses ranging from sublethal to lethal. Irradiation induced systemic oxidative stress, detected as increased activities
of serum SOD and catalase, lymphocyte DNA damage, detected by the Comet assay, and apoptosis. After irradiation with
lower doses, the recruitment of DNA repair centers on the matrix was observed by Western analysis as increased levels of
matrix-associated PARP-1, p53 and PCNA. Augmented partitioning of the pro-survival transcription factor NF-kB on the
matrix was also detected after irradiation. Exposure to a lethal dose caused breakdown of the matrix, observed as lamin B
cleavage, and of the matrix-associated DNA repair centers, detected as caspase-mediated PARP-1 proteolysis and loss of
protein associations with the matrix. These findings suggest that the nuclear matrix establishes functional interactions in
a defensive mechanism, integrated in a decision-making process that resolves cell fate.
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INTRODUCTION (high-LET) radiation according to the physical pa-
rameter used to describe the average energy released
The ionizing property of radiation possesses a high per unit length of their pathway or track. Low-LET

potential to damage living organisms. Types of ra- radiations produce ionizations sparingly along their
diation differ in their constituent ionizing particles track and therefore almost homogeneously within
(electrons, protons, neutrons, etc.) and their ener- a cell. Thus, high-LET radiations are more destruc-
gy. Radiation that causes dense ionization along its tive to biological material than low-LET radiations,
track is referred to as high-linear-energy-transfer whereas high-LET radiations, such as neutrons and
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a particles, transfer most of their energy to a small
region of the cell (Dendy and Brugmans, 2003; Fei-
nendegen, 2003; Feinendegen, 2005). Aside from the
direct and immediate damage that low-LET X-rays
cause to biological molecules, reactive oxygen spe-
cies (ROS) that are subsequently formed from water
and molecular oxygen lead to further damage. Thus,
fewer DNA strand breaks are observed immediately
after irradiation than after 30-60 min when the max-
imum number of breaks occurs (Holt et al., 2009).
High doses of radiation induce oxidative stress
with a pronounced decrease in antioxidant capacity
(Chevion and Berry, 1999) which leads to different
types of damage at the molecular and cellular lev-
els, (Farber 1994; Loft and Poulsen 1996; Klauning
et al. 1998), and when ROS levels exceed the cellular
antioxidant capacity, cells begin to die (Oberly and
Oberly 1986).

Various forms of damage can be generated on
DNA, including base damage, base loss, single- and
double-strand breaks or any combination thereof.
The cell repair systems manage to completely restore
the DNA sequence without alterations of ongoing
cellular processes in most simple lesions. However,
in the case of more complex lesions, DNA repair is
synchronized with cellular processes such as cell cy-
cle regulation and differentiation, and if the repair is
not successful, the process of cell death is induced
(Mori and Desaintes 2004) which eliminates mu-
tated cells, reducing genomic instability in tissues
(Feinedegen, 2005).

The nuclear matrix, a non-chromatin protein
framework of the nucleus, has been implicated in
many nuclear processes (Linnemann et al., 2009).
Nuclear matrix dynamism is generally manifested
by a variety of specific protein-protein (Dini¢, et
al., 2000; Ivanovié-Matié¢ et al., 2000; Grdovi¢ et al.,
2003; 2005; Vidakovic¢ et al., 2004) and protein-DNA
interactions (Poznanovi¢ et al., 1994; 1996; 1999; Bo-
gojevic et al,, 2003). Therefore, it was assumed that
some of these interactions could also be responsible
for regulating the DNA repair process (Fackelmay-
er, 2004; Vidakovi¢ et al,, 2005). One of the earliest
nuclear events that follows DNA repair after DNA

strand breakage caused by agents such as ionizing
irradiation, alkylating agents or carcinogens, is the
poly(ADP-ribosyl)ation of various proteins local-
ized near the strand breaks. Poly(ADP-ribose) pol-
ymerase-1 (PARP-1) catalyzes the poly (ADP-ribo-
syl)ation of various nuclear proteins by binding to
single- or double-stranded DNA ends. The targets
for post-translational modification by PARP-1 are
transcription factors that activate or suppress tran-
scription of genes specific to the cells’ response to the
damaging agent or irradiation (Veuger et al., 2009).
These proteins establish and maintain cellular func-
tions necessary for damage recovery but can also
direct the cell along the death pathway. An ionizing
radiation signal initiates two chains of events. One
is connected to the DNA repair system in which
PARP-1 is recruited and activated by the presence
of strand breaks, followed by the recruitment DNA
repair “helper” proteins. Another chain of events en-
gages proteins that are involved in cell signaling and
is connected with cell cycle control and cell death,
with the two post-irradiation events being closely in-
terconnected (Vidakovic¢ et al., 2005).

Ionizing radiation induces significant mor-
phological changes in lymphocytes that are rapidly
cleared from the circulation. These are accompanied
by single-strand and to a lesser extent double-strand
breaks in the DNA. Circulating lymphocytes are
highly radiosensitive and are sometimes referred to
as biological dosimeters. Thus, they represent a use-
ful model for examining some of the immediate ef-
fects of radiation exposure on living cells (Borehamd
etal. 1996). We investigated whether the nuclear ma-
trix provides a dynamic macromolecular platform
that participates in the cell's defensive response by
localizing the major DNA repair proteins, PARP-1,
tumor suppressor protein p53 and proliferating cell
nuclear antigen (PCNA), as well as the redox-sensi-
tive, pro-survival transcription factor NF-kB during
the early, rapid response to irradiation in the lym-
phocyte. In view of the significant energy expendi-
ture by DNA repair, this defensive mechanism is in-
tegrated in a decision-making process that ultimately
determines cell fate. Thus, the aim of this work was to
assess whether the nuclear matrix provides the struc-
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tural and functional backdrop for the cell’s last line
of defense.

MATERIALS AND METHODS
Animals and irradiation treatment

All animal procedures were in compliance with the
EEC Directive (86/609/EEC) on the protection of an-
imals used for experimental and other scientific pur-
poses, and were approved by the Ethical Committee
for the Use of Laboratory Animals of the Institute for
Biological Research Sini$a Stankovi¢, University of
Belgrade registered in the Serbian Laboratory Ani-
mal Science Association (SLASA) which is a member
of the Federation of European Laboratory Animal
Science Association (FELASA). Ten week old Wis-
tar adult male rats weighing 220 g were maintained
at 22°+1°C, 50%+5% humidity at 12 h light/dark in-
tervals, and were provided with rat chow and drink-
ing water ad libitum. The animals were randomized,
placed in ventilated Plexiglas’ container divided into
10 chambers. The container was covered with a 1
cm-thick Plexiglas” sheet. The animals were exposed
to radiation at 100 cm distance from the source. In-
dividual rats were irradiated either with a single sub-
lethal (2.7 Gy; LD20), a mean lethal (5.4 Gy; LD50)
or an absolutely lethal dose (10.8 Gy; LD100) of low-
LET X-ray irradiation at a rate of 3.4 Gy/min, using a
Philips linear accelerator SL 75-80, 8 MeV. One hour
after irradiation the animals were killed, the periph-
eral blood was taken, treated with heparin and mixed
with 1 x sterile phosphate-buftered saline (PBS; 4.3
mM Na,HPO, 2.7 mM KCl, 1.8 mM KH,PO,, 137
mM NaCl, pH 7.4).

Isolation of lymphocytes

Peripheral blood mononuclear cells,lymphocytes and
monocytes were isolated according to the protocol
at:  http://www.biolabprotocols.com/view/310/Hu-
man-Peripheral-Blood-Mononuclear-Cell-Prepara-
tion.html. Platelets, red blood cells and neutrophils
are largely depleted from the final cell sample. Pe-
ripheral blood treated with anticoagulant was mixed
at a ratio of 1.5:1 with sterile PBS (pH 7.4), followed

by the addition of 1.5 ml of 0.6% dextran T 500
(Pharmacia) in PBS. Blood samples were mixed by
inverting the tube four to five times. The mixture was
kept undisturbed at room temperature for 20 min to
allow the erythrocytes to sediment. The supernatant
was transferred to a fresh tube and an equal volume
of PBS containing 5 mM EDTA was added. The sam-
ples were centrifuged at 1 000 x g for 10 min at room
temperature and the leukocytes were pelleted while
the platelets were retained in the supernatant. The
cell pellet was resuspended in PBS and gently layered
onto Ficoll-Hypaque 1077 (SIGMA-ALDRICH). The
suspension was centrifuged at 800 x g for 20 min at
12°C (with the brake turned off). The supernatant
was removed and the lymphocytes that appeared as
a cloudy ring at the PBS/Ficoll interface were collect-
ed. The harvested lymphocytes were washed twice in
PBS and centrifuged at 800 x g for 10 min. The lym-
phocyte pellet was kept at -80°C in appropriate buft-
er supplemented with dimethyl sulfoxide (DMSO).

Isolation of lymphocyte nuclei and nuclear matrix
proteins

Lymphocyte nuclei and nuclear matrices were pre-
pared according to the modified procedure of Bel-
grader et al. (1991). The cells were washed two times
with ice-cold PBS. The cell pellet was warmed to
room temperature for 45 s, resuspended in TM-2
bufter (10 mM Tris-HCl, pH 7.4, 2 mM MgCl, 0.5
mM phenylmethylsulfonyl fluoride (PMSF) at 10°C
to a density of 107 cells/ml, and incubated at room
temperature for 1 min and then on ice for 5 min. Tri-
ton X-100 was added to 0.5% (v/v), and the cells were
incubated on ice for 5 min. The cells were sheared
by three passes through a 22 gauge needle. Nuclei
were separated from the cytoplasm by centrifugation
at 800 x g for 6 min at 4°C, washed twice in TM-2
buffer and temperature-stabilized at 42°C for 20 min
in the same buffer. The nuclei were incubated 1 h on
ice in TM-2 buffer supplemented with 2 mM sodium
tetrathionate. MgCl, was added to the nuclei in TM-2
buffer to 5 mM final concentration. The nuclei were
digested with 100 mg/ml DNase I in TM-0.2 (10
mM Tris-HCI, pH 7.4, 0.2 mM MgCl, 1 mM PMSE)
for 1 h on ice. The bulk of the DNA and chromatin
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proteins were extracted with 0.25 M (NH,),SO, in
TM-0.2 bufter by incubation on ice for 15 min and
centrifugation at 5 000 x g for 15 min. The obtained
nuclear matrices were stored resuspended in 0.25 M
sucrose, 10 mM NaCl, 3 mM MgCl,, 10 mM Tris-
HCI, pH 7.4, 0.5 mM PMSE and an equal volume of
sterile glycerol at -20°C.

Comet assay

The comet assay was performed as described by Sin-
gh et al. (1994). A suspension of isolated lympho-
cytes and 0.5% low-melting agarose was overlayed
onto precoated slides. The slides were immersed
in cold lysis buffer at pH 10 (2.5 M NaCl, 100 mM
EDTA, 10 mM Tris) and incubated at 4°C for 2 h.
Following lysis, the slides were placed in alkaline
electrophoresis buffer at pH 13 (300 mM NaOH, 1
mM EDTA) for 30 min to allow denaturation of the
DNA. The slides were transferred to an electrophore-
sis tank with fresh alkaline electrophoresis buffer and
separated at 1.33 V/cm, 0.01 kV-139 mA for 20-30
min (4°C). After neutralization in 0.4 M Tris-HCI,
pH 7.4, for 15 min, the slides were stained with 100
ul SYBR™ Green (SIGMA-ALDRICH) and examined
under a fluorescent microscope (Leica DM LB, filter
fluorescent emission at 520 nm). All the steps were
conducted under yellow light or in the dark to pre-
vent nonspecific DNA damage. At least one hundred
cells per sample were analyzed and DNA damage
was quantified. The comet assay essentially reflects
the displacement of fluorescence from the head to
the tail in damaged cells. The tail moment, incor-
porates the size of the smallest detectable migrating
DNA, observed as the length of the comet, and the
number of relaxed/broken DNA fragments observed
as the intensity of total DNA in the tail. The tail mo-
ment was expressed as the percentage of the DNA in
the tail, multiplied by the length between the center
of the head and tail (Olive et al., 1990a).

DNA isolation and agarose gel electrophoresis
Lymphocytes were diluted in Modified Bradley Buff-

er (5 mM EDTA, 10 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 0.5 % SDS). Proteinase K was added to a final

concentration of 100 pg/ml, the tubes were mixed
and incubated overnight at 50°C. Total DNA was
extracted with phenol-chloroform-isoamyl alcohol.
DNA electrophoresis was performed in 1.5% agarose
gels in 0.5 x Tris-borate/EDTA bulfter.

Activity gel assays for superoxide dismutase and
catalase

Blood was collected in tubes containing 1 000 IU
heparin, and the plasma was separated by centrifu-
gation at 3 000 x g for 10 min. The plasma was im-
mediately immersed in liquid nitrogen and stored at
-80°C. A total of 200 pg proteins/lane were separat-
ed in a native polyacrylamide gel (Laemmli, 1970);
12% and 8% gels were used for the SOD and catalase
activity assays, respectively. SOD activity was deter-
mined according to Oberly and Spitz (1984). Cata-
lase activity was determined according to Sun et al.
(1988). The bands were quantified with a computer-
ized imaging system using TotalLab (Phoretix) elec-
trophoresis software (v 1.10).

PARP-1 activity assay

The PARP-1 activity assay is a universal colorimetric
assay for screening and quantifying PARP-1 activity
in cells (4677-096-KHT Universal Color PARP Assay
Kit, Trevigen) was performed on isolated lympho-
cyte whole cell extracts according to the manufac-
turer’s instructions.

SDS-PAGE and Western immunoblot analysis

Protein concentrations were determined accord-
ing to Lowry et al. (1951). For sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE)
20 pg of proteins were loaded onto 4% stacking/12%
separating slab gels as described by Laemmli (1970).
Nucleoproteins separated by SDS-PAGE were trans-
ferred to PVDF membranes (Hybond-P, Amersham
Pharmacia Biotech and Western immunoblot analy-
sis was performed by Towbin et al. (1979). Immunob-
lot analysis was performed using rabbit polyclonal
antibodies for caspase-3 (H-277), PARP-1 (H-250),
NF-xB (p65; C-20), p53 (FL-393), PCNA (FL-261),
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SOD2 (MnSOD) (FL-222), B-actin (C-11)-R, and
goat polyclonal antibodies for SOD1 (CuZnSOD)
(C-17), A/C lamins (N-18) and lamin B (M-20) (all
from Santa Cruz Biotechnology). The blots were
probed with horseradish peroxidase-conjugated goat
anti-rabbit IgG, bovine anti-goat IgG (all from Santa
Cruz Biotechnology). Staining was performed by the
chemiluminescent technique according to the man-
ufacturer’s instructions (Santa Cruz Biotechnology).

Isolation of lymphocyte whole cell lysate

Lymphocytes were incubated on ice in lysis buffer (50
mM Tris-HCI, pH 7.4, 150 mM NacCl, 0.5% Triton
X-100, protease inhibitor cocktail (0.2 mM PMSE
50 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml
pepstatin) with occasional mixing for 30 min. Sam-
ples were centrifuged at 10 000 x g, 4°C for 15 min,
and the supernatants containing the soluble fraction
were transferred to clean tubes.

Immunoprecipitation

For the immunoprecipitation experiments, equal
amounts of the cell lysate (200 mg of proteins) were
incubated overnight at 4°C with 1 mg polyclonal
anti-PARP-1 antibody (H-250, Santa Cruz Biotech-
nology). As a negative control, immunoprecipitation
was performed with 50 ml anti-rabbit IgG (Santa
Cruz Biotechnology). Samples were incubated for 1 h
at room temperature under agitation, centrifuged at
10 000 x g. A/G-Agarose coupled beads with bound
immunoprecipitated proteins were washed five times
with lysis buffer and finally analyzed by SDS-PAGE
in 12% gels. Immunoblot analysis was performed
with anti-PARP-1 and anti-NF-kB antibodies.

RESULTS AND DISCUSSION
Post irradiation sequels in lymphocytes

Total body irradiation of experimental rats with
low-LET ionizing radiation induced oxidative stress
which was observed herein as increased activities
of the major lymphocyte antioxidant enzymes total
SOD (Fig. 1A), MnSOD (Fig. 1B), and catalase (Fig.

1A) 1 h after irradiation in blood plasma. Irradiation
with sublethal (2.7 Gy, LDy), mean lethal (5.4 Gy,
LD50) and lethal (10.8 Gy) doses caused 1.6+0.1-,
1.3£0.08- and 1.1+0.06-fold increases in total SOD
and 2.1+0.16-, 1.5£0.12- and 1.1+0.12-fold increases
in CAT activities, respectively, compared to the re-
spective control levels. Exposures to the mean lethal
and in particular to the lethal dose was followed by
smaller increases in both SOD and catalase activities.
This was most likely because the high levels of ROS
overwhelmed the cell’s antioxidative capacity, pro-
ducing extensive damage of different cellular compo-
nents and major disruptions in cellular functioning,
including antioxidant enzyme induction. In addition
to the increase in antioxidant enzyme activities in the
plasma after irradiation, exposure to sublethal, mean
lethal and lethal doses induced a significant rise in
MnSOD protein levels in lymphocytes in response
to oxidative stress, as observed by Western analysis
(1.76£0.15- and 1.8+0.15-fold, respectively; Fig. 1B).

To obtain an estimate of the extent of nuclear
DNA damage, lymphocytes were isolated from pe-
ripheral blood 1 h after irradiation and subjected to
the Comet assay (Fig. 2). The comets from control
and irradiated lymphocytes were visually scored
(Fig. 1A) and classified into categories (I-IV) de-
scribing increasing degrees of DNA damage (Fig.
1B). In untreated rats, 92% of the lymphocytes had
undamaged DNA, observed as fluorescent spheres
(category 0). After irradiation with sublethal and
mean lethal doses, the DNA contained in about 70%
of the lymphocytes exhibited different degrees of
damage, observed as comets distributed in all four
categories. After exposure to the lethal dose, 95%
of the lymphocytes contained damaged DNA. Ex-
pressing DNA damage as values for the tail moment,
considered to be a parameter that provides the most
stable estimate for DNA damage (Lee et al., 2004),
revealed that exposure to increasing doses of radia-
tion produced comets with significantly higher tail
moments (Fig. 2C). In control samples, the great
majority of cells (90-95%) were without DNA tails,
reflecting the absence of DNA breaks. The slightly
lower value for the tail moment for comets obtained
after exposure to the lethal dose as compared to
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Fig. 1. Activities of plasma antioxidant enzymes after irradiation. A - total SOD (=) and catalase (A) enzyme activities were measured
in gels after non-denaturing PAGE, and are expressed as percent differences in densitometric units for each band. The results are
representative of three independent experiments, expressed as means+SD, p<0,05. B — Western analysis of lymphocyte lysates 1 h after
irradiation. The samples were probed with MnSOD (SOD2), CuZnSOD (SOD1) and b-actin antibody: lane 1 - control lymphocyte
cell lysate; lanes 2, 3, 4 - lymphocyte cell lysates after whole body irradiation with 2.7, 5.4 and 10.8 Gy, and analysed by densitometry
of individual bands and compared to the control. The results were obtained from 8 experimental rats and are expressed as means+SD

(*p<0.05 significantly different from nonirradiated animals).

sublethal and mean lethal doses was probably due
to DNA fragmentation to nucleosomal oligomer
fragments as a result of accumulating double-strand
incisions. The generated, relatively small pieces of
DNA most likely readily disappeared during the
comet assay, leaving behind empty “ghost”-cells with
a smaller percentage of remaining DNA fluorescence
(Collins, 2004). This assumption is supported by the
following findings. The alkaline comet assay main-
ly detects single-strand breaks in DNA, but cannot
distinguish between dead cells and cells with exten-
sively damaged DNA but still capable of recovery
(Henderson et al., 1998). Agarose gel electrophoresis
of total nuclear DNA (Fig. 2) revealed the absence
of oligonuclesomal DNA fragments in control sam-
ples (lane 1) and in rats irradiated with the sublethal
dose (lane 2). Together with the results of the Comet
assay, the latter finding indicates that DNA degrada-
tion after exposure to the sublethal dose was a result
of single-stranded DNA breaks. The presence of ol-
igonucleosomal fragments in mean lethal and lethal

samples (lanes 3 and 4, respectively) points to the
generation of a large number of double-strand DNA
breaks after irradiation with higher doses.

The degree of activation of DNA damage repair
after irradiation was assessed by examining the en-
zymatic activity of PARP-1, which assumes a central
role in repair of ssDNA breaks. In response to DNA
damage, PARP-1 is recruited to strand breaks that
stimulate its catalytic activity and involvement in
DNA repair. Total PARP-1 activity was examined in
the lymphocyte lysate 1 h after irradiation (Fig. 3A).
Exposure to 2.7 Gy elicited a 1.7+0.1-fold increase in
PARP-1 activity (column 2) relative to its basal level
of activity (column 1). Exposure to 5.4 and 10.8 Gy
elicited lower (1.5+0.09- and 1.50+08-fold; columns
3 and 4, respectively) increases in activity. In extreme
states of oxidative stress and ensuing DNA damage,
PARP-1 overactivity causes cellular energy dysfunc-
tion that can culminate in a necrotic type of cell
death (Virag et al. 1998). To preserve energy which
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Fig. 2. Comet assay of lymphocytes after total body irradiation. A — Alkaline Comet assay images stained with Syber Green of control
(a) and lymphocytes prepared 1 h after irradiation with 2.7 Gy (b), 5.4 Gy (¢) and 10.8 Gy (d). B - distribution of comet categories after
visual scoring. In class 0 comets observed in control lymphocytes, almost no DNA containing comet tail is visible; in class 4 comets
most of the DNA is in the tail and the head is very small and hardly visible. C - quantification of lymphocyte DNA damage. The amount
of DNA damage is presented as the tail moment (+S.E.M.), n=100, of control lymphocytes (lane 1) and lymphocytes isolated from rats
irradiated with 2.7 Gy (lane 2), 5.4 Gy (lane 3) and 10.8 Gy (lane 4). Quantitative computer analysis of the fluorescence intensity of the
migrated DNA was performed using TreTekCometScore™ Freeware (ver. 1.5). Approximately one hundred analyzed cells are depicted
by each histogram. D - agarose gel electrophoresis of total lymphocyte DNA. Five ug of lymphocyte DNA isolated from control (lane
1) and rats irradiated with 2.7 Gy (lane 2), 5.4 Gy (lane 3) and 10.8 Gy (lane 4) 1 h after exposure was separated by 1.5% agarose gel

electrophoresis. M - standard base pairs.

is required for the energy-sensitive steps during ap-
optosis, cells have developed a mechanism where-
by PARP-1 activity and energy consumption are
stopped by PARP-1 cleavage by cell death proteases.
The generated specific PARP-1 cleavage fragments
are recognized as markers for patterns of protease
activity in unique cell death programs (Chaitanya et
al., 2010). The cleavage of PARP-1 by several caspas-
es, including caspase 3 which is activated in the in-
trinsic apoptotic pathway, results in the formation of
an 89 kDa catalytic fragment that is released from
the nucleus into the cytosol. The observed decline
in PARP-1 catalytic activity (Fig. 3A) was the result
of increasing PARP-1 cleavage detected after irradi-
ation exposure. Quantification (Fig. 3C) of the lysate
immunoblot profiles (Fig. 3B) showed decreasing
amounts of full-length 113 kDa PARP-1 and increas-

ing amounts of the 89 kDa PARP-1 apoptotic frag-
ment with increasing irradiation dosage. Proteolytic
processing by caspase 9 activates caspase 3 from its
inactive procaspase form, resulting in downstream
events involved in cell death, including this PARP-
1 cleavage. Western analysis also revealed multi-fold
increases in the amounts of 20 kDa active caspase 3
in lymphocyte lysates after exposure to increasing
doses of irradiation (Fig. 3C). Together with the in-
creasing presence of the PARP-1 apoptotic fragment,
this result showed that exposure to higher doses of
irradiation was followed by an increase in lympho-
cyte cell death by apoptosis. These findings also re-
veal that irradiation with the lethal dose generated
DNA lesions above the capacity of the lymphocyte’s
DNA repair system, promoting extensive apoptotic
cell death.
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Fig. 3. PARP-1 and caspase-3 activities after exposure to total
body ionizing irradiation. A — PARP-1 activity was measured
with the Universal Colorimetric PARP-1 Assay Kit in lympho-
cyte lysates prepared from non-irradiated and rats 1 h after ir-
radiation with 2.7 Gy, 5.4 Gy and 10.8 Gy. PARP-1 activity is
expressed in units of activity per mg of proteins. B — Western
analysis of lymphocyte lysates prepared from non-irradiated rats
(lane 1) and 1 h after rats were irradiated with 2.7 Gy (lane 2), 5.4
Gy (lane 3) and 10.8 Gy (lane 4). The samples were probed with
anti-caspase 3 and anti-PARP-1 antibodies. The anti-PARP-1
antibody bound to 116 kDa full length PARP-1 and its 89 kDa
apoptotic fragment, as indicated. C — densitometric analysis of
proteins after Western blotting (B). The numbers underneath
three groups of columns denote the same treatments as de-
scribed above. Results were obtained from three independent
experiments and are expressed as means+SD, p<0,05.

Nuclear matrix-associated DNA repair centers

The major fraction of PARP-1, which plays a crit-
ical role in maintaining genome integrity through its
involvement with DNA repair, resides on the nuclear
matrix (Vidakovi¢ et al. 2004). To examine wheth-
er this sub-nuclear structure functions as a dynamic
recruiting platform for components of DNA repair
centers, the nuclear matrix was prepared from lym-
phocytes 1 h after whole-body exposure to increas-
ing doses of radiation, and dynamic interactions of
the nuclear matrix with two major protein partic-
ipants in cell cycle arrest and DNA damage repair,
p53 and PCNA, were investigated by Western anal-
ysis. Verification of the lymphocyte nuclear matrix
was performed by immunoblot analysis with anti-
bodies raised against the lamins, the major structural
proteins of the nuclear matrix of most cells. The A/C
lamins which characterize the liver cell (Fig. 4A, lane
1) and nuclear matrix structures from other tissues
were absent in the lymphocyte nuclear matrices (Fig.
4A, lanes 2-4) where the major component is lamin
B (Fig. 4A, lane 1), as was shown initially by Guilly
et al. (1987). A radiation dose-dependent increase in
the lamin B 45 kDa cleavage product produced by
activated caspase 6 during the initial phase of apop-
tosis (Chang and Yang 2000; Ruchaud et al. 2002),
was detected in the nuclear matrices (lanes 2-4).

Western analysis with anti-PARP-1 antibody
(Fig. 4B) showed that total-body irradiation was ac-
companied by a radiation dose-dependent increase
in partitioning of full-length PARP-1 with the nu-
clear matrix (1.6+0.14- and 2+0.14-fold relative to
the control, after exposure to 2.7 and 5.4 Gy, respec-
tively), as well as by a relative decline (1.7+0.14-fold)
in PARP-1 association with the nuclear matrix after
exposure to the lethal dose. These changes in PARP-
1 association with the nuclear matrix were accom-
panied by a comparatively more gradual increase in
association of the PARP-1 89 kDa apoptotic frag-
ment with the nuclear matrix (Fig. 4B). The lower
levels of the apoptotic PARP-1 fragments relative to
full-length PARP-1 in the lymphocyte nuclear ma-
trix as compared to the levels observed in the total
lymphocyte lysate (Fig. 3B) suggest that proteolysis
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Fig. 4. Western analysis of lymphocyte nuclear matrix proteins after irradiation. A ~hepatocyte (hep) and lymphocyte nuclear matrix
proteins (lanes 1-4) probed with anti-lamin A/C and anti-lamin B (LB) antibodies. Control lymphocyte nuclear matrix (lane 1) and
nuclear matrices isolated 1 h after total body irradiation with 2.7 Gy (lane 2), 5.4 Gy (lane 3) and 10.8 Gy (lane 4). The A/C lamins were
not detected in lymphocyte nuclear matrices. The apoptotic lamin B fragment (apt LB) was observed in lanes 2-4). B — lymphocyte
nuclear matrix proteins probed with anti-PARP-1 antibody (apt. PARP-1 - apoptotic PARP-1 fragment). The numbers denote the same
treatments as above. C - lymphocyte nuclear matrix proteins probed with anti-p53 antibody. The numbers denote the same treatments
as above. D - lymphocyte nuclear matrix proteins probed with anti-PCNA antibody. The numbers denote the same treatments as in Fig.

4A. B actin served as an internal standard.

of PARP-1 released it from the nuclear matrix in a
more soluble form; this result is in agreement with
Alvarez-Gonzalez et al. (1999) who showed that ap-
optosis promotes translocation of the 89 kDa PARP-
1 fragment from nucleoli to the nucleoplasm.

PARP-1-interacting proteins may also be recruit-
ed to sites of DNA strand breaks to participate in
the repair process. Vaziri et al. (1997) showed that
PARP-1 activity and p53 accumulation are induced
by DNA damage. Both proteins have subsequently
been implicated as sensors of DNA damage (Wieler

et al. 2003). Western-blot analysis with anti-p53 an-
tibody (Fig 4C) revealed that exposure to increasing
doses of ionizing radiation was accompanied by in-
creased association of p53 with the nuclear matrix;
the amounts of nuclear matrix-associated p53 after
exposure to 2.7, 5.4 and 10.8 Gy increased 1.6+0.5-,
3.0+0.5- and 2.87+0.5-fold, respectively compared to
the control value. The employed antibody also rec-
ognized two splicing variant-products of the TP53
gene, proteins p63 and p73. Significantly increased
association of p63 with the nuclear matrix was ob-
served after sublethal irradiation, and especially after
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Fig. 5. NF-«B as a potential PARP-1 binding partner. A — Western analysis of lymphocyte nuclear matrix proteins with anti-NF-kB
antibody. Nuclear matrices were isolated from non-irradiated lymphocytes (lane 1) and from lymphocytes prepared 1 h after irradiation
with 2.7 Gy (lane 2), 5.4 Gy (lane 3) and 10.8 Gy (lane 4). B - immunoprecipitation assay performed with the lymphocyte cell lysate us-
ing anti-PARP-1 antibody. The immunoprecipitated samples from non-irradiated rats (lane 1) and samples from rats obtained 1 h after
2.7 Gy (lane 2), 5.4 Gy (lane 3) and 10.8 Gy (lane 4) were probed with anti-NF-kB antibody. C - quantification of the relative contents of
NF-kB in the immunoprecipitated samples (IPNF-kB). The numbers denote the same treatments as above. Results were obtained from
three independent experiments and are expressed as means+SD, p<0.05.

exposure to 5.4 and 10.8 Gy (4.4+0.9- and 4.1+0.9
fold, respectively). Protein p73 association with
the nuclear matrix also increased but was compar-
atively less pronounced, with the highest increase
of 1.6+0.2-fold detected after exposure to 10.8 Gy
(Fig. 4C). Protein p63 is induced by DNA damage
(De Laurenzi and Melino, 2000), whereas p53 and
p73 exhibiting distinct mechanisms of induction (De
Laurenzi et al., 2000).

Protein 73 is involved in the activation of p53-reg-
ulated genes involved in cell cycle arrest, growth
suppression and apoptotic induction (Kaghad et al.
1997; Levrero et al. 2000), and the interplay between
p73 and transcription factor NF-kB regulates the
fate of lymphocytes (Cianfrocca et al. 2008). Protein
p53 transcriptionally activates a number of genes in
response to DNA damage, including PCNA, which
functions as a sliding DNA clamp that localizes DNA
polymerase 8 to damaged DNA sites (Essers et al.
2005). Western analysis of the lymphocyte nuclear
matrix with anti-PCNA antibody (Fig. 4D) revealed
a 4.3£0.9 fold increase of lymphocyte nuclear ma-
trix-associated PCNA (34 kDa) in rats after sublethal
irradiation. After exposure to mean lethal and lethal
irradiation, the association of PCNA with the nucle-
ar matrix was similar (1.6+0.8- and 1.85+0.8-fold

after 5.4 and 10.8 Gy, respectively). Previously we
described a correlation between the nuclear matrix
content of PCNA and cell proliferation, observed as a
developmental-stage-specific decrease of PCNA as-
sociation with the nuclear matrix in rat hepatocytes
(Ivanovi¢-Mati¢ et al. 2000). Exposure to 2.7 Gy that
elicited a peak in the cell’s response to DNA dam-
age coincided with maximal PCNA accumulation on
the nuclear matrix. This result is in agreement with
Karmakar et al. (2001) who concluded that X-ray-in-
duced lesions in the DNA are largely repaired via the
base excision repair (BER) pathway, with PCNA as
one of the key components. During DNA damage re-
pair, PARP-1 exchanges its binding partner lamin B
for PCNA (Frouin et al. 2003; Vidakovié et al., 2005).
It is very likely that the decrease in PARP-1 activity
detected after irradiation with a lethal dose (Fig. 3A)
was initiated by its association with PCNA and final-
ized by the proteolytic degradation of PARP-1.

Integration of the decision-making process that
determines cell fate on the nuclear matrix

High levels of free radicals that put cell survival
at risk, act as messengers that directly or indirectly
mediate the upregulation of the protein complex as-
sociated with NF-kB, which assumes a central role in
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activating the cell’s responses aimed at counteracting
stress stimuli (Perkins, 2007). We next examined the
association of transcription factor NF-kB with the
lymphocyte nuclear matrix. Western analysis (Fig.
5A) revealed 1.6+0.09-, 1.7+0.09- and 2.0+0.09-fold
increased associations of NF-kB p65 with the nuclear
matrix after exposure to 2.7, 5.4 and 10.8 Gy ionizing
radiation, respectively, compared to the control state.
This result is consistent with the role of the nuclear
matrix as a macromolecular platform that directs the
activities of regulatory proteins through dynamic in-
teractions (Ivanovi¢-Mati¢ et al., 2000; Bogojevi¢ et
al,, 2003). NF-«B regulates many physiological pro-
cesses, including immune responses, inflammation,
the cell’s response to oxidative stress and cell death
(Perkins, 2007). NF-kB inhibits apoptosis (Russo et
al. 2001) by regulating the transcriptional activa-
tion of anti-apoptotic genes (Cianfrocca et al 2008),
and PARP-1 has a critical role in NF-kB-dependent
gene activation (Hassa and Hotinger, 1999). The fine
balance between the cell's endogenous, opposing,
destructive and prosurvival processes, attempts to
maintain homeostasis and limit unnecessary damage
after exposure to injurious stimuli. To obtain insight
into the molecular relationship between NF-kB and
PARP-1, we examined whether NF-kB and PARP-1
establish physicochemical connections in order to
perform their functions in the course of lympho-
cytes' defense to the severely injurious signals in-
duced by irradiation by immunoprecipitation ex-
periments. Direct protein-protein interactions were
observed between NF-xB (p65) and PARP-1 (Fig.
5B). Rats irradiated with 2.7, 5.4 and 10.8 Gy, exhib-
ited 1.5+0.15-, 2.39+2.4- and 2.23+0.24-fold (Fig. 5B
lanes 2, 3 and 4, respectively) increased protein-pro-
tein interaction of NF-kB with PARP-1, as compared
to the control sample (Fig 5B). This findings is in
agreement with Hassa et al. (2001) who described
the direct interaction of PARP-1 and both subunits
of NF-xB (p65 and p50), and the synergistic activa-
tion of NF-kB-dependent transcription by PARP-1.

CONCLUSION

The presented data reveal the involvement of the nu-
clear matrix in DNA repair and apoptosis through

dynamic protein-protein interactions that coordi-
nate the actions of the matrix-associated protein
components: PARP-1, p53, PCNA and NF-kB. The
ability of these molecules to establish function-
al interactions directly influences DNA repair and
its outcome in apoptosis. Exposure to lower suble-
thal and mean lethal doses of irradiation promoted
PARP-1 activation and recruited p53 and PCNA on
the nuclear matrix. The lethal dose of irradiation
caused extensive DNA damage and breakdown of
the nuclear matrix-associated DNA repair centers,
observed as caspase-mediated PARP-1 proteolysis
and its decreased presence on the nuclear matrix and
lamin B cleavage as the execution phase of the cell
death program was initiated. Our results show that
the crosstalk between the influx of injurious stimuli
and the cell’s defensive mechanisms is integrated in
a process that resolves cell fate and is confined to the
lymphocyte nuclear matrix.
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