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The main aim of this study was to compare the reaction of quiescent and proliferating, i.e. phy-
tohemagglutinin (PHA)-stimulated, human peripheral blood mononuclear cells (PBMCs) to γ-ra-
diation, and analyse changes of proteins related to repair of DNA damage and apoptosis, such 
as γH2A.X, p53, p53 phosphorylation at serines-15 and -392, and p21 and their dose dependence. 
Freshly isolated PBMCs in peripheral blood are predominantly quiescent, in G0 phase, and with 
very low amounts of proteins p53 and p21. Using confocal microscopy we detected dose depend-
ent (0.5–5 Gy) induction of foci containing γH2A.X (1 h after γ-ray exposure), which are formed 
around radiation-induced double strand breaks of DNA. Apoptosis was detected from 24 h after 
irradiation by the dose of 4 Gy onwards by Annexin V binding and lamin B cleavage. Seventy 
two hours after irradiation 70% of CD3+ lymphocytes were A+. Neither increase in p53 nor its 
phosphorylation on serine-392 after irradiation was detected in these cells. However, massive in-
crease in p21 (cyclin-dependent kinase inhibitor 1A) was detected after irradiation, which can be 
responsible for late occurrence of apoptosis in these quiescent cells. PHA-stimulation itself (72 h) 
caused an increase in early apoptosis (A+PI–) in comparison to non-stimulated PBMCs (38% A+ 
resp. 13.4%). After PHA-stimulation also the amount of γH2A.X, p53, and p21 increased, but no 
phosphorylation of p53 on serine-392 or -15 was detected. Reaction to γ-radiation was different 
in PHA-stimulated lymphocytes: the p53 pathway was activated and p53 was phosphorylated on 
serines-15 and -392 4 h after irradiation by the dose of 4 Gy. Phosphorylation of p53 at serine-15 
increased in a dose-dependent manner in the studied dose range 0.2–7.5 Gy. Also the amount 
of p21 increased after irradiation. Seventy two hours after irradiation of PHA-stimulated CD3+ T 

lymphocytes by the dose of 4 Gy 65% of cells were A+.
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INtRoDUCtIoN

In vitro and in vivo irradiation of peripheral 
blood mononuclear cells (PBMC) by γ-irradiation in-
duces programmed cell death — apoptosis (Hertveld 
et al., 1997; Philippé et al., 1997; Cornelissen et al., 
2002; Vokurková et al., 2006). This process is time 
and dose-dependent. It was demonstrated that in 

PBMC isolated from blood of healthy donors and ir-
radiated by the dose of 7 Gy apoptosis is not detect-
able within the first 6 h, but 16 h after irradiation 
50% of the cells are Annexin V positive (A+), and 48 
h after irradiation almost all cells are A+ (Vokurková 
et al., 2006).

The molecular mechanisms of ionizing radia-
tion (IR)-induced apoptosis in cells of lymphocytic 
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origin were studied in some detail on MOLT-4 cells 
(T-lymphocytic leukemia) (Szkanderová et al., 2003; 
2005; Vávrová et al., 2004). Immediately after DNA 
DSB damage, histone H2A.X is phosphorylated at 
serine-139 — γH2A.X (Rogakou et al., 1998; Řezáčová 
et al., 2008). Bekker-Jensen et al. (2006) described the 
reaction of U-2-OS cells to IR-induced double strand 
breaks (DSB) of DNA, during which accumulation 
of many proteins (53BP1, γH2A.X, phosphorylated 
ATM kinase, Nbs1) in IR-induced foci (IRIF) was 
detected. These proteins assemble around DSBs and 
form optically discernible foci. 

One of the initial processes in the response of 
eukaryotic cells to IR is the activation of ATM kinase 
(Bakkenist & Kastan, 2003) by auto-phosphorylation 
at serine-1981 within minutes after irradiation, which 
was also detected in MOLT-4 cells (Tichý et al., 
2007). The product of the ATM gene plays a pivotal 
role in sensing DNA damage and consequentially in 
modulating cell cycle check points. Activated ATM 
kinase phosphorylates a broad range of substrates 
related to radiation damage repair and/or apoptosis. 
One of its substrates is protein p53, which is post-
tranlationally modified in response to IR, including 
phosphorylation at serine-15 and -392, within hours 
after irradiation (Szkanderová et al., 2005). These 
modifications prevent Mdm2-mediated degradation 
of p53 and are probably the main reason for the in-
crease in the total amount of p53. Protein p53 acts as 
a transcriptional factor, which after interaction with 
DNA activates transcription of other genes, which 
regulate the cell cycle and apoptosis, including p21, 
a cyclin-dependent kinase inhibitor (Lakin & Jack-
son, 1999). In MOLT-4 cells p21 levels increased 4 h 
after irradiation by the dose of 7.5 Gy (Szkanderová 
et al., 2003). It is generally accepted that p53 is a key 
molecule responsible for cell cycle arrest in the G1 
phase as a response to DNA damage. Human mono-
nuclear cells in peripheral blood are predominantly 
quiescent, in the G0 phase of the cell cycle. Fukao et 
al. (1999) demonstrated that ATM protein is present 
at low levels in freshly isolated PBMCs and increas-
es approx. 6- to 10-fold in response to a mitogenic 
stimulus, reaching a maximum after 3 to 4 days. 
Increase in ATM in PBMCs is therefore related to 
proliferation. The increase in ATM protein was ac-
companied by an increase in ATM kinase activity. 
Freshly isolated PBMCs were also shown to express 
low levels of p53 mRNA that is rapidly degraded 
(Voelkerding et al., 1995). Progressive stabilization 
of the p53 mRNA occurred during growth induction 
by incubation in the presence of phytohemagglutinin 
(PHA) and phorbol ester (TPA), whereby p53 mRNA 
steady state levels were increased 4.5 to 5-fold. Ac-
cordingly, protein p53 was not detected in quiescent 
lymphocytes, but was detected in lymphocytes stim-
ulated with PHA (Voelkerding et al., 1995).

It remains to be clarified whether γH2A.X is 
mainly involved in ATM mediated DNA DSB dam-
age response (Fernandes-Capetillo et al., 2002) or 
whether it is also involved in recruitment of 53BP1 
to sites of DNA DSB damage. Kang et al. (2005) stud-
ied interactions among H2A.X, Nbs1 and p53. They 
demonstrated that Nbs1, and not H2A.X is responsi-
ble for ATM-dependent suppression of interchromo-
somal rearrangement, which implies different roles 
of Nbs1 and H2A.X in DNA damage response. H2A.
X functions mainly as a downstream mediator of 
ATM kinase, in a pathway parallel to the p53 path-
way. Nbs1 seems to have two major roles: ATM ac-
tivator and an adapter to mediate ATM activity after 
DNA DSB damage.

The main aim of this study was to compare 
the reaction of quiescent and proliferating PHA-
stimulated PBMCs to γ-radiation and analyse chang-
es of proteins related to repair of DNA damage and 
apoptosis, such as γH2A.X, p53 and phosphoryla-
tion of p53 at serine-15 and -392, and of p21. In this 
paper we demonstrate that even after irradiation the 
level of protein p53 (and its phosphorylation) are 
below detection limits of western blot analysis in 
quiescent PBMCs, but p53 responds to γ-radiation 
in proliferating PHA-stimulated lymphocytes. PHA-
stimulation alone causes an increase in γH2A.X and 
p21. These proteins increase after IR in both quies-
cent and PHA-stimulated PBMCs, but with different 
dynamics. We also assess possible biodosimetric ap-
plications of these parameters.

MAteRIAl AND MetHoDS

PBMCs and culture conditions. Peripheral 
blood mononuclear cells were isolated from volun-
teers’ heparinized blood by centrifugation on the 
Histopaque-1077 (Sigma) cushion according to the 
manufacturer’s instructions. After washing twice 
with cold PBS the cells were resuspended in Iscove´s 
modified Dulbecco´s medium (Sigma) supplemented 
with 20% fetal bovine serum (PAA Laboratories 
GmbH, Austria), 2 mmol/l glutamine (Sigma), 100 
UI/ml penicillin (Sigma) and 0.1 mg/ml streptomy-
cin (Sigma) at the density of 5 × 105 cells/ml. The 
cell suspension was maintained in an incubator 
(37oC, humidified atmosphere with 5% CO2) till ir-
radiation (2–3 h). For preparation of PHA-stimulated 
lymphoblasts, PHA (PHA-P, Sigma) was added at a 
concentration of 10 µg/ml and PBMCs were incubat-
ed 72 h in an incubator under the same conditions 
as unstimulated PBMCs.

In vitro irradiation. Cells in 10 ml aliquots 
were transferred into 25 cm2 flasks (Nunc) and ir-
radiated at room temp. using a 60Co gamma X-ray 
source. Doses below 10 Gy were delivered with a 
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dose-rate of 0.4 Gy/min at a distance of 1 m from 
the source, the dose of 10 Gy with 1.5 Gy/min dose-
rate and a distance of 0.5 m from the source. Im-
mediately after irradiation the flasks were placed in 
a 37oC incubator with 5% CO2 and aliquots of cells 
were collected at various time intervals after irradia-
tion for analysis. 

Cell cycle analysis. After different times of 
incubation, PBMCs were washed with cold PBS 
and fixed with 70% ethanol. For the detection of 
low molecular-weight fragments of DNA, the cells 
were incubated for 5 min at room temp. in buffer 
(192 ml 0.2 mol/l Na2HPO4 + 8 ml 0.1 mol/l citric 
acid, pH 7.8) and then stained with propidium 
iodide (PI) in Vindelov’s solution for 60 min at 
37oC. The DNA content was determined on flow 
cytometer Cytomics FC500 (Beckman Coulter, Hi-
aleah, FL, USA) using a 15 mW argon-ion laser for 
488 nm excitation; the total emission above 560 
nm was recorded. List mode data were analyzed 
using Multicycle AV software (Phoenix Flow Sys-
tems, Inc., San Diego, CA, USA). A minimum of 
three independent measurements were performed.

CD25 expression. Expression of CD25 was 
determined by anti-CD25-PE (clone 33B3.1, Beck-
man Coulter). Flow cytometric analysis was per-
formed on a Coulter Epics XL flow cytometer 
equipped with a 15 mW argon-ion laser for 488 
nm excitation (Coulter Electronic, Hialeah, FL, 
USA). A minimum of 10 000 cells were collected 
for each 2-colour sample in a list mode file format. 
List mode data was analyzed using Epics XL Sys-
tem II software (Coulter Electronic, Hialeah, FL, 
USA). 

three-color flow cytometry. PBMCs were 
washed in ice-cold washing and staining buffer 
(WSB, PBS containing 0.2% gelatin and 0.1% NaN3) 
and kept in the cold during subsequent processing 
to prevent further apoptosis development. For vis-
ualization of the T lymphocyte subset surface im-
munostaining using the mouse anti-human CD3/
PB (clone UCHT1, DakoCytomation) was chosen. 
After 15 min incubation and a single wash cycle (2 
ml WSB, centrifugation, vortexing) the cells were 
treated with fluorescein isothiocyanate-conjugated 
Annexin V (A-FITC) and propidium iodide (PI) 
from the Apoptest kit (DakoCytomation) according 
to the manufacturer’s instructions. Flow cytom-
etry (FCM) was performed on a nine-color CyAn 
(DakoCytomation) flow cytometer. A minimum of 
50 000 events were analyzed in each sample and 
the results were evaluated using the Summit v.4.3 
software. Too small objects including cell debris 
and the majority of non-adherent monocytes were 
excluded from analysis by a standard approach 
using the “lymphogate” region in the forward and 
side (right angle) scatter characteristics (FSC and 

SSC, respectively). Lymphogate was carefully set 
up to include smaller cells in the later stages of 
apoptosis into the analyzed population.

Western blotting. PBMCs were washed with 
a PBS at various times after irradiation. The lysates 
containing an equal amount of protein (30 µg) were 
loaded onto different lanes of a polyacrylamide gel. 
After electrophoresis, the separated proteins were 
transferred to a PVDF membrane. The membranes 
were blocked in Tris-buffered saline containing 
0.05% Tween 20 and 5% non-fat dry milk and then 
incubated with a primary antibody (p53 and phos-
phorylated p53 (serine-392) from Exbio, p21 and 
γH2AX from Cell Signaling) at 4°C overnight. After 
washing, the blots were incubated with a second-
ary antibody (DakoCytomation) and the signal was 
developed with a chemiluminiscence detection kit 
(Boehringer). 

elISA. For quantitative assay of p53 and 
phosphorylated p53 (serine-15) PathScan Sandwich 
ELISA kits by Cell Signaling Technology were used. 
The optical density (OD) measured at 450 nm was 
plotted against dose D (in Gy) and the resulting 
curve turned out to be of sigmoidal shape compat-
ible with Michaelis–Menten kinetics

OD = a + b × D / (c + D)

This was checked with the help of a Lineweav-
er–Burk plot, showing direct proportionality between 
1/D and 1/OD (Lineweaver & Burk, 1934).

Immunocytochemistry. The cells were fixed 
with 4% freshly prepared paraformaldehyde for 
10 min at room temp., rinsed quickly in PBS, then 
washed 3 × 5 min in PBS, permeabilized in 0.2% Tri-
ton X-100/PBS for 15 min at room temp., rinsed in 
PBS and washed 2 × 5 min. Before incubation with 
primary antibodies (overnight at 4oC), the cells were 
blocked with 7% inactivated FCS + 2% bovine se-
rum albumin in PBS for 30 min at room temp. For 
detection of γH2A.X mouse monoclonal anti-phos-
pho-Histone H2A.X (Upstate) was used. Secondary 
antibody: Affinity pure donkey anti-mouse-FITC-
conjugated and affinity pure donkey anti-rabbit-Cy3-
conjugated were purchased from Jackson Laboratory 
(Bar Harbor, ME, USA). Antibodies were applied to 
each slide (after their pre-incubation with 5.5% don-
key serum in PBS for 30 min at room temp.) and 
incubation for 1 h in the dark followed by washing 
(3 × 5 min) in PBS. Counterstaining was performed 
by TOPRO-3 (Molecular Probes, Eugene, OR, USA) 
in saline sodium citrate prepared fresh from the 
stock solution.

Images were obtained on a high-resolution 
confocal cytometer based on a completely automated 
Leica DM RXA fluorescence microscope equipped 
with CSU-10a confocal unit (Yokogawa, Japan) and 
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a CoolSnap HQ charged-coupled device camera 
(Photometrix, Melbourne, Australia). Forty optical 
sections of 0.3 µm were acquired for each nucleus 
and stored in the computer memory. The exposition 
time and dynamic range of camera in the red, green 
and blue channels were adjusted to the same values 
for all slides to obtain quantitatively comparable im-
ages. Integral optical density (IOD) was measured 
using image analysis software ImagePro 4.11 (Me-
diaCybernetics, USA).

ReSUltS

Stimulation by PHA

The reaction of PBMCs to ionizing radiation 
was evaluated using non-stimulated and PHA-stim-
ulated cells. PBMCs circulating in peripheral blood 
are predominantly present in G0 phase of cell cycle, 
in our case only 0.7% of the cells were in S phase 
(Fig. 1A, B). The cells did not express CD25 antigen, 
i.e. the alpha chain of the receptor for interleukin-2 
(Fig. 1C). Long stimulation (72 h) by 10 µg/ml PHA 
caused activation of T-lymphocytes and induced 
CD25 on almost all cells (Fig. 1C). DNA content 
analysis revealed an increase in the percentage of 

cells in S phase, with a maximum 48 h after the be-
ginning of stimulation, when 12.2% of the cells were 
in S phase (Fig. 1C). 

Apoptosis induction

Apoptosis induction in T-lymphocytes (CD3+) 
was analysed by FCM 24 and 72 h after the irradia-
tion by the dose of 4 Gy. The effect of irradiation 
on non-stimulated and PHA-stimulated PBMC was 
compared. Separated PBMC were cultivated for 24 
h and subsequently irradiated by the dose of 4 Gy. 
PHA-stimulated lymphocytes were incubated with 
PHA for 72 h and subsequently irradiated by the 
dose of 4 Gy. In both groups apoptosis induction 
was evaluated 24 and 72 h after irradiation. Figure 2 
shows representative results of FCM analysis of ra-
diation-induced apoptosis in CD3+ lymphocytes us-
ing dual staining by Annexin V (A) and propidium 
iodide (PI). This method allows detection of live 
cells (A–PI–), early apoptotic cells (A+PI–), and late 
apoptotic cells (A+PI+). 

Table 1 summarizes mean values of radia-
tion-induced apoptosis in PBMC samples obtained 
from three different blood donors. It is apparent that 
72 h-long stimulation causes increase in early ap-
optotic cells (37.94% A+PI– versus 16.71% in control). 
Irradiation by the dose of 4 Gy increases A+ cells 

Figure 1. Stimulation of lymphocytes by 
PHA.
A, B. Dynamics of cell cycle changes in-
duced in PBMCs by in vitro stimulation 
by 10 µg/ml PHA. The amount of DNA 
in each cell was determined after PI 
staining by flow-cytometric analysis. The 
PBMCs entered the cell cycle and the 
number of cells in the S and G2 phases 
increased after PHA-stimulation. C. Ex-
pression of CD25 antigen and forward 
scatter (corresponding to cell size) analy-
sis of T-lymphocytes (CD3+) after 72 h 
of stimulation by PHA. While only 3.5% 
of control T-lymphocytes are CD25+, 
this fraction increased to 95.6% after the 
stimulation by PHA.
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to 37.51% 24 h after the irradiation and further to 
69.68% 72 h after the irradiation. The majority of the 
apoptotic cells were A+PI– cells, i.e. early apoptotic. 
Also in the PHA-stimulated group irradiation by the 
dose of 4 Gy caused an increase in apoptotic cells to 
70.64% (24 h after irradiation) and 65.22% (72 h after 
irradiation) 

Detection of ionizing radiation induced foci

At the site of DSB in the DNA, protein com-
plexes are assembled, which form optically discern-
ible foci — IRIF. These sites can be identified by 
detection of the phosphorylated form of histone 
H2A.X by an immunocytochemical method on 
confocal microscope. We identified γH2A.X foci in 
quiescent PBMCs 1 h after irradiation by the doses 

0.5–10 Gy (Fig. 3A). The intensity of the phospho-
rylation in irradiated PMBCs is such that it seems 
to have a potential as a biodosimetric marker: the 
integral optical density was measured using image 
analysis (Fig. 3B). In the dose range 0.5–5 Gy a lin-
ear dose-dependence was observed. 

Protein changes induced by radiation are different 
in quiescent and stimulated PBMCs

We analyzed changes in proteins related to 
DNA damage repair and apoptosis using the west-
ern blot method in quiescent and stimulated PBMCs. 
The cells were irradiated by a dose of 4 Gy and the 
dynamics of the process were studied. 

In quiescent lymphocytes, γH2A.X was not 
detected early after irradiation (1 and 4 h), but in-
creased at 24–72 h. This increase in γH2A.X detect-
able by western blot occurred during apoptosis, 
which was confirmed by caspase cleavage of lam-
in B. We also detected an increase in cell cycle regu-
lator p21 24–72 h after irradiation. This increase was 
not accompanied by a detectable increase in p53 or 

by p53 phosphorylation (Fig. 4A).
In PHA stimulated cells slight 

phosphorylation of H2A.X was de-
tected even without irradiation. 
The phosphorylation increased 
from 1 h after the irradiation on-
wards, with a maximum at 24 h. 
PHA stimulation caused a signifi-
cant increase in the p53 amount in 
comparison with quiescent PBMCs, 

Figure 2. Apoptosis induction 24 h after irradiation by a 
dose of 4 Gy in quiescent and PHA-stimulated PBMCs.
Representative results of multiparameter flow cytomet-
ric analysis of in vitro irradiated (4 Gy) and subsequently 
cultivated (24 h) human PBMC stained with anti-CD3/PB 
monoclonal antibody and counterstained with ApoptestTM. 
A. control CD3+ lymphocytes; B. irradiated CD3+ lym-
phocytes; C. CD3+ lymphocytes after 96 h stimulation with 
PHA; D. CD3+ lymphocytes after 96 h stimulation with 
PHA and 24 h after irradiation.

table 1. Apoptosis induction 24 h after irradiation by the dose of 4 Gy in 
quiescent and PHA-stimulated PBMCs

Nonstimulated ly PHA stimulated ly
A+ A+ PI– A+ A+ PI–

24 h C 16.71 ± 4.53 13.44 ± 4.55 42.99 ± 4.97 37.94 ± 6.57
4Gy 37.51 ± 3.20 27.24 ± 2.32 70.64 ±11.57 54.24 ± 4.42

72 h C 22.97 ± 7.76 15.25 ± 5.72 51.46 ± 5.61 41.34 ± 0.95
4Gy 69.68 ± 7.95 40.28 ± 2.39 65.22 ±12.66 49.13 ± 10.41

Figure 3. Phosphorylation of histone H2A.X on serine-
139 in quiescent PBMCs 1 h after irradiation.
A. Examples of nuclei of control (C) and irradiated PB-
MCs (dose 1, 2, 5 and 10 Gy). One hour after irradiation 
the cells were fixed and immunostained with antibody 
against γH2A.X. Cell nuclei were counterstained by TO-
PRO3, and are marked by solid line. B. This graph sum-
marizes quantification of the intensity of green (γH2A.X-
FITC) fluorescence measured as integral optical density of 
each cell. At least 50 cells were analyzed in each sample. 
Median values and 1st and 3rd quartile are indicated.
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but this p53 was not phosphorylated. Further upreg-
ulation of p53 was detected 1–72 h after irradiation. 
From 4 h after irradiation onwards, phosphorylation 
of p53 at serine-392 was detected. Furthermore, pro-
tein p21 was induced in non-irradiated PHA stimu-
lated cells and its amount increased after irradiation, 
with a maximum increase at 48 h (Fig. 4B). 

Dose-dependence of radiation-induced changes in 
PHA-stimulated cells

Dose-dependence of changes in γH2A.X, p53, 
p53 phosphorylated at serine-392, and p21 in PHA-

stimulated lymphocytes were evaluated 4 h after 
irradiation by western blot analysis. Both γH2A.
X and p21, but not p53 and p53 phosphorylation at 
serine-392 showed a dose-dependent increase over 
the dose range studied (0.5–4 Gy) (Fig. 5). 

A very sensitive method for quantitative 
measurements of p53 and p53 phosphorylated at 
serine-15 is the so-called sandwich ELISA. Figure 5 
shows a dose-dependent increase of p53 phospho-
rylation at serine-15 4 h after irradiation over the 
dose range 0.5–7.5 Gy by using western blot and 
ELISA methods. We also measured the amount of 
total p53, but similar to our findings with the west-
ern blot analysis, no dose-dependence was observed 
(Fig. 6).

DISCUSSIoN

Many studies (Schultz et al., 2000; Stiff et al., 
2004; Bekker-Jensen et al., 2006) have shown that 
one of the earliest responses of eukaryotic cells to 
DSB in the DNA caused by IR is the phosphoryla-
tion of histone H2A.X at serine-139. This modifica-
tion occurs in DSB flanking chromatin within min-
utes after irradiation. At the same time various oth-
er proteins are recruited to these sites, forming in-
tranuclear “ionizing radiation induced foci” (IRIF). 
The most important function of IRIF is repair of 
radiation-induced DNA damage. A significant de-
crease in the number of initially formed IRIF detect-
ed by immunocytochemical evaluation of live cells 
is apparent during 24 hafter irradiation. The initial 

Figure 4. Comparison of changes in γH2A.X, p53, p53 phosphorylated at serine-392, p21 levels and apoptosis during 
72 h after irradiation by a dose of 4 Gy in quiescent and PHA-stimulated PBMCs.
A. Freshly isolated quiescent PBMCs. The cells were isolated from peripheral blood, irradiated by the dose of 4 Gy and 
then incubated for 1–72 h. MOLT-4 cells (4 h after the irradiation by the dose of 4 Gy) were used as positive control for 
p53 detection. B. PHA-stimulated proliferating PBMCs. Isolated PBMCs were stimulated with PHA (72 h, 10 µg/ml), 
irradiated by the dose of 4 Gy and then incubated for 1–72 h. Representative western blots are shown. The cells were 
lysed and analysed at the time intervals indicated. After irradiation, the level of protein p53 (and its phosphorylation) 
was below detection limits of western blot analysis at quiescent PBMCs, but p53 responded to γ-radiation in proliferat-
ing PHA-stimulated PBMCs. PHA-stimulation also caused an increase in γH2A.X and p21. These proteins increase after 
IR in both quiescent and PHA-stimulated PBMCs, but with different dynamic. Apoptosis was detected by analysis of 
lamin B cleavage — a 68-kDa nuclear protein is cleaved into a 48-kDa fragment by active caspases when apoptosis is 
induced. β-Actin was used as a loading control.

Figure 5. Dose dependence of changes in γH2A.X, p53, 
p53 phosphorylated at serine-392, and p21 4 h after irra-
diation of PHA-stimulated PBMCs.
Isolated PBMCs were stimulated with PHA (72 h, 10 µg/
ml), irradiated with the indicated dose, incubated for 4 h, 
lysed and analyzed by western blot. Representative west-
ern blots are shown. A dose-dependent response was ob-
served in the dose range 0.5–4 Gy for the phosphorylation 
of H2A.X at serine-139 and for the increase in p21. Nei-
ther p53 nor p53 phosphorylated at serine-392 exhibited a 
dose-dependent response. β-Actin was used as a loading 
control.
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increase in γH2A.X phosphorylation is dependent 
upon ATM kinase activation (Banáth et al., 2004). 
ATM kinase is activated quickly after DNA damage 
and triggers down-stream pathways of DNA repair 
and/or cell death. Among the proteins detected in 
IRIF are 53BP1, Nbs1, Mre11, Rad50, BRCA1, Mdc1 
and ATM (Bekker-Jensen et al., 2006). In this paper 
we have shown that the increase in γH2A.X foci 
detected by confocal microscopy and quantified by 
image analysis 1 h after in vitro irradiation of qui-
escent lymphocytes is dose-dependent in the dose 
range 0.5–5 Gy. However, using western blot anal-
ysis this early increase in γH2A.X is not detectable 
in quiescent lymphocytes. Western blot technique 
can detect γH2A.X increase only at later times, 
when the phosphorylation of H2A.X is related to 
the onset of apoptosis (24–72 h after irradiation by 
the dose of 4 Gy). These data are in good agree-
ment with the recent suggestions by Mukherjee et 
al. (2006) that H2A.X is phosphorylated also during 

DNA fragmentation occurring in the course of ap-
optosis. Mukherjee et al. (2006) found that during 
apoptosis, H2A.X phosphorylation is catalyzed by 
DNA-PKcs, while ATM is dispensable for the proc-
ess. In our experiments immunocytochemical de-
tection of γH2A.X by confocal microscopy is more 
sensitive than western blot analysis, reveals initial 
γH2A.X related to IRIF formation and is more suit-
able for quantification by image analysis.

The level of H2A.X phosphorylation increased 
after stimulation of PBMC by PHA (72 h, 10 µg/ml) 
and as shown here it was detectable by western blot 
analysis. The increase in γH2A.X that we detected 
by western blot 4 h after irradiation of stimulated 
lymphocytes was dose dependent. These data are in 
good agreement with those of Hamasaki et al. (2007), 
who used a flow cytometry system for measurement 
of IR-induced γH2A.X in quiescent and PHA stimu-
lated lymphocytes 4 h after the irradiation. It can be 
concluded that measurement of γH2A.X during the 

Figure 6. Dose dependence of changes in p53 and p53 phosphorylated at serine-15 over the dose range 0.5–7.5 Gy, 4 h 
after irradiation of PHA-stimulated PBMCs.
A. Isolated PBMCs were irradiated with the indicated dose, incubated for 4 h, and analysed by ELISA. The optical den-
sity OD at 450 nm was plotted against dose D (in Gy) and the resulting curve turned out to be compatible with Michae-
lis–Menten kinetics. The equation of the fitted curve was OD = a + b × D/(c + D). The calculated parameters (+ standard 
deviation from 6 experiments) were as follows:

a
(OD at 0 Gy)

b
(maximum OD)

c 
(D for half-maximum OD)

p53 0.050 + 0.007 0.164 + 0.057 6.4 + 4.6 Gy
p53_ser 15 0.034 + 0.006 4.0 + 1.2 75 + 23 Gy

While p53 did not exhibit a dose-dependent increase (as also demonstrated in Fig. 4), the phosphorylation of p53 at ser-
ine-15 exhibited a dose-dependence over the whole dose range studied (0.5–7.5 Gy).
B. Isolated PBMCs were irradiated with the indicated dose, incubated for 4 h, lysed and analyzed by western blot. Rep-
resentative western blots are shown. A dose-dependent response was observed in the dose range 0.5–7.5 Gy for the 
phosphorylation of p53 at serine-15.



388            2008Z. Vilasová and others

first hours after the irradiation is a good marker of 
the received dose of radiation.

The effect of two different genotoxic stres-
sors — actinomycin (DNA-intercalating agent) and 
irradiation — on T cells in the G0/G1 phase was 
compared by Porcedda et al. (2006). They showed 
that while actinomycin induces DSB in normal 
quiescent T lymphocytes and targets them to ap-
optosis, T cells from AT and NBS patients resist 
actinomycin-induced apoptosis and survive. Fol-
lowing irradiation by the dose of 2 Gy quiescent 
T cells from normal donors form 30 IRIF per cell 
on the average, but normal T cells resolve virtu-
ally all damage within 72 h (average number of 
IRIF decreases to 0.5 per cell) and survive. T cells 
from AT and NBS patients also survive, despite 
the maintenance of 4 γH2A.X foci per cell after 
72 h. They also compared irradiation dose 0.5 Gy 
and actinomycin in concentration 0.05 µg/ml, both 
of which induce 8 foci per cell after 1 h. Twenty 
four hours after exposure to actinomycin the re-
sidual damage was 72–100%, while after irradia-
tion it was lower, 9–20%. Although both agents 
induce the same number of foci in the cells, it is 
questionable whether the same molecular path-
way is triggered by actinomycin and irradiation. 
Phosphorylation of kinase ATM was significantly 
higher after irradiation than after exposure to ac-
tinomycin. On the other hand, actinomycin caused 
a more intensive and longer increase in p53 and 
its phosphorylation on serine-15.

When p53 receives information about DNA 
damage within the cell, it may arrest the cell’s ad-
vance through its growth- and division-cycle and, 
at the same time, orchestrate localized responses 
to facilitate the repair of damage. However, under 
certain conditions, p53 can also emit signals that 
awaken the normally latent suicide program — ap-
optosis (Weinberg, 2007). Increase in p53 was de-
tected in many cell types after exposure to IR, UV 
radiation, and chemotherapeuticals which damage 
DNA. Measurement of p53 protein levels indicated 
that they could vary drastically from one cell type 
to another (Weinberg, 2007). Generally, increase 
in p53 is predominantly regulated by blocking its 
degradation in proteasomes (Weinberg, 2007). Ir-
radiation of leukemic MOLT-4 cells by IR induces 
phosphorylation of ATM, which in turn phospho-
rylates p53 (which prevents its degradation) and 
its negative regulator Mdm2 (a ubiquitin ligase) 
(Tichý et al., 2007). While MOLT-4 cells derived 
from T-lymphocytic leukemia have high levels of 
p53 (Szkanderová et al., 2003), we did not detect 
p53 nor its phosphorylation on serine-392 in qui-
escent lymphocytes, not even after γ irradiation. 
This does correspond with findings of Jones et al. 
(2004), who did not detect significant levels of p53 

protein nor its phosphorylation in PBMCs irradi-
ated by UVC and concluded that UVC-induced 
ATR-p53 pathway is downregulated in non-cy-
cling lymphocytes. Voelkerding et al. (1995) ob-
served very low expression of p53 mRNA in G0 
quiescent lymphocytes, and its rapid degradation 
with a half life of 1 h. They also demonstrated that 
PHA and TPA stimulation leads to stabilization of 
p53 mRNA in the nucleus, half-life increased to 6 
h. Fukao et al. (1999) showed that in PBMCs in a 
state of quiescence ATM kinase is present at low 
levels and increases approx. 6–10-fold in response 
to mitogenic stimuli (PHA 10 µg/ml) reaching a 
maximum after 3–4 days. Two hours after irra-
diation by the dose of 6 Gy of stimulated PBMCs 
they detect p53 and p21 by western blot analy-
sis. Our findings correspond with their data. We 
compared the dynamics of p53 induction after ir-
radiation by IR in both quiescent and stimulated 
lymphocytes. p53 increase was observed only in 
stimulated lymphocytes, as was p53 phosphor-
ylation at serines-392 and -15. The increase in the 
amount of p53 was not dose-dependent 4 h after 
the irradiation. On the other hand, phosphoryla-
tion of p53 at serine-15 analyzed 4 h after the irra-
diation is dose-dependent over the studied dose-
range (0.5–7.5 Gy). 

Despite the fact that p53 was not detected 
in quiescent lymphocytes and a reaction to irradi-
ation was not observed either, p21 levels increased 
after irradiation in both quiescent and stimulated 
lymphocytes in a dose-dependent manner. p21 
(also known as cyclin-dependent kinase inhibitor 
1A — CDKN1A) inhibits activity of cyclin-CDK2 
and cyclin-CDK4 complexes, which causes cell 
cycle arrest in G1/S phase and allows DNA-dam-
age repair. It was shown that histone deacetylase 
inhibitors induce increased expression of p21 by 
both p53-dependent and p53 independent mecha-
nisms (Ocker & Schineider-Stock, 2007) and that 
this activation includes many other factors such 
as ATM (Ju & Muller, 2003) or c-myc (Zhao et al., 
2006). It seems that the main pathway involved in 
p21 induction by histone deacetylase inhibitors is 
triggered through Sp1/Sp3 pathway activation. On 
the other hand, Pettitt et al. (2001) studied radio-
sensitivity of B-cell chronic lymphocytic leukemia. 
They detected increase in p53 and p21 and high 
sensitivity to radiation-induced apoptosis only in 
p53 wild type leukemias. When p53 was absent, 
no expression of p21 was found after irradiation 
and the cells were more radioresistant. In cells of 
human leukemia HL-60 and U937 exit from cell 
cycle is a prerequisite for terminal differentiation 
and p21 is induced during terminal differentiation 
of cells (Gartel & Tyner, 1999). In some cell types 
p21 expression protects the cells from p53-depend-
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ent apoptosis induction (Gorospe et al., 1997). Low 
expression of p53 in T lymphocytes irradiated by 
the dose of 2 Gy in contrast to high expression af-
ter actinomycin treatment (Porcedda et al., 2006), 
and low p53 and high expression of p21 in quies-
cent lymphocytes after irradiation by the dose of 
4 Gy detected in our study indicate that increased 
p21 in lymphocytes enhances repair of radiation-
induced damage and prevents apoptosis. 

Apoptosis induction in quiescent lym-
phocytes was described in the study of Vokurková 
et al. (2006). It proves that even after exposure to a 
high lethal dose of 7 Gy apoptosis is not induced 
within 6 h after irradiation. Apoptotic cells detect-
ed by Annexin V binding were found only 16 h 
after the irradiation and 48 h after the irradiation 
80% of lymphocytes were A+. When sensitivity of 
different T lymphocyte subpopulations (CD3+CD4+, 
CD3+CD8+ and CD3–CD8+) was studied, the most 
radiosensitive cells were natural killer cells CD3–

CD8+.
In present study we compare apoptosis in-

duction in quiescent CD3+ and PHA-stimulated T 
lymphocytes. We prove that 72 h-long stimulation 
of T lymphocytes by PHA induces apoptosis (de-
tected by Annexin V binding and lamin B cleav-
age). Apoptotic cells were mostly A+/PI–, which in-
dicates an early stage of apoptosis. Also apoptosis 
was detected in unstimulated and PHA-stimulated 
cells from 24 h after the irradiation by the dose 
of 4 Gy onwards. In both, unstimulated and PHA-
stimulated cells 65–70% of cells were apoptotic 72 
h after the irradiation.

Phosphorylation of p53 in response to DNA 
damage is one mechanism by which its activity 
can be modulated. Serine-15 was identified as a 
site on p53 phosphorylated in response to DNA 
damage induced by UV or IR (Siliciano et al., 
1997; Shieh et al., 1997) UV and IR action is differ-
ent with respect to phosphorylation of p53 at ser-
ine-392 in colon cancer cells RKO (Kapoor & Lo-
zano, 1998). However, using T-cell leukemic cells 
MOLT-4 phosphorylation of p53 at serine-392 was 
shown after IR as well (Szkanderová et al., 2003). 
As we demonstrate in this paper, IR induces phos-
phorylation of p53 at both serines-15 and -392 in 
PHA stimulated human lymphocytes. However, 
phosphorylation at serine-15 was dose-dependent, 
while phosphorylation at serine-392 was not.

In this paper we have shown that irradia-
tion of stimulated lymphocytes causes an increase 
in phosphorylation of histone H2A.X, an increase 
in p53 and its phosphorylation, and an increase 
in p21. Immunocytochemical detection of γH2A.
X and ELISA measurement of p53 phosphorylated 
on serine-15 can be used as indicator of received 
dose of IR.
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