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Transient delay of radiation-induced apoptosis by phorbol acetate
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Abstract The mechanisms of interference of a model

tumour promoter 12-O-tetra-decanoylphorbol-13-acetate

(TPA) with radiation-induced apoptosis in human periph-

eral lymphocytes have been investigated. The cells were

treated with TPA under various conditions and thereafter

exposed to a single lethal dose of gamma radiation. Mor-

phological and biochemical changes characteristic of

apoptosis were followed up to 72 h of post-irradiation time.

Acute exposure to low concentration of TPA resulted in

delay in the onset of radiation-induced apoptosis (deter-

mined as morphological changes and rate of mitochondrial

demise) by 24–48 h as compared to the irradiated, sham

TPA-treated cells. The time course of this delay correlated

well with confinement of the p53 protein to the cytoplasm

and increase in bcl-2 levels at the nuclear periphery of

irradiated cells. Our results indicate that confinement of

p53 in the cytoplasm is one of the potential mechanisms by

which TPA interferes with the process of radiation-induced

apoptosis in human lymphocytes.

Keywords Human lymphocytes � Radiation � 12-O-tetra-

decanoylphorbol-13-acetate � Apoptosis � p53 � bcl-2 �
Mitochondria

Introduction

Ionizing radiation is a potent inducer of apoptosis in human

peripheral lymphocytes (HPL) in vivo (Delic et al. 1995)

and in vitro (Meijer et al. 1999) through both p53-depen-

dent and p53-independent mechanisms (Seki et al. 1994).

Disturbances in the regulation of apoptosis are involved in

the pathogenesis of a variety of human diseases (Thompson

1995) including cancer (Evan and Vousden 2001). Several

studies implicated inhibition of apoptosis as a mechanism

of tumour promotion (Wright et al. 1993; Nguyen-Ba and

Vasseur 1999). Indeed, previous studies had shown that

stimulation of irradiated HPL by growth factors (Meijer

et al. 1999) or mitogens (Carloni et al. 2001) leads to a less

efficient induction of apoptosis and increased survival at

the expense of genomic fidelity. Of note, mitogen-activated

protein kinases (MAPK), which include the extracellular

signal-regulated kinases (ERK), p38 and c-Jun amino ter-

minal kinases (JNK), are significant mediators of signals

triggered by cytokines, growth factors and environmental

stress (Rincon et al. 2000). Modulation of the MAPK sig-

nalling pathway has been shown to have profound effects

on both radiation-(Carter et al. 1998) and receptor-medi-

ated apoptosis (Holmstrom et al. 1998).

Many of the radiation-induced early-response genes are

regulated by the protein kinase C (PKC)-mediated sig-

nalling pathway (Schmidt-Ullrich et al. 2000). The cross-

talk among PKC-activated proteins and various stress

response pathways is exemplified by several reports on the

interference of TPA with apoptosis (Hong et al. 1999).

TPA is a powerful tumour promoter (Reiners and Singh

1997) that effectively activates protein kinase C by mim-

icking its natural substrate diacylglycerol (DAG). Albeit

TPA may promote apoptosis under certain conditions

(Garzotto et al. 1998) more often an inhibitory action of
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this compound was observed (Sordet et al. 1999; Shen et al.

1998). Our results presented herein show that depending on

concentration and time the effect of TPA on radiation-in-

duced apoptosis in HPL may vary to a great extent, ranging

from clear-cut cytotoxic effects to significant impairment

of radiation-induced apoptosis.

Materials and methods

Isolation and cultivation of lymphocytes

HPL were isolated from freshly collected buffy coats by

gradient centrifugation in Ficoll-Paque (Pharmacia).

Adherent monocytes were removed by short (1–3 h)

incubation in culture flasks (NunClon) at a cell density of

3 9 106 cells/ml in R1 medium (RPMI 1640 medium

supplemented with Glutamax-I, 100 IU/ml of penicillin,

100 lg/ml of streptomycine sulphate and 1 % of heat-in-

activated foetal bovine serum, all from Gibco RL, Life

Technologies). The cells were kept in a CO2 incubator at

37 �C, 5 % CO2 and 80 % humidity (standard incubation

conditions). After the pre-incubation, the cells were

washed, counted and resuspended in R10 medium (the

same as the R1 medium except containing 10 % FBS) at a

cell density 3 9 106 cells/ml medium. Cell counts and

viability were determined by trypan blue staining.

TPA treatment protocols and irradiation

Lymphocytes were exposed acutely (15 min) or chroni-

cally (24 h) to low (4 nM) and high (100 nM) concentra-

tion of TPA in cell culture medium at 37 �C (TPA? cells).

Control (TPA-) cells were treated in a similar manner as

TPA? cells, except that only the corresponding volume of

DMSO was added to the culture medium. The concentra-

tion of DMSO was kept in all experiments below 0.01 % in

order to avoid undesirable effects on the viability of cells.

The cells were centrifuged, washed and resuspended in

TPA/DMSO-free medium. Directly afterward, both TPA?

and the TPA- cells were given a dose of 3 Gy at room

temperature using a 137Cs c-radiation source. Control cul-

tures of TPA? and TPA- cells were sham-exposed.

Determination of apoptosis

Morphological and biochemical changes, characteristic of

apoptosis, were studied in the lymphocyte cultures up to

72 h of post-irradiation time. Chromatin condensation, cell

fragmentation and changes in membrane permeability were

visualized by staining the cells with a mixture of fluores-

cent dyes H-33342 and propidium iodide (Molecular

Probes), at final concentrations 2.5 and 1 lg/ml,

respectively. The slides were coded, and at least 200 cells

per sample were scored for the presence of normal, early

and late apoptotic and necrotic cells according to the cri-

teria previously described (Czene et al. 2002).

Measurements of mitochondrial membrane

potential

Disruption of the mitochondrial membrane potential was

detected by staining control and irradiated lymphocytes by

the reduced form of chloromethyl-X-rosamine (CMXH2-

ROS) (Molecular Probes). Briefly, 5 9 105 cells were

centrifuged and resuspended in 1 ml of warm (37 �C) R/10

medium containing CMXH2ROS (150 nM). As a negative

control, similar aliquot of cells was resuspended in 1 ml of

R/10 medium containing CMXH2ROS and the mitochon-

drial uncoupling agent carbonyl cyanide m-chlorophenyl-

hydrazone (mCICCP) at concentrations 150 nM and

50 lM, respectively. The cells were kept for 15 min at

standard incubation conditions in dark, washed in warm

phosphate-buffered saline (PBS) and fixed with 1 %

freshly made paraformaldehyde in PBS for 15 min at room

temperature. About 20 9 103 cells were mounted in Slow-

Fade (Molecular Probes) medium on object slides, and

computer images were acquired for analysis. The image

analysis system consisted of a Hamamatsu C4742-95 CCD

camera coupled to a Nikon E800 fluorescence microscope

and dedicated image analysis program (Openlab). The

disruption of mitochondrial membrane potential was

assessed as decrease in incorporation of CMXH2ROS to

the mitochondrial membrane. Cells incubated with

mCICCP and CMXH2ROS were used to make a threshold

as negative control.

Preparation of total protein extracts

and subfractionation to cytosolic and nuclear

extracts

At the time points of morphological assessment total cel-

lular lysates were prepared. Briefly, 1–5 9 106 cells per

sample were collected by low-speed centrifugation, washed

in ice-cold PBS and lysed in PBS-T (PBS supplied with

0.5 % Triton-X 100). In experiments aimed at detection of

subcellular localization of the protein of interest, nuclear

and cytoplasmic lysates were prepared essentially as

described previously (Dyer and Herzog 1995). Briefly,

lymphocytes (5–10 9 107) were collected by low-speed

centrifugation at 4 �C, washed with PBS and lysed in

100 ll of 0.32 M sucrose, 3 mM CaCl 2, 2 mM magne-

sium acetate, 0.1 mM EDTA, 10 mM Tris-HCl, pH 8.0,

1 mM DTT, 0.5 % (v/v) Nonidet P-40 (sucrose buffer I).

Nuclei were pelleted from the lysates by centrifugation at

500g for 5 min at 4 �C. Cytoplasmic proteins were
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extracted by addition of 0.2 volume of 59 cytoplasmic

extraction buffer (0.15 M HEPES, pH 7.9, 0.7 M KCl,

0.015 mM MgCl2) to the supernatant and centrifugation at

12,0009g for 15 min at 4 �C. To the resulting supernatant,

glycerol was added to a final concentration of 25 % (v/v)

and the cytosolic extracts stored at -80 �C. The nuclei

were once washed with sucrose buffer I lacking Nonidet

P-40 and resuspended in 40 ll/5 9 107 cells of low-salt

buffer (20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 20 mM

KCl, 0.5 mM DTT and 25 % glycerol). Nuclear proteins

were extracted by addition of 40 ll of high-salt buffer

(20 mM HEPES–NaOH, pH 7.9, 1.5 mM MgCl2, 0.8 M

KCl, 0.2 mM EDTA, 1 % Nonidet P-40 and 0.5 mM DTT)

and incubation of the resulting mixture at 4 �C for 20 min.

Afterward, the mixture was diluted 1:2.5 with diluent

buffer (25 mM HEPES–NaOH, pH 7.6, 0.2 mM EDTA,

0.5 mM DTT and 25 % glycerol) and centrifuged at

12,0009g for 15 min at 4 �C, and the nuclear extracts

(supernatant) were stored at -80 �C. In order to avoid

undesirable protein degradation, all buffers were supple-

mented with a cocktail of EDTA-free protease inhibitors

(Roche Diagnostics) according to the manufacturer’s rec-

ommendation. Protein concentrations in the cell lysates

were determined using the DC Protein Assay Kit (Bio-

Rad), as recommended by the manufacturer.

Western blot analysis

A total of 25-lg aliquots of protein samples per lane were

resolved on sodium dodecyl sulphate (SDS) polyacry-

lamide gels and the separated proteins transferred to

nitrocellulose membrane for immunochemical analysis.

The membranes were incubated 1 h at room temperature in

10 mM TRIS, 150 mM NaCl, pH 7.4 (TBS) containing

5 % non-fat milk powder and thereafter probed for the

presence of p53 and bcl-2 proteins. Signal from the con-

stitutively expressed actin was used as a loading control.

The following mouse anti-human monoclonal antibodies

were used (at final concentrations indicated in parenthe-

ses): anti-bcl-2 (1 lg/ml), anti-p53 (0.1 lg/ml) and anti-

actin (1.5 lg/ml), all from Santa Cruz Biotechnologies.

After 1 h of incubation, the membranes were washed in

four consecutive changes of TBS? 0.1 % Tween-20. The

antigen–primary antibody complexes were thereafter

visualized by means of a horseradish peroxidase-conju-

gated anti-mouse antibody and ECL detection system

(Amersham) according to the manufacturer’s instructions.

The dilutions of secondary antibody were 1:3000 for

detection of bcl-2; for the detection of p53 and actin, we

used a 1:5000 dilution. All antibody incubations were

carried out in TBS? 0.1 % Tween-20 at room temperature.

Chemiluminescent signals were quantified using the

Quantiscan for Windows software package (Biosoft,

Oxford, UK). The protein analyses were repeated in least

three independent experiments; the obtained values were

normalized to the corresponding actin signal.

Immunofluorescence staining of cells

About one million lymphocytes were centrifuged for

10 min at 120 g and the pellet resuspended in PBS. The

cells were fixed by freshly prepared 3 % formaldehyde

during 15 min at room temperature and then centrifuged

for 10 min 120g. The fixed cells were allowed to attach to

Superfrost Plus slides (Menzel) and permeabilized during

1 min in methanol–acetone (3:1) at -20 �C. Afterward, the

slides were soaked in PBS for 3 min and the non-specific

sites blocked with 5 % BSA for 60 min. p53 was detected

by incubation with a mouse monoclonal antibody against

p53 (DO-1, Santa Cruz) and visualized by Alexa Fluor�

488 goat anti-mouse IgG (H ? L) antibody (Molecular

Probes). All antibody incubations and washing steps were

carried out at room temperature in a humidity chamber.

After the final washing step, the cells mounted in Slow-

Fade (Molecular Probes). Z-stacks of images were acquired

by means of a Nikon (Eclipse E800 and Hamamatsu

C-4742-95 CCD camera) microscope with a confocal stage

and combined into confocal images by help of a dedicated

software package (Openlab).

Results

Interference of TPA with spontaneous

and radiation-induced apoptosis

Cultured lymphocytes spontaneously undergo apoptosis at

a rate that increases by time of incubation (Czene et al.

2002) most likely due to loss of extracellular survival

signalling and reductions in glycolytic metabolism (Plas

et al. 2002). Hence, our initial experiments were aimed to

determine how various TPA treatment protocols affect the

rate of spontaneously occurring apoptosis in lymphocyte

cultures. Acute (15 min) and chronic (24 h) exposures to

high (100 nM) concentration of TPA as well as chronic

exposure to low (4 nM) TPA concentration resulted—to a

varying extent—in increase in apoptosis rate above that of

spontaneously occurring in cultured lymphocytes (Fig. 1).

The cytotoxic effect of TPA treatment was further

enhanced by radiation (data not shown). Previous studies

demonstrated the depletion of PKC by protracted exposures

(12–24 h) to TPA (Hrzenjak and Shain 1995; Isonishi et al.

2000), most likely through the activation of the ubiquitin

pathway. Hence, it can be assumed that the cytotoxic effect

of TPA in our experimental model is attributable to PKC

depletion.
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Acute exposure to low TPA concentration had no sig-

nificant effect on the rate of background apoptosis in

control cells (Fig. 1; Table 1). However, at these exposure

conditions, there was a significant reduction of apoptosis in

irradiated TPA? cultures as compared to those irradiated

in the absence of TPA (Table 1). The protective effect of

TPA was most pronounced between the 9th and 48th hours

of post-irradiation incubation.

Changes of mitochondrial membrane potential

Diverse apoptotic stimuli, e.g. cytotoxic drugs, DNA-

damaging agents, heat shock, hypoxia, growth factor

withdrawal, irradiation and death domain receptor sig-

nalling, converge on mitochondria and induce release of

pro-apoptotic factors into the cytoplasm (Robertson and

Orrenius 2000). Our measurements of mitochondrial

membrane potential (Table 1) revealed a delayed demise of

the mitochondrial function in irradiated TPA? cells com-

pared to irradiated TPA- cells. The time kinetics of

mitochondrial changes was very similar to that observed

for the onset of the morphological changes. The general

tendency of higher numbers of cells with impaired mito-

chondria compared to those of cells displaying morpho-

logical changes characteristic of apoptosis indicates the

important role of mitochondrial changes in early stages of

radiation-induced apoptosis in HPL. Moreover, the data

also implicate that TPA acts upstream of the events that

lead to the loss of mitochondrial membrane potential.

Radiation-induced changes in amount

and localization of p53 and bcl-2 proteins

Radiation-induced apoptosis in HPL can be mediated by

p53-dependent or p53-independent mechanisms (Seki et al.

1994). Principal downstream elements of the DNA-damage-

induced, p53-driven apoptotic pathway are modulatory

interactions between the members of the bcl-2 gene family,

release of mitochondrial pro-apoptotic factors and activation

of caspases. As p53 is a regulator of bcl-2 and bax gene

expression in vitro and in vivo (Miyashita et al. 1994b), we

have examined radiation-induced changes in the levels of

p53 and bcl-2 proteins in total cell lysates. While the levels of

p53 in the non-irradiated cells were around the limit of
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Fig. 1 Effect of various TPA treatment protocols on the rate of

spontaneously occurring apoptosis in human lymphocytes. After the

exposure of cells to the indicated TPA concentration and time, the

cells were centrifuged and resuspended in TPA-free medium. The

number of apoptotic cells was determined after 24-h incubation in

TPA-free medium and the values normalized to the apoptosis rate in

the control untreated cells. The error bars indicate SEs of measure-

ment among four independent experiments. C—control cells;

TPA1—4 nM TPA, 15 min; TPA2—100 nM TPA, 15 min;

TPA3—4 nM TPA, 24 h; TPA4—100 nM TPA, 24 h

Table 1 Morphological changes and loss of mitochondrial membrane potential in control and irradiated lymphocytes

Time (h) Control Irradiated

TPA- TPA? TPA- TPA?

Apoptotic CMXH2ROS (-) Apoptotic CMXH2ROS (-) Apoptotic CMXH2ROS (-) Apoptotic CMXH2ROS (-)

0 3.8 ± 0.5 4.1 ± 0.7 3.9 ± 0.5 4.8 ± 0.7 5 ± 0.4 3.1 ± 0.7 6 ± 0.5 5.4 ± 2.2

6 4.2 ± 0.3 5.5 ± 1.2 3.7 ± 0.3 3.9 ± 0.6 3.8 ± 1.3 5.5 ± 1.1 4 ± 0.8 6.5 ± 0.7

9 3.5 ± 0.4 5.6 ± 0.9 4 ± 0.5 5.1 ± 0.9 7.5 ± 2.8* 9.2 ± 1.6** 3.4 ± 0.4� 6.1 ± 0.6�

24 5 ± 1.1 7.1 ± 1.1 5.5 ± 1.3 6.9 ± 1.1 26 ± 3.5*** 31.3 ± 3.1*** 16.5 ± 2.8�� 15.8 ± 1.5���

48 12 ± 2 14.9 ± 2.3 10 ± 2.5 13.1 ± 2.1 45 ± 5.4*** 51 ± 0.9*** 33 ± 1.8�� 45.3 ± 2.7�

72 14 ± 2.3 17.1 ± 3.1 15 ± 2.6 16.5 ± 1.3 72 ± 2.4*** 82.1 ± 2.8*** 68.5 ± 3.4 75.1 ± 3.5

The values represent means ± SEs from four donors. The significance of differences between the employed treatments were investigated by

Student’s paired t test

* P\ 0.05; ** P\ 0.01; *** P\ 0.001 (in comparison with—TPA control cultures); � P\ 0.05; �� P\ 0.01; ��� P\ 0.001 (in comparison

with—TPA irradiated cultures)
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detection, radiation induced a rapid increase in the p53 levels

within 3 h after irradiation (Fig. 2). The expression of p53 in

irradiated TPA- cells reached its maximum 6–24 h after

irradiation and declined to the control levels 48–72 h after

irradiation. The time course of p53 induction in the irradiated

TPA? cells was more protracted, with elevated p53 levels up

to 48 h (Fig. 2) and decrease to the control level 72–96 h

after irradiation (data not shown).

As p53 induction was observed already a few hours after

irradiation, we were interested which opposing signals

could abrogate the p53-driven apoptotic pathway in the

irradiated TPA? cells. Regulation of p53 activity can be

achieved by increase in protein concentration, conforma-

tional changes and cytoplasmic/nuclear shuttling (Liang

and Clarke 2001). Nuclear accumulation of p53 protein is

pivotal for the mediation of its cellular effects (Sugano

et al. 1995; Shaulsky et al. 1990; Fritsche et al. 1993), and

abnormal cytoplasmic sequestration of p53 has been sug-

gested as a mutation-independent mechanism of p53

inactivation (Moll et al. 1996). Fractionation of protein

content into nuclear and cytoplasmic lysates (Fig. 3) as

well as confocal images (Fig. 4) revealed differences in the

nuclear localization of p53 among irradiated TPA? and

TPA- cells. While the majority of p53 protein showed

nuclear localization in irradiated TPA- cells during the

post-irradiation incubation, in irradiated TPA? cells p53

was localized mostly in the cytoplasm up to 48 h after

irradiation, whereupon it shifted to mainly nuclear accu-

mulation (Figs. 3, 4). It should be stressed, however, that

not all TPA? cells showed cytosolic confinement of p53

indicating that this phenomenon could be characteristic for

a certain subpopulation of HPL.

The bcl-2 family of cytoplasmic proteins—through

interactions between its anti- and pro-apoptotic members—

is thought to be one of the major anti-apoptotic regulators

in the cell. Systemic overexpression of bcl-2 in the

haematopoietic system has been shown to increase the

resistance of mice to lethal challenges such as irradiation

(Ogilvy et al. 1999). An earlier study has suggested a

gatekeeper function of the bcl-2 protein at the nuclear

membrane by inhibiting nuclear import of induced wild-

type p53 protein following genotoxic damage (Beham et al.

1997). While there were no significant changes in the

expression of bcl-2 protein in the total cell lysates (data not

shown), upon fractionation of the cellular protein content

into nuclear and cytoplasmic lysates, significant increase in

bcl-2 in the nuclear fraction of irradiated cells was detected

(Fig. 3). This increase became marked in both TPA- and

TPA? cells already 1 h after irradiation, reached its

maximum about 24 h after irradiation and slowly declined

to the control levels at the 48–72 h of post-irradiation time.

This increase was quite unexpected, as the presence of the

p53-dependent negative response element in the bcl-2 gene

(Miyashita et al. 1994a) would implicate that up-regulation

of p53 would lead down-regulation of bcl-2 expression.

Yet, irradiation resulted in increase in bcl-2 levels in the

nuclear fraction in both TPA- and TPA? cells (Fig. 3).

While in the case of TPA- cells this increase seems to

depend on de novo synthesis as the cytosolic levels of bcl-2

have also increased, in TPA? cells the increase is

accompanied with a drop of cytosolic bcl-2 levels 1 h after

the irradiation (Fig. 3, lower panel). Of note, staining of the

irradiated cells with the potential-independent mitochon-

drial stain Mitotracker Green showed the preferential

localization of mitochondria close to the nuclear membrane

(data not shown). As the bcl-2 protein frequently associates

with the mitochondrial membrane, this could lend a partial

explanation for the observed pattern of localization. Ele-

vated bcl-2 levels at the nuclear periphery could also

originate from TPA-induced up-regulation of PKC as it has

recently been shown that the bcl-2 mRNA is endowed by

an adenine- and uracil-rich element (ARE), a common

element responsible for mRNA decay modulation (Schi-

avone et al. 2000). The same study demonstrated that the

activity of bcl-2 ARE is influenced by PKC, since the

addition of both DAG and TPA markedly attenuated its

destabilizing potential.

Discussion

We show here that short pre-treatment by low concentra-

tion of TPA transiently decreases the rate of radiation-in-

duced apoptosis in human peripheral lymphocytes. This

decrease correlated well with the restricted nuclear entry of

3 hrs                         6 hrs      

TPA    ─   +            ─         +          ─  +     ─      +    
3 Gy   ─     ─    +        +           ─   ─    +      +  

24 hrs    48 hrs

TPA     ─ + ─    + ─ + ─     + 
3 Gy ─ ─   +    +  ─ ─  +      +  

p53 

actin

p53 

actin

Fig. 2 Western blot analysis of p53 expression in total cell lysates.

The TPA treatment indicates acute exposure to low TPA concentra-

tion (4 nM, 15 min)
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the p53 protein and increase in bcl-2 levels at the nuclear

periphery of irradiated cells. This is in line with a previous

study that reported on bcl-2-mediated inhibition of p53

nuclear import following DNA damage in the human

prostate carcinoma cell line LNCaP (Beham et al. 1997).

Still, the observed changes in subcellular levels of bcl-2 in

HPL seem to be necessary but not sufficient for blocking of

the nuclear accumulation of p53, as the latter has been

observed only in TPA-treated cells. Of note, TPA is known

to induce c-myc expression via PKC activation and it has

previously been demonstrated that bcl-2 and c-myc can

cooperate in blocking the p53 entry into the nucleus and

prevent p53-induced apoptosis and growth arrest of breast

cancer cells (Ryan et al. 1994). One should bear in mind,

however, several contradictory reports from other cell

models. Mitogen-activated lymphocytes and cycling T

lymphoma cells from p53-deficient mice exhibited signif-

icant apoptotic cell death following exposure to ionizing

radiation or DNA-damaging drugs (Hendry and West

1997). These findings suggest that p53 is not the only

mediator of apoptotic cell death upon DNA damage.

Moreover, it has previously been shown that overexpres-

sion of bcl-2 protein increases the half-life of Bax protein

in some (but not all) cell types (Miyashita et al. 1995) that

would circumvent the anti-apoptotic effect of elevated bcl-

2 levels.

Our results indicate that TPA may interfere with the

process of radiation-induced cell death, at least partly,

through activation of signal transduction mechanisms that

are able to inhibit apoptotic signalling at a stage

upstream of mitochondrial demise. This is in line with a

previous study on radiation-induced apoptosis of Jurkat

cells (Shonai et al. 2002) that demonstrated the protec-

tive effect of the MEK/ERK pathway on ionizing radi-

ation-induced loss of mitochondrial membrane potential.

It should be stressed, however, that HPL which can be

rescued from radiation-induced cell death by stimulation

with mitogens (Meijer et al. 1999) may already contain a

significant number of DNA fragments (Czene et al.

2002). Inhibition of apoptosis in its early phases there-

fore could increase the risk of formation of chromosomal

aberrations in cells under stimulatory pressure of the
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Fig. 3 The upper panel depicts p53 and bcl-2 protein levels in

nuclear and cytoplasmic fractions of lymphocytes, detected by

Western blot analysis. TPA-treated and sham-treated lymphocytes

were exposed to 3 Gy of radiation and samples collected for protein

analysis at 1, 24 and 48 h of post-irradiation incubation. C—control

cells; R—cells irradiated with 3 Gy; TR—cells pre-exposed to low

concentration of TPA (4 nM, 15 min) and irradiated afterward with

3 Gy. Densitometric evaluation of time-dependent changes of bcl-2

protein levels in nuclear (a) and cytoplasmic (b) fractions of

lymphocytes is shown in the lower panel. The values are normalized

to the respective actin signals in the same lane
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immune system and result in a carry-over of genetic

damage to daughter cells.
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