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Abstract
The tumor suppressor p53 has a crucial role in cellular response to DNA damage caused by
ionizing radiation, but it is still unclear whether p53 can modulate radiation-induced bystander
effects (RIBE). In the present work, three different hepatoma cell lines, namely HepG2 (wild p53),
PLC/PRF/5 (mutation p53) and Hep3B (p53 null), were irradiated with γ-rays and then co-
cultured with normal Chang liver cell (wild p53) in order to elucidate the mechanisms of RIBE.
Results showed that the radiosensitivity of HepG2 cells was higher than that of PLC/PRF/5 and
Hep3B cells. Only irradiated HepG2 cells, rather than irradiated PLC/PRF/5 or Hep3B cells, could
induce bystander effect of micronuclei (MN) formation in the neighboring Chang liver cells.
When HepG2 cells were treated with 20 μM pifithrin-α, an inhibitor of p53 function, or 5 μM

cyclosporin A (CsA), an inhibitor of cytochrome-c release from mitochondria, the MN induction
in bystander Chang liver cells was diminished. In fact, it was found that after irradiation,
cytochrome-c was released from mitochondria into the cytoplasm only in HepG2 cells in a p53-
dependent manner, but not in PLC/PRF/5 and Hep3B cells. Interestingly, when 50 μg/ml
exogenous cytochrome-c was added into cell co-culture medium, RIBE was significantly triggered
by irradiated PLC/PRF/5 and Hep3B cells, which previously failed to provoke a bystander effect.
In addition, this exogenous cytochrome-c also partly recovered the RIBE induced by irradiated
HepG2 cells even with CsA treatment. Our results provide new evidence that the RIBE can be
modulated by the p53 status of irradiated hepatoma cells and that a p53-dependent release of
cytochrome-c may be involved in the RIBE.
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Introduction
Since Nagasawa and Little (1992) first demonstrated that the induction of sister chromatid
exchanges could be increased in the cells that were not directly irradiated but were in the
vicinity of the cells directly exposed by α-particles, radiation-induced bystander effects
(RIBE) have become a hot topic for study in recent years. It has been known that bystander
signaling can lead to a series of cellular responses including cell death (Mothersill and
Seymour, 1997), chromosomal damage (Lehnert and Goodwin, 1997), genomic instability

© 2010 Macmillan Publishers Limited All rights reserved

Correspondence: Professor C Shao, Institute of Radiation Medicine, Fudan University, No. 2094 Xie-Tu Road, Shanghai 200032,
China. clshao@shmu.edu.cn.

Conflict of interest The authors declare no conflict of interest.

Europe PMC Funders Group
Author Manuscript
Oncogene. Author manuscript; available in PMC 2011 October 01.

Published in final edited form as:
Oncogene. 2011 April 21; 30(16): 1947–1955. doi:10.1038/onc.2010.567.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(Seymour and Mothersill, 1997; Morgan et al., 2002; Morgan and Sowa, 2007), mutations
(Nagasawa and Little, 1999), gene expressions (Azzam et al., 2003a) and carcinogenesis
(Mancuso et al., 2008). Meanwhile, many bystander signaling factors have been identified
unceasingly, such as reactive oxygen species (Narayanan et al., 1997; Azzam et al., 2003b),
transforming growth factors-β1 (Iyer et al., 2000), tumor necrosis factor-α (Emerit et al.,
1996), interleukin-8 (Narayanan et al., 1999), nitric oxide (Matsumoto et al., 2001; Shao et
al., 2003a), COX-2 (Zhou et al., 2005) and carbon monoxide (Han et al., 2009). These
signaling factors can affect the bystander cells through the culture medium and/or the gap
junction between directly communicating cells (Shao et al., 2003b; Mitchell et al., 2004).
Evidence shows that the nuclear DNA could not be a direct target in the induction of a
RIBE. It has been known that microbeam-targeted cytoplasmic irradiation can also induce
bystander responses where cell membrane rafts may be involved (Shao et al., 2004). In
addition, as a key cell organelle in the cytoplasm, mitochondria has been shown to be a
sensor of RIBE (Murphy et al., 2005) and the bystander response cannot be induced in the
cells without mitochondria (Tartier et al., 2007; Zhou et al., 2008; Chen et al., 2008b).

Evidence shows that RIBE has an important role in the radiation effect on tumor cells, and a
variety of biological bystander effects have been observed with various types of radiation,
including radioisotopes (Chen et al., 2008a), low linear energy transfer radiotherapy
(Shareef et al., 2007) and heavy particle therapy in vitro (Harada et al., 2009). Our previous
studies found that, mediated by nitric oxide and its downstream product of transforming
growth factors-β1, a single irradiated glioma cell could induce chromosome damage in
hundreds of surrounding glioma cells (Shao et al., 2008a) and also in bystander normal
fibroblast cells (Shao et al., 2005, 2008b). The radiosensitivity of breast cancer cells could
be enhanced by bystander fibroblast cells irradiated with a low dose through the Akt
pathway (Tsai et al., 2009). Hence, the RIBE between tumor cells and normal cells needs to
be considered in our understanding of both effectiveness and risk during clinical
radiotherapy.

Hepatocellular carcinoma is one of the most prevalent malignant diseases in Asia. On the
basis of the rapid technological development, three-dimensional conformal radiotherapy has
become an important strategy in the treatment of hepatocellular carcinoma (Ma et al., 2009).
It has been known that almost half of hepatoma cells have an abnormal p53 gene (Puisieux
et al., 1993), so that these cells are quite different in their sensitivity to radiation and
chemical drugs (You et al., 2002; Ng et al., 2006), also show differences in oncogenicity
(Ain et al., 1994), malignancy (Bressac et al., 1990) and even in the synthesis and secretion
of signal factors (Moses et al., 1983). In fact, the tumor suppressor p53 gene has a major role
in cellular response to DNA damage (Vousden and Lane, 2007). But the relationship
between p53 and RIBE has not yet been well defined. Our previous study found that the
targeted irradiation induced a bystander effect in T98G cells could be modulated by the
inhibition of p53 (Shao et al., 2010), nevertheless, others reported that the RIBE for
mutation induction was independent of p53 (Zhang et al., 2008). To better understand the
mechanism of the bystander effect from irradiated tumor cells to normal cells, the present
work investigated the RIBE in Chang liver cells (wp53) neighboring the irradiated cells of
three hepatoma cell lines of different p53 status, and is the first report that a p53-dependent
release of cytochrome-c was involved in the RIBE.

Results
Relationship between radiosensitivity and p53

As a result of direct radiation-induced chromosomal damage, MN were detected in the
irradiated HepG2 cells (wp53) and PLC/PRF/5 cells (mp53) and their yields increased with
dose. In contrast, no significant induction of MN in Hep3B cells (p53 null) was detected
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even with 7 Gy exposure (Figure 1a). To determine whether p53 was involved in the
radiation response of hepatoma cell lines, the HepG2 and PLC/PRF/5 cells were pre-treated
with pifithrin-α (PFT-α), a functional inhibitor of p53. Results showed that this treatment
produced a marked reduction in the induction of MN, for example, at 7 Gy, the MN yields
of irradiated HepG2 cells and PLC/PRF/5 cells were reduced by 88.23 and 34.89%,
respectively. Radiation also reduced cell growth and it was found that the relative growth
rate of irradiated HepG2 cells was much lower than that of irradiated PLC/PRF/5 and
Hep3B cells (Figure 1b). These results meant that the radiosensitivity of HepG2 cells was
higher than that of PLC/PRF/5 and Hep3B cells and that radiation-induced DNA damage
and cell growth inhibition could be regulated by p53 in hepatoma cells.

Relationship between RIBE and p53
To determine the bystander effect induced by irradiated hepatoma cells, Chang liver cells
bearing wp53 were co-cultured with three kinds of hepatoma cells of different p53 status.
Figure 2 illustrates that the yield of MN in the bystander Chang liver cells was significantly
increased after co-culturing with irradiated HepG2 cells, and it was proportional to both
irradiation dose and cell co-culture time. In general, the yield of bystander MN increased
with irradiation dose and cell co-culture time, which is different from previous reports that
the RIBE is independent of irradiation dose (Mothersill and Seymour, 1997; Shao et al.,
2003c). However, the yield of bystander MN was not elevated when the Chang liver cells
were co-cultured up to 24 h with either PLC/PRF/5 or Hep3B cells that had been irradiated
with different doses. These results indicate that the induction of bystander response may rely
on the status of p53 gene. This deduction was further verified by the experiment of treating
HepG2 cells with PFT-α. It was found that the bystander response in the Chang liver cells
could be fully suppressed by p53 inhibitor and a typical result is shown in Figure 3, where
HepG2 cells were irradiated with 3 Gy γ-rays and further co-cultured with non-irradiated
Chang liver cells for 12 h, an optimum time condition of bystander response induction.
Moreover, Figure 3 also showed that the genotoxic bystander effect on Chang liver cells
could be partly reduced when the irradiated HepG2 cells were treated with cyclosporin A
(CsA), an inhibitor of cytochrome-c release, which hints that cytochrome-c may have a role
of bystander signaling factor in the RIBE.

Radiation-induced expression of phospho-p53
The protein level of phospho-p53 (Ser15) in three hepatoma cell lines was determined by
western blotting and the result is shown in Figure 4. In non-irradiated control cells, phospho-
p53 was not expressed in Hep3B cells and had a very low expression in HepG2 cells, but it
could be accumulated in PLC/PRF/5 cells as this cell has an abnormal p53 gene type. It is a
common feature that phospho-p53 can be highly expressed in cells bearing a mutant p53
gene (Bartek et al., 1991). The present study found that, after 12 h of 3 Gy irradiation, the
levels of phospho-p53 in HepG2 cells and PLC/PRF/5 cells were increased by 9-fold and
4.7-fold, respectively, but was still not expressed in Hep3B cells. When HepG2 and PLC/
PRF/5 cells were treated with PFT-α, the levels of phospho-p53 in these irradiated cells
were reduced to 5-fold and 1.6-fold of the control, respectively. So, all these results are quite
consistent with the result in Figure 1a showing that the radiation-induced DNA damage
depends on the functionality of p53.

Release of cytochrome-c in the irradiated hepatoma cells
To further understand the role of cytochrome-c in the RIBE, we measured the
immunocytochemical distribution of cytochrome-c in the cytoplasm of different hepatoma
cell lines. It was found that, under normal condition without irradiation, cytochrome-c was
concentrated in the mitochondria surrounding the nuclei of all three cell lines. After
irradiation, the cytochrome-c could be released from mitochondria and expressed diffusely
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in the whole cytosol of HepG2 cells (Figure 5a), so that the percentage of cytochrome-c
released was increased from 35% of non-irradiated control cells to 60%. When the HepG2
cells were treated with 20 μM PFT-α or 5 μM CsA, release of cytochrome-c was inhibited and
the percentage was significantly decreased to nearly control levels (Figure 5b). But release
of cytochrome-c could not be observed for either irradiated PLC/PRF/5 or Hep3B cells
where the percentage of cytochrome-c was approximately 33% before and after irradiation
(Figure 5c). These results are consistent with the results in Figures 2 and 3 showing that
neither irradiated PLC/PRF/5 cells nor Hep3B cells could induce a bystander effect on
Chang liver cells and that the bystander effect induced by irradiated HepG2 cells was
diminished by either PFT-α or CsA. Accordingly, radiation-induced release of cytochrome-
c may be a critical factor of RIBE that can be modulated by p53.

RIBE triggered by exogenous cytochrome-c
To further verify the critical role of cytochrome-c in the RIBE, we added exogenous
cytochrome-c into the co-culture medium of irradiated hepatoma cells and bystander Chang
liver cells, and measured the yield of bystander MN. Figure 6 illustrates that the exogenous
cytochrome-c had a limited toxic effect on non-irradiated Chang liver cells and slightly
increased the cellular MN level, but this exogenous chemical enhanced obviously the yield
of MN in the bystander Chang liver cells that were co-cultured with either irradiated PLC/
PRF/5 or irradiated Hep3B cells, indicating that the exogenous cytochrome-c stimulated the
hepatoma cells bearing abnormal p53 to generate some unknown signaling factors, which
further induced bystander damage in their vicinal cells. An unexpected result was that, with
respect to HepG2 cells, exogenous cytochrome-c failed to increase the MN yield in the
bystander Chang liver cells. This may be because of the bystander signaling factors released
from irradiated HepG2 cells, having reached a plateau that saturates the bystander response
so that additional exogenous cytochrome-c could not further enhance the bystander effect.
However, when the HepG2 cells were treated with CsA, the exogenous cytochrome-c partly
recovered the decreased yield of MN in the bystander Chang liver cells, indicating again that
some unknown bystander signaling factors may be triggered by the exogenous cytochrome-
c, although the release of intrinsic cytochrome-c was blocked.

Discussion
The present study found that loss or inhibition of p53 function produced cellular
radioresistance and growth arrest, which is in accord with other studies showing that p53 is a
key molecule involved in the cellular response to irradiation and regulates the
radiosensitivity of mammalian cells (Komarov et al., 1999; Concin et al., 2000; Komarova et
al., 2003). p53 not only promotes the repair of minor DNA damage induced by radiation but
also has a complementary role in suppressing the repair of severe DNA damage and then
switching on programmed cell death (Zhang et al., 2009). Failure of this p53-dependent
apoptosis system may result in cancer development and genomic instability after irradiation
(Viani et al., 2003).

We then studied the function of p53 in the RIBE and observed a clear genotoxic bystander
effect in Chang liver cells induced by neighboring irradiated HepG2 cells, but not by
irradiated PLC/PRF/5 or Hep3B cells. It was noted that exogenous cytochrome-c could
heighten the bystander MN in Chang liver cells co-cultured with irradiated PLC/PRF/5,
Hep3B cells and CsA-treated HepG2 cells. Our results indicate that cytochrome-c is a key
signaling factor involved in the RIBE in cells with different p53 status. Accumulating
evidence demonstrates that the release of mitochondrial cytochrome-c could be triggered via
a p53-induced activation of pro-apoptotic Bcl2 family genes, including BAX (Schuler et al.,
2000), Noxa (Wang et al., 2000) and PUMA (Harada et al., 2009), in a p53-dependent
manner. Therefore, p53 activation and cytochrome-c release can be detected in the irradiated
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HepG2 cells (wp53), but not in Hep3B cells (p53 null). However, the situation in PLC/PRF/
5 (mp53) cells was quite complicated. Following irradiation, phospho-p53 could be
activated in PLC/PRF/5 cells despite having mutated p53. Interestingly, this activation could
also be efficiently inhibited by PFT-α. Taken together with the results in Figure 1 that the
MN yield in the irradiated PLC/PRF/5 cells could be reduced by PFT-α, it can be deduced
that the mutated p53 in PLC/PRF/5 cells may also have the ability to participate in DNA
damage response, but with an abnormal function so that no p53-dependent cytochrome-c can
be released from these cells.

Several reports have suggested that the p53 function is important for RIBE by using a
retroviral wild-type p53-expression vector (Ryan et al., 2008), and p53 could modulate the
export of growth-suppressive stimuli from damaged cells to neighboring cells (Komarova et
al., 1998). in vivo research found that an ongoing activation of p53 pathway response was
involved in persistent activation of inflammatory-type responses in irradiated tissues (Coates
et al., 2008), which may contribute to the mechanism of RIBE. However, there have been
some contradictory reports in the literature suggesting that p53 function was not necessary
for the RIBE. Using cells of three human lymphoblastoid cell lines, Zhang et al. (2008)
reported that p53 status did not affect either the production of radiation bystander mutagenic
signals or the response to these signals. Our previous studies showed that T98G cells (mp53)
could also induce a genotoxic bystander response similar to AG1522 cells (wp53) although
their mechanisms were quite different; nitric oxide was involved in the irradiated T98G-
induced bystander response, whereas reactive oxygen species contributed to the irradiated
AG1522-induced bystander effect (Shao et al., 2003c, 2005). Further study showed that
reactive oxygen species might cause the release of cytochrome-c from mitochondria in the
cells with wp53 (Atlante et al., 2000). Consequently, the different pattern of p53 mutation
may be the reason why some but not all p53-mutated cells can induce RIBE, and the RIBE
may depend on the function but not the phenotype of p53 gene. The incompatible cascade in
the activation of p53 and the release of cytochrome-c could be the key reason of the
phenomenon that PLC/PRF/5 cells with specific mp53 failed to invoke an RIBE.

Recent evidence has shown that, as a medium-derived soluble bystander factor, cytochrome-
c may transfer between cells through gap junction and mediate RIBE and induce apoptosis
in bystander cells (Peixoto et al., 2009). Another interesting report showed that cytochrome-
c or mitochondrial function was required for non-targeted cells to respond to bystander
signals (Yang et al., 2009). The present study showed that RIBE could be triggered by
exogenous cytochrome-c from irradiated PLC/PRF/5 and Hep3B cells and even CsA pre-
treated HepG2 cells. These findings indicate that cytochrome-c has a role as the sensor of
RIBE. In addition, when the irradiated HepG2 cells were pre-treated with CsA, the MN
induction in bystander Chang liver cells was not fully reduced to background levels as seen
with PFT-α treatment, thus some p53-related bystander signal factors besides cytochrome-c,
such as reactive oxygen species (Preta et al., 2009), transforming growth factors-β1 (Iyer et
al., 2000) and Fas (Chhipa and Bhat, 2007; Luce et al., 2009), could also be involved in the
RIBE.

On the basis of the present and other findings, we propose that the p53, as a center of the
radiation response, domains the genetic damage and survival of hepatoma cells; meanwhile,
it also alters the function of mitochondria and then subsequently mediates the release of
cytochrome-c in irradiated cells and thus may have an important role in the regulation of the
RIBE. This study may provide a new insight into the combined clinical trials of p53 gene
therapy and radiation therapy to hepatocellular carcinoma of abnormal p53 status, that is, we
should evaluate properly the merits and demerits of the antitumor efficacy and the
concomitant adverse reaction to surrounding normal tissue in this combined therapy.
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Materials and methods
Cell culture

Three hepatoma cell lines (HepG2, PLC/PRF/5 and Hep3B) and a normal liver cell line
(Chang liver) were obtained from the Shanghai Cell Bank of China. Each has a different p53
status. HepG2 cells (wp53), Chang liver cells (wp53, verified by p53 reporter gene assay
and western blotting assay (Yuan et al., 2010)) and PLC/PRF/5 cells (mp53) were
maintained in the Dulbecco’s modified Eagle medium (HyClone, Beijing, China) containing
glucose (4.5 g/l) and supplemented with penicillin (100 U/ml), streptomycin (100 U/ml),
glutamate (2 mM) and 10% fetal bovine serum (Gibco Invitrogen, Grand Island, NY, USA).
Hep3B cells (p53 null) were grown in the Minimum Essential Medium Alpha Medium
(HyClone) supplemented with penicillin, streptomycin and 15% fetal bovine serum. All the
cell lines were cultured in a humidified atmosphere of 5% CO2 in air at 37 °C.

Cell irradiation and co-culture
Three hepatoma cell lines and Chang liver cells were seeded on a coverslip (1 × 105 cells)
and allowed to grow for 1 day before irradiation. The hepatoma cells were irradiated with γ-
rays at adose rate of 0.83Gy/min using a 137Cs Gammacell-40 irradiator (Nordion
International Inc., Kanata, Ontario, Canada). After irradiation, two coverslips with irradiated
hepatoma cells and non-irradiated Chang liver cells were placed face-to-face with a 3 mm
gap and co-cultured within a 35 mm dish. After 4, 12 or 24 h of co-culture, the cells were
washed with phosphate-buffered saline (PBS) and fixed in situ for the MN assay.

Cell treatments
In some experiments, hepatoma cells were treated with 20 μM PFT-α (Sigma Co., St Louis,
MO, USA) for 20 h or 5 μM CsA (Sigma Co.) for 1 h before irradiation. PFT-α is a
reversible inhibitor of the function of p53. CsA, a mitochondrial permeability transition pore
inhibitor, can irreversibly inhibit the release of cytochrome-c from mitochondria. After
irradiation, cells treated with CsA were immediately washed three times with PBS, but 20
μM PFT-α was still added to the medium during cell co-culture. In addition, to elucidate the
effect of cytochrome-c on the bystander response, exogenous cytochrome-c (Sigma Co.)
with a final concentration of 50 μg/ml was added to the cell co-culture medium until the MN
assay.

Cell growth assay
Radiosensitivity of the three hepatoma cell lines was measured using the cell growth assay.
After irradiation with different doses of γ-rays, the cells were immediately treated with
0.25% trypsin solution containing 0.53 mM EDTA. A total of 5 × 104 cells were reseeded
and cultured in a 60 mm dish. At 1–7 days post irradiation, cells were suspended and
counted by a cell coulter (Beckman counter Z2, Hialeah, FL, USA). The relative cell growth
rate was calculated by normalizing the number of irradiated cells to the number of non-
irradiated control cells.

MN assay
MN were measured using the cytokinesis-block technique. Briefly, the cells were treated
with 1 μg/ml cytochalasin B (Sigma Co.) for 28–29 h and then fixed in situ with methanol/
acetic acid (9:1 v/v) for 20 min. Air-dried cells were stained with 0.01% acridine orange
(Sigma Co.) and then observed under a fluorescence microscope (Olympus, Tokyo, Japan).
MN were scored in at least 500 binucleated cells and the MN yield, YMN, was calculated as
the ratio of the number of MN to the scored number of binucleated cells.
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Western blotting assay
The expression of phospho-p53 was measured with western blotting. Briefly, 12 h after
irradiation, the cells (1.5 × 106 cells pre-seeded in 60 mm petridish) were washed three
times with ice-cold Tris-buffered saline (TBS) and treated with RIPA lysis buffer (Beyotime
Biotechnology, Jiangsu, China). The cells were then scraped off the dish with a cold plastic
scraper, collected into a pre-cooled Eppendorf tube and centrifuged at 14 000 r.p.m. for 5
min at 4 °C. The protein concentration in the supernatant fraction was measured with the
bicinchoninic acid protein assay kit (Beyotime Biotechnology) using bovine serum albumin
as a standard. Protein sample with 1 × loading buffer (0.25 M Tris–HCl (pH 6.8), 2.2% (w/v)
SDS, 10% (v/v) glycerol, 1% (v/v), β-mercaptoethanol and bromophenol blue in deionized
water) was denatured at 100 °C for 10 min to denature, then electrophoresed by 12% SDS–
polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride membrane
(Millipore, Bedford, MA, USA). The membrane was blocked with 5% non-fat dry milk
powder in TBST (TBS containing 0.05% Tween 20) for 1 h to reduce non-specificity
binding, then incubated overnight at 4 °C with the primary antibody against phospho-p53
(Ser15; Cell Signalling Technology, Danvers, MA, USA; 1:1000 dilution in blocking buffer)
and GADPH (Kangchen Bio-tech, Shanghai, China; 1:5000 dilution in blocking buffer).
After washing with TBST (four times, 10 min), the membrane was further incubated with
the horseradish peroxidase-labeled secondary antibody (Pro-teintech Group Inc., Chicago,
IL, USA; 1:4000 dilution in TBST) for 1 h at room temperature. After several washes, the
protein bands were visualized using the ChemiDoc XRS system (Bio-Rad Laboratories,
Hercules, CA, USA) after incubation with ECL Plus (Beyotime Biotechnology). The protein
level was measured using Quantity One software (Bio-Rad). The results were expressed as a
relative gray density of the bands. Equal loading of protein samples in each lane was
indicated by the equal intensity of loading control protein, GAPDH.

Immunocytochemical assay of cytochrome-c
Cytoplasmic cytochrome-c was immunocytochemically detected in situ. Briefly, 12 h after
irradiation, the irradiated cells (5 × 104 cells grown on coverslip) were rinsed once with PBS
and then fixed with 4% paraformaldehyde for 30 min at room temperature. Cells were then
rinsed with PBS (three times, 5 min), air dried, blocked with blocking buffer (0.5% Triton
X-100, 3% bovine serum albumin in PBS) for 1 h, then incubated with cytochrome-c
antibody (Abcam, Cambridge, MA, USA; 1:100 in blocking buffer) overnight at 4 °C in a
humidified chamber, and the excess antibody was removed by washing the cells with PBS
(three times, 5 min). The cells were incubated, in the dark, with an fluorescein
isothiocyanate-labeled secondary antibody (Invitrogen, Carlsbad, CA, USA; 1:200 in
blocking buffer) for 2 h at room temperature, rinsed with PBS for 1 min, incubated with 100
ng/ml of 4′,6-diamidino-2-phenylindole (Sigma Co.) and 200 ng/ml Nile red (Genmed
Scientifics Inc., Arlingion, CA, USA) for 2min, and washed with PBS (three times, 5min).
Finally, the coverslip was mounted onto a slide using mounting medium (Vector
Laboratories, Burlingame, CA, USA) and the cells were observed with a fluorescence
microscope (Olympus). Cells that had released cytochrome-c (relatively diffusely expressed
in cytosol) and cytochrome-c normal cells (cytochrome-c was relatively concentrated in
mitochondria) were counted in 10 randomly selected fields. Triplicate results from each of
three experiments were averaged to obtain the percentages of cytochrome-c-released cells
per sample. Images were constructed using Image-Pro Plus software (Media Cybernetics
Inc., Silver Spring, MD, USA).

Statistical analysis
All results are presented as the means±s.e. of the data obtained from three independent
experiments with three replicates in each case. Significant differences were determined by
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the unpaired Student’s test or the one-way analysis of variance at P<0.05 using the SPSS
11.5 software (SPSS Inc., Chicago, IL, USA).
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Figure 1.
Dose responses of MN formation (a) and relative cell growth rate (b) in three human
hepatoma cells (HepG2, PLC/PRF/5, Hep3B) irradiated with γ-rays. In some experiments,
HepG2 and PLC/PRF/5 cells were treated with 20 μM PFT-α for 20 h before irradiation and
during the subsequent cell culture period. Cell growth rate was measured on the fifth day
after irradiation and was normalized to the sham-irradiated (0 Gy) cells.
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Figure 2.
MN formation in bystander Chang live cells that had been co-cultured with irradiated
hepatoma cells. (a) Dose response of the yield of bystander MN in Chang live cells that
were co-cultured with irradiated hepatoma cells for 12 h. **P<0.01, ***P<0.001 compared
with the control without irradiation. (b) Time response of bystander MN in Chang live cells
that were co-cultured with 3 Gy γ-irradiated hepatoma cells. *P<0.05, ***P<0.001
compared with the control without irradiation. Results correspond to the mean±s.e. of three
independent experiments with three replicates in each case.
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Figure 3.
Effect of PFT-α and CsA on bystander MN induction in Chang live cells that had been co-
cultured with 3 Gy γ-irradiated HepG2 cells for 12 h. ***P<0.001 compared with the
control without irradiation or the indicated group with inhibitor treatment. Results
correspond to the mean±s.e. of three independent experiments with three replicates in each
case.
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Figure 4.
Western blot analysis of the expression of phospho-p53 (Ser15) and GAPDH in human
hepatoma cells 12 h after 3 Gy γ-irradiation. In some experiments, HepG2 and PLC/PRF/5
cells were treated with 20 μM PFT-α 20 h before irradiation and during the subsequent cell
culture period. (a) Immunoblots of phospho-p53 and GAPDH of the hepatoma cells under
different conditions. (b) Relative level of phospho-p53 expression in the hepatoma cells.
Values were normalized to GAPDH level in each sample, and then the ratio of each
normalized value to its corresponding control (0 Gy) was calculated. ***P<0.001 compared
with the control or PFT-α treated cells. All data were presented as the mean±s.e. for three
experiments.
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Figure 5.
Release of cytochrome-c from three human hepatoma cells (HepG2, PLC/PRF/5, Hep3B) 12
h after 3 Gy γ-irradiation. In some experiments, HepG2 cells were treated with 20 μM PFT-
α before and after irradiation or 1 h with 5 μM CsA before irradiation. (a) Cell image
visualized by a fluorescence microscope. Chromatin was stained with 4′,6-diamidino-2-
phenylindole and intracellular lipids were stained with Nile red. Immunolocalization of
cytochrome-c (green), nuclear (blue) and cell outline morphology (red) were recorded and
merged. The size bar in the photo is 20 μm. (b) The percentage of cytochrome-c-released
cells in the population of HepG2 cells with and without PFT-α and CsA treatment,
respectively. (c) The percentage of cytochrome-c released cells in the population of PLC/
PRF/5 and Hep3B cells. *P<0.05 compared with the control without irradiation. ***P<0.001
to the control without irradiation or to the indicated group with inhibitor treatment. Results
correspond to the mean±s.e. of three independent experiments with three replicates in each
case. A full colour version of this figure is available at the Oncogene journal online.
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Figure 6.
Effect of exogenous cytochrome-c on bystander MN induction in the Chang live cells that
had been co-cultured for 12 h with 3 Gy γ-irradiated PLC/PRF/5 cells (a), Hep3B cells (b)
and HepG2 cells (c). **P<0.01, ***P<0.001 compared with the control without irradiation,
*P<0.05, **P<0.01, ***P<0.001 compared with CsA-treated cells. Results correspond to the
mean±s.e. of three independent experiments with three replicates in each case.
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