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The Involvement of Calcium and MAP Kinase Signaling Pathways in the
Production of Radiation-Induced Bystander Effects

F M. Lyng,>* P Maguire,2 B. McClean,” C. Seymour>? and C. Mothersilla2

2 Radiation and Environmental Science Centre, Focas Institute, Dublin Institute of Technology, Dublin 8, Ireland; and ® &. Luke's Hospital,
Rathgar, Dublin 6, Ireland

Lyng, F. M., Maguire, P., McClean, B., Seymour, C. and
Mothersill, C. The Involvement of Calcium and MAP Kinase
Signaling Pathways in the Production of Radiation-Induced
Bystander Effects. Radiat. Res. 165, 000-000 (2006).

Much evidence now exists regarding radiation-induced by-
stander effects, but the mechanisms involved in the transduc-
tion of the signal are still unclear. The mitogen-activated pro-
tein kinase (MAPK) pathways have been linked to growth
factor-mediated regulation of cellular events such as prolif-
eration, senescence, differentiation and apoptosis. Activation
of multiple MAPK pathways such as the ERK, JNK and p38
pathways have been shown to occur after exposure of cellsto
radiation and a variety of other toxic stresses. Previousstudies
have shown oxidative stress and calcium signaling to be im-
portant in radiation-induced bystander effects. The aim of the
present study was to investigate MAPK signaling pathwaysin
bystander cells exposed to irradiated cell conditioned medium
(ICCM) and the role of oxidative metabolism and calcium
signaling in the induction of bystander responses. Human ke-
ratinocytes (HPV-G cell line) were irradiated (0.005-5 Gy)
using a cobalt-60 teletherapy unit. The medium was harvested
1 h postirradiation and transferred to recipient HPV-G cells.
Phosphorylated forms of p38, INK and ERK were studied by
immunofluorescence 30 min—-24 h after exposure to ICCM.
Inhibitors of the ERK pathway (PD98059 and U0126), the
JNK pathway (SP600125), and the p38 pathway (SB203580)
wer e used to investigate whether bystander-induced cell death
could be blocked. Cells were also incubated with ICCM in the
presence of superoxide dismutase, catalase, EGTA, verapamil,
nifedipine and thapsigargin to investigate whether bystander
effects could be inhibited because of the known effects on cal-
cium homeostasis. Activated forms of JINK and ERK proteins
wer e observed after exposureto ICCM. Inhibition of the ERK
pathway appeared to increase bystander-induced apoptosis,
while inhibition of the JNK pathway appeared to decrease
apoptosis. I n addition, reactive oxygen species, such as super -
oxide and hydrogen peroxide, and calcium signaling were
found to be important modulators of bystander responses.
Further investigations of these signaling pathways may aid in
the identification of novel therapeutic targets. © 2006 by Radiation
Research Society

INTRODUCTION

Much experimental evidence now challenges the central
radiobiological paradigm that the biological effects of ra-
diation occur as a direct consequence of energy deposition
in DNA. Recent research has shown that low doses of ion-
izing radiation can cause a bystander effect, where an ir-
radiated cell communicates with nonirradiated cells through
secreted factors and/or gap junctional intercellular com-
munication and the nonirradiated cells exhibit responses
similar to those of irradiated cells [see reviews in refs. (1—
4)]. While there is clear evidence for the existence of these
bystander effects, an understanding of the mechanisms is
only beginning to emerge.

Bystander responses include sister chromatid exchanges
(5), micronucleus formation (6, 7), apoptosis (7-9), dam-
age-inducible stress responses (10, 11), gene mutation (12,
13), chromosomal instability (14), transformation (15), re-
duction in clonogenic survival (16), and delayed cell death
(17). Increased proliferation has also been reported (18, 19)
as well as a protective adaptive response (20, 21)3 in which
bystander cells that are treated subsequently are more ra-
dioresistant than cells not exposed to bystander signals.

The nature of the bystander signal remains unknown, al-
though the properties are becoming clearer. Data are sug-
gestive of a small protein molecule (22, 23), but it is also
possible that long-lived radicals are produced (24). These
molecules could all be involved and could interact to pro-
vide a progression from relatively short-lived radicals to
more long-lived molecular species. A role for reactive ox-
ygen species has been reported by many investigators (8,
9, 22, 25-30). It is possible that generation of ROS may
lead to the formation of bystander factors that generate
ROS themselves, leading to a self-sustaining system re-
sponsible for long-lasting effects (31).

1 Address for correspondence: Radiation and Environmental Science
Centre, Dublin Institute of Technology, Kevin St., Dublin 8, Ireland;
e-mail: fionalyng@dit.ie.

2 Present address: Medical Physics an Applied Radiation Sciences, Mc-
Master University, Hamilton, Ontario, Canada.

3P Maguire, C. Seymour, C. Mothersill and FE M. Lyng, An adaptive
response following exposure to medium from cellsirradiated to low doses
of cobalt 60 gamma rays. Manuscript submitted for publication.
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Multiple new signal transduction pathways have been
discovered in the last 15 years. Many belong to the MAPK
(mitogen-activated protein kinase) superfamily. These path-
ways are linked to growth factor-mediated regulation of di-
verse cellular events such as proliferation, senescence, dif-
ferentiation and apoptosis (32).

Exposure of cells to ionizing radiation and other toxic
stresses induces simultaneous compensatory activation of
multiple MAPK pathways. These signals play critical roles
in controlling cell survival after radiation exposure (32).
Up-regulation of proteins in the MAPK pathway has been
shown to occur in bystander cells (30). Activation of ERK,
JNK and p38 in human fibroblasts was reported after ex-
posure to low mean doses of « particles, and this activation
was attenuated by antioxidants, superoxide dismutase
(SOD) and catalase.

Calcium is an important signaling molecule. Changes in
intracellular calcium modulate cell functions such as secre-
tion, enzyme activation and cell cycle regulation and can
lead to apoptosis (33, 34). Increased [Ca?*]; has been shown
to cause mitochondrial ROS formation (35). Lyng et al. (8,
9) have reported calcium fluxes, induction of ROS, and loss
of mitochondrial membrane potential in cells exposed to
medium from irradiated cells. A recent study demonstrated
that irradiated C57BL/6 mice but not CBA/Ca mice pro-
duce bystander signals that induce calcium fluxes, loss of
mitochondrial potential, and apoptosis in reporter HPV-G
keratinocytes (36), indicating in vivo induction of bystander
signals that are strongly influenced by genetic factors.

The aim of the present study was to investigate signaling
pathways underlying radiation-induced bystander effects.
Activation of MAPK pathways and the involvement of
these pathways in bystander cell death were investigated.
The role of both calcium signaling and ROS was also ex-
amined.

MATERIALS AND METHODS
Cell Culture

Human papilloma virus-immortalized keratinocytes (HPV-G), obtained
asakind gift from Dr. J. DiPaolo, NIH, Bethesda, MD (37), were cultured
in Dulbecco’s MEM:F12 medium (1:1) containing 7% fetal calf serum,
1% penicillin-streptomycin solution (1000 1U), 25 mM Hepes buffer, and
1 pg/ml hydrocortisone (all from Gibco Biocult Ltd., Irvine, Scotland)
and were maintained in an incubator at 37°C in an atmosphere of 5%
CO, in air. Subculture was routinely performed using a 1:1 solution of
0.25% trypsin and 1 mM versene at 37°C.

Irradiation

Culture flasks (25-cn?, 40-ml flasks, Nunc, Denmark) containing ap-
proximately 2 X 10° cells were irradiated at room temperature using a
cobalt-60 teletherapy unit delivering approximately 1.8 Gy/min during
the period of these experiments. The source-to-sample distance was 80
cm and the field size was 30 X 30 cm. Control flasks were sham-irra-
diated. Cells were returned to the incubator immediately after irradiation.

Generation of Irradiated Cell Conditioned Medium (ICCM)

Medium from irradiated and unirradiated cells was poured off donor
flasks 1 h after irradiation and filtered through a 0.22-pm filter to ensure
that no cells could still be present in the transferred medium (16). The
medium was then divided into aliquots in 1-ml volumes, stored at—80°C,
and thawed only once when required for experiments. Recipient cells
were plated onto glass cover slips (approximately 1 X 10° cells), grown
to approximately 80% confluence, and exposed to ICCM as detailed be-
low.

Immunofluorescence

An immunofluorescence method was used to visualize ERK, JNK and
p38 antibodies. Cells were fixed in freshly prepared 4% paraformal dehyde
at 30 min and 24 h after exposure to ICCM. After fixation for 1 h, the
cells were transferred to PBS and assayed immediately. Cells were per-
meabilized with cold (—20°C) methanol, washed in PBS, and incubated
in blocking buffer (1% BSA, 5% goat serum in PBS). Cells were then
incubated with Anti Active™ antibodies to ERK, JNK and p38 (Promega,
UK) overnight at 4°C. After washing with PBS, cells were incubated with
goat anti-rabbit FITC conjugate for 90 min followed by washing with
PBS. Positive controls were HPV-G cells exposed to 0.5 mM sorbitol.
Negative controls were cultures to which al reagents apart from the pri-
mary antibody were added. Positive and negative controls were included
with every immunofluorescence run to correct for variability.

Ratiometric Measurement of Calcium

Intracellular calcium levels were determined relative to control levels
using two visible-wavelength calcium-sensitive dyes, Fluo 3 and Fura
Red (Molecular Probes, Leiden). Fluo 3 exhibits an increase in green
fluorescence upon binding to calcium, whereas Fura Red exhibits a de-
crease in red fluorescence upon binding to calcium. The ratio Fluo 3/Fura
Red is agood indicator of intracellular calcium levels (38). Cultures were
washed twice with a buffer containing 130 mM NaCl, 5 mM KCI, 1 mM
Na,HPO,, 1 mM CaCl,, and 1 mM MgCl, (pH 7.4). Cells were loaded
with the calcium-sensitive dyes by incubation with 3 WM Fluo 3 and 3
wM Fura Red AM esters for 1 h in the buffer at 37°C. Subsequently, the
cultures were washed three times with buffer. Fluo 3 and Fura Red were
excited at 488 nm, and fluorescence emissions at 525 nm and 660 nm
were recorded simultaneously using a Zeiss LSM 510 confocal micro-
scope. Ratio images and time series data for the Fluo 3/Fura Red fluo-
rescence intensities were recorded every 2 s. Medium was added after 60
s when a stable baseline had been established. All measurements were
performed at room temperature. The calcium ionophore A23187 (100
nM) was used a positive control to exclude experimental artifacts.

The intracellular calcium concentration was calculated using the fluo-
rescence intensity of Fluo 3 according to the equation

f/fo
9 — (f/fo)|’

where the value 9 is the dynamic range of Fluo 3. The dynamic range of
an indicator is a measure of how much the fluorescence intensity changes
upon binding of Cea?*. K, is the apparent Ca?*-binding affinity of Fluo 3
determined in situ (K, = 810 nM) and f/fo is the relative change in Fluo
3 intensity (39).

[Caz*] = Kd

Measurement of Mitochondrial Membrane Potential

Mitochondrial membrane potential was determined using rhodamine
123, a green fluorescent dye that accumulates in active mitochondriawith
high membrane potential (40). Cultures were washed twice with a buffer
containing 130 mM NaCl, 5 mM KCI, 1 mM NaHPO,, 1 mM CaCl,, 1
mM MgCl,, and 25 mM Hepes (pH 7.4). Cells were loaded with 5 pM
Rhodamine 123 for 30 min in the buffer at 37°C. Then the cultures were
washed three times with buffer. Rhodamine 123 was excited at 488 nm,
and fluorescence emission at 525 nm was recorded using a Zeiss LSM
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CALCIUM AND MAP KINASE SIGNALING PATHWAYS IN RADIATION-INDUCED BY STANDER EFFECTS

FIG. 1. Phase-contrast (panel A) and fluorescence images of Fluo 3 (panel B) and Fura Red (panel C) showing uniform dye loading and no
compartmentalization after incubation at 37°C for 1 h. The fluorescence intensity of Fura Red is higher than Fluo 3, indicating low basal calcium

levels.

META confocal laser scanning microscope. The mean fluorescence in-
tensity (or mean gray value) was determined using Zeiss LSM software.
Pretreatment of cells with 100 nM valinomycin (K+ ionophore) for 20
min at 37°C before loading with 5 WM Rhodamine 123 for 30 min at
37°C was used a positive control to confirm that a reduction in fluores-
cence of Rhodamine 123 was due to a drop in mitochondrial membrane
potential (41).

Clonogenic Assay

HPV-G cells were removed from the flask using 0.25% w/v trypsin/1
mM versene solution (1:1). When the cells had detached they were re-
suspended in medium, and an aliquot was counted using a Coulter counter
model Z, set at a threshold calibrated for the cell line using a hemocy-
tometer. Three hundred cells were plated for the reporter assay to deter-
mine survival. The cells were plated 6 h before they were needed. Each
flask received 4 ml of ICCM harvested from the donor cultures and was
incubated in a humidified 37°C incubator in an atmosphere of 5% CO,
in ar until macroscopic colonies had formed (approximately 7-9 days).

Measurement of Apoptosis

Apoptotic cells were scored 24 h after exposure to ICCM in five ran-
dom fields containing approximately 100 cells each on in each of three
replicate cover dlips per treatment group. A cell was scored as apoptotic
when it had a shrunken, dense morphology and a fragmented nucleus
(42).

Inhibitors of MAPK Pathways

Cultures were exposed to ICCM in the presence or absence of inhib-
itors of MAPK pathways, and cell survival or apoptosis levels were mea-
sured. The MEK inhibitors U0126 and PD98059, were used at a final
concentration of 20 wM. The INK inhibitor SP600125 was used at afinal
concentration of 10 wM, and the p38 inhibitor SB203580 was used at a
fina concentration of 10 wM (43).

Inhibitors of Calcium Influx and ROS

Cultures were preincubated with inhibitors for 15 min and exposed to
ICCM in the presence of the inhibitor as described for each of the assays.
To inhibit ROS, cultures were exposed to ICCM in the presence or ab-
sence of superoxide dismutase (SOD) at a final concentration of 100 g/
ml and catalase at a final concentration of 20 pwg/ml. For some experi-
ments, solutions of SOD or catalase were placed in a boiling water bath

for 2 h to inactivate the enzymes. The inactive enzymes were resuspended
in solution before adding to the ICCM.

Cultures were exposed to ICCM in the presence or absence of EGTA
at afinal concentration of 5 mM to chelate extracellular calcium, verap-
amil at a fina concentration of 10 WM, and nifedipine at a fina concen-
tration of 5 wM to block voltage-dependent calcium channels (44). An
ER-associated calcium ATPase inhibitor, thapsigargin, at a final concen-
tration of 150 nM was used to deplete intracellular calcium stores in the
presence of 5 MM EGTA (45).

Satistical Analysis

The data are expressed as the percentage means = standard errors of
the means for each of three separate experiments.

RESULTS

The Increase in Intracellular Calcium Results Mainly
from Activation of a Calcium Influx Pathway

Increases in intracellular calcium were measured using
the calcium-sensitive dyes Fluo 3 and Fura Red. Uniform
dye loading with no compartmentalization was observed
after incubation of the cells for 1 h at 37°C (Fig. 1).

ICCM induced a rapid increase in calcium as measured
by the Fluo 3/Fura Red ratio (Fig. 2). Figure 2 shows the
reciprocal changes in each calcium-sensitive dye, Fluo 3
and Fura Red, for calcium ionophore A23187, a positive
control and ICCM. By converting the relative change in
fluorescence to [Ca?t] as described in the Materials and
Methods section, basal [Ca?*] was determined to be 106.2
+ 2.2nM (n = 12). The addition of the calcium ionophore
A23187 induced a rapid transient increase in intracellular
calcium to 342.3 = 9.7 nM (Table 1). Carbachol induced
a similar increase in intracellular calcium to 297.6 = 8.3
nM (Table 1). The 0.5-Gy ICCM was found to increase
[Ca*] to 283.8 = 5.7 nM (Table 2), whereas the 0-Gy
ICCM did not increase [Ca?*] significantly (108.4 = 1.7
nM, Table 2).

Chelation of extracellular calcium by EGTA or blockade
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FIG. 2. Panel A: Fluorescence intensity of the calcium-sensitive dyes Fluo 3 (@) and Fura Red (O) in response to addition of 100 nM calcium
ionophore A23187 and (panel B) the resulting ratiometric plot of Fluo 3/Fura Red. Panel C: Fluorescence intensity of Fluo 3 and Fura Red in response
to addition of 0.5-Gy ICCM and (panel D) the resulting ratiometric plot of Fluo 3/Fura Red. Fluo 3 increases in intensity when bound to calcium
whereas Fura Red decreases in intensity, and the ratio is a good indicator of calcium levels. The data shown are representative of at least nine similar
plots.

of voltage-dependent calcium channels abolished the
|CCM-induced calcium fluxes (Table 2). Two different clas-
ses of voltage-dependent calcium channel blockers were
used, a dihydropyridine (nifedipine) and a phenylalkylam-
ine (verapamil), and no significant difference was found
between the two classes of blocker (Table 2). Control ex-

not completely block the ICCM-induced calcium fluxes
(Table 2). Control experiments showed that thapsigargin in-
duced calcium release from intracellular stores when extra-
cellular calcium levels were chelated with EGTA (Table 1).

Influx of Calcium Plays an Important Role in Bystander

periments confirmed that verapamil and nifedipine effec-
tively blocked calcium channels in the HPV-G cells since
no calcium influx was observed with carbachol after pre-
treatment with either inhibitor (Table 1). Depletion of in-
tracellular calcium stores by thapsigargin attenuated but did

Cell Death

Clonogenic assays were carried out using ICCM in the
presence and absence of EGTA and verapamil. No colonies
formed in the flasks incubated with these agents (data not

TABLE 1
Basal and Peak [Ca?*] after Exposure of HPV-G Cells to Calcium lonophore A23187
(100 nM), Thapsigargin (150 nM) or Carbachol (10 mM) and after Pretreatment with
Calcium Channel Blockers Verapamil (10 mM) or Nifedipine (5 mM) before Addition of
Carbachol (10 mM)

Function Basa [Ca?*] Peak [Ca?*]
lonophore A23187 Calcium ionophore 1075 = 1.0 342.3 = 9.7*
Thapsigargin Depletes intracellular calcium stores 1048 = 1.1 204.9 = 7.5*
Carbachol Stimulation of calcium influx 103.8 = 0.5 297.6 = 8.3*
Verapamil + carbachol Voltage-dependent Ca?* channel blocker 935 + 26 103.6 = 1.2
Nifedipine + carbachol Voltage-dependent Ca2* channel blocker 98.8 = 0.9 1059 = 1.6

Notes. Values are means = SEM, n = 3. *P < 0.002.
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TABLE 2
Peak [Ca?*] in Cultures Exposed to 0-Gy ICCM or 0.5-Gy ICCM in the Presence of
Inhibitors of Calcium and ROS

Function 0-Gy ICCM 0.5-Gy ICCM
No inhibitor — 1084 += 1.7 nM 283.8 £ 5.7 nM**
EGTA Chelation of calcium 94.7 + 26 nM 965 * 1.1 nM
Verapamil Voltage-dependent Ca?* channel blocker 93.7 = 1.6 nM 92.6 = 3.7nM
Nifedipine Voltage-dependent Ca2* channel blocker 935 *+ 3.8 nM 96.1 = 1.0 nM
Thapsigargin Depletes intracellular calcium stores 954 = 0.9 nM 1719 = 3.7 nM*
SOD Inhibitor of superoxide 107.8 = 0.5 nM 108.7 = 1.7 nM
Catalase Inhibitor of hydrogen peroxide 1085 = 1.1 nM 109.7 = 1.6 nM

Notes. Values are means = SEM, n = 3. *P < 0.01, **P < 0.002.

shown), presumably because of the importance of calcium
in cellular function. Levels of apoptosis were measured 24
h after incubation as an alternative end point. Significant
levels of apoptosis were observed in HPV-G cells exposed
to ICCM (Fig. 3). Cells preincubated with EGTA or verap-
amil and exposed to ICCM in the presence of EGTA or
verapamil showed no significant increase in apoptosis (Fig.
3). In addition, cells preincubated with EGTA or verapamil
and exposed to ICCM in the presence of EGTA or verap-
amil showed no change in mitochondrial membrane poten-
tial compared to the controls (Table 3). No significant tox-
icity of the EGTA and verapamil was found in the cells
exposed to 0-Gy ICCM in the presence of these inhibitors
using apoptosis and mitochondrial membrane potential as
end points (Fig. 3, Table 3).

18

MAPK Pathways are Activated and Play a Role in Cell
Survival and Cell Death Responses

ERK and JNK were significantly activated in cells ex-
posed to 0.5-Gy ICCM (Figs. 4, 5), whereas p38 was not
significantly activated (Fig. 5). There was no significant
difference in the levels of activation at 30 min or 24 h (Fig.
5).
Clonogenic assays were carried out using ICCM in the
presence and absence of MAPK inhibitors. Again, no col-
onies formed in the flasks incubated with these agents (data
not shown). Levels of apoptosis were measured 24 h after
incubation as an aternative end point. There was a signif-
icant increase in the number of apoptotic cells in HPV-G
cells exposed to 0.5-Gy ICCM in the presence of inhibitors

16 +

14 -

12

10 -

Percentage apoptotic cells

QU

ICCM

ICCM + EGTA

ICCM + verapamil

Treatment

FIG. 3. Percentage apoptotic cellsin cultures exposed to 0-Gy ICCM, 0.5-Gy ICCM or 5-Gy ICCM in the presence
of inhibitors of calcium influx, EGTA (5 mM) and verapamil (10 wM). All values are means = SEM, n = 3. *P <

0.001.
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TABLE 3
Per centage Fluorescence in Cultures Exposed to 0-Gy ICCM or 0.5-Gy ICCM in the
Presence of Inhibitors of Calcium and ROS

Function 0-Gy ICCM 0.5-Gy ICCM
No inhibitor — 100.0 + 10.3 432 + 3.4*
EGTA Chelation of calcium 106.9 = 7.7 933 =59
Verapamil Voltage-dependent Ca?* channel blocker 103.8 = 10.8 96.3 + 11.9
SOD Inhibitor of superoxide 1131 = 6.7 86.4 = 8.6
Catalase Inhibitor of hydrogen peroxide 994 = 7.2 80.3 = 7.9

Notes. A decrease in fluorescence indicates a decrease in mitochondrial membrane potential. Values are means +

SEM, n = 3. *P < 0.005.

of the ERK pathway, U0126 and PD98059 (Table 4). There
was a significant decrease in the number of apoptotic cells
in HPV-G cells exposed to 0.5-Gy ICCM in the presence
of an inhibitor of the JINK pathway, SP600125 (Table 4).
No significant difference was observed in the number of
apoptotic cells in HPV-G cells exposed to 0.5-Gy ICCM in
the presence or absence of an inhibitor of the p38 pathway,
SB230580 (Table 4). No significant toxicity from the
MAPK inhibitors was found in the cells exposed to 0-Gy
ICCM in the presence of these inhibitors using apoptosis
as an end point (Table 4).

Reactive Oxygen Species Play an Important Role in
Bystander Cell Death

Reduced clonogenic survival was observed in HPV-G
cells exposed to 0.5-Gy ICCM (Fig. 6). Cells preincubated
with SOD or catalase and exposed to ICCM in the presence

of SOD or catalase showed no change in clonogenic sur-
vival compared to the controls (Fig. 6). Mitochondrial
membrane potential depolarization was observed in HPV-
G cells exposed to ICCM for 6 h as seen in the reduction
in fluorescence of Rhodamine 123 (Table 3). Cells prein-
cubated with SOD or catalase and exposed to ICCM in the
presence of SOD or catalase showed no change in mito-
chondrial membrane potential compared to the controls (Ta-
ble 3). Only active SOD or catalase was capable of pre-
venting bystander-induced cell death (data not shown).

DISCUSSION

This study has shown that ERK and JNK, but not p38,
pathways are activated in HPV-G cells exposed to ICCM.
Inhibition of the ERK pathway appeared to increase by-
stander-induced apoptosis while inhibition of the INK path-

FIG. 4. Phase-contrast and fluorescence images of ERK protein levels in HPV-G cells exposed for 30 min to 0-Gy ICCM (panels A, B) and to 0.5-
Gy ICCM (panel C, D). Phase-contrast and fluorescence images of JNK protein levels in HPV-G cells exposed for 30 min to 0-Gy ICCM (panels E,
F) and 0.5-Gy ICCM (panels G, H). Bar = 10 pm.
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FIG. 5. Mean fluorescence intensity levels for ERK, JNK and p38 in cultures exposed to 0-Gy ICCM or 0.5-Gy
ICCM for 30 min or 24 h. All values are means = SEM, n = 3. *P < 0.001.

way appeared to decrease apoptosis. ERK can be activated
by many growth factors and mitogens, and JNK is known
to be activated by UV and +y radiation, cytotoxic drugs and
reactive oxygen species (32). The ERK and INK pathways
appear to be in a dynamic balance, with the pro-surviva
ERK pathway acting to inhibit the pro-apoptosis INK path-
way (46). The p38 pathway has been shown to promote
cell death as well as enhance cell growth and survival (47,
48). Various studies have reported no activation (49), weak
activation (50) or strong activation (51) of p38 after ex-
posure to ionizing radiation. Up-regulation of proteins in
the MAPK pathway has been shown to occur in bystander
cells (30). Activation of ERK, JNK and p38 was shown in
human fibroblasts after exposure to low mean doses of «

particles. The activation was attenuated by the antioxidants,
SOD and catalase.

After exposure to ICCM, both intracellular and extracel-
lular signals (apoptotic/survival/mitogenic) that determine
whether a cell will live or die are atered. Mitochondria
play a major role in this process. MAPK family proteins
are also involved in determining proliferation or apoptosis
in damaged cells (52). The INK pathway may promote the
proteolytic cleavage and translocation of BID (a pro-apo-
ptosis BH3 protein of the BCL 2 family) to the mitochondria
before cytochrome c release and caspase activation (53). In
addition, Tournier et al. (54) have shown that INK activa-
tion may directly or indirectly affect the mitochondria
death signaling pathway including through release of cy-

TABLE 4
Percentage Apoptotic Cells in Cultures Exposed to 0-Gy ICCM or 0.5-Gy ICCM in the
Presence of Inhibitors of the ERK, JNK and p38 Pathways

Function 0-Gy ICCM 0.5-Gy ICCM
No inhibitor — 16 = 0.2 16.1 = 1.0
u0126 MEK1 inhibitor 17 =03 204 = 1.4*
PD98059 MEK1 and MEK2 inhibitor 15+ 06 19.1 + 1.8*
SP600125 JNK inhibitor 12+04 9.2 = 1.0**
SB203580 p38 MAPK inhibitor 15+01 164 = 2.3

Notes. Values are means = SEM, n = 3. *P < 0.05, **P < 0.002.
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FIG. 6. Percentage survival in cultures exposed to 0-Gy ICCM or 0.5-Gy ICCM in the presence of inhibitors of
reactive oxygen species, superoxide dismutase (SOD) and catalase. All values are means = SEM, n = 3. *P <

0.01.

tochrome ¢ and caspase activation. Recent studies in our
own laboratory have shown that cytochrome c is released
and caspase 3 is activated after mitochondrial membrane
potential depolarization in HPV-G cells exposed to medium
from irradiated cells.* lonizing radiation has been shown to
activate the epidermal growth factor receptor (EGFR) (55),
which in turn activates the MAPK cascade (56). In addi-
tion, ionizing radiation can induce transforming growth fac-
tor alpha (TGFA) release through ERK signaling (57). In-
terestingly, activation of EGFR-ERK signaling has been
shown after transfer of medium from irradiated cells to un-
irradiated cells which could be eliminated by neutralizing
antibody to TGFA (58). TGFA levels were aso found to
be increased in peripheral blood samples of prostate cancer
patients after irradiation (58). Increases in transforming
growth factor B1 and IL8 have been shown previously in
bystander cell supernatants (18, 59).

The present study has aso shown the importance of ox-
idative metabolism in bystander responses. SOD and cata-
lase were both shown to inhibit mitochondrial membrane
potential depolarization and clonogenic survival. All cells
generate ROS during the course of normal metabolism, but
recent evidence indicates that many cytokines, hormones
and growth factors can augment their immediate, transient
or long-term expression (60, 61). ROS have been shown to
be important for the activation of enzymes, transcription
factors, differentiation and apoptosis (62, 63). Goldman et

4P Maguire, C. Mothersill, N. Coen, C. Condron, B. McClean, C.
Seymour and FE M. Lyng, Rapid cellular signalling and dose dependent
cellular pathways induced in HPV-G cells exposed to medium from ir-
radiated human keratinocytes. Manuscript submitted for publication.

al. (64) showed that elevation of intracellular calcium is a
prerequisite for ROS and phospholipase A2 activation in
HaCaT cells exposed to different agonists and suggested
that these processes contribute to the toxicity exerted by
chronic elevation of calcium. A further study (65) on the
effect of platelet-activating factor on ROS formation in
HaCaT cells showed that NAD(P)H was a candidate for the
ROS source and that the mitochondria were a potentia site
of formation. A recent study from our laboratory* showed
an increase in ROS concomitant with a transient depolar-
ization of the mitochondrial membrane potential in HPV-G
cells 30 s after exposure to ICCM. It is likely that the
ICCM-induced elevation of intracellular calcium causes
overload of calcium in the mitochondria, leading to a tran-
sient loss of membrane potential and production of ROS.
This ROS production may then lead to activation of MAPK
pathways and apoptosis. This is supported by data from
Azzam et al. (30) that showed that activation of MAPK
proteins was inhibited by SOD and catalase after a-particle
irradiation. In addition, it has been shown that formation of
ROS leads to suppression of protein tyrosine phosphatase
activity and enhanced protein tyrosine phosphorylation
which culminates in the activation of the MAPK cascade
in macrophages exposed to vanadate (66).

To summarize, in the present study, calcium influx from
voltage-dependent calcium channels, and to a lesser extent
calcium release from intracellular stores, was shown to be
required for bystander-induced apoptosis. The data suggest
that calcium release from the endoplasmic reticulum may
be triggered by and dependent on ICCM-induced calcium
influx through calcium channels. Thus the initial rise in
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calcium levels may be further amplified by calcium release
from intracellular stores. Calcium plays a centra role in
cellular signaling (33, 67). Its concentration in the cellular
environment changes in response to a variety of signas.
Like other signaling ions or molecules, generally an in-
crease in its cytosolic concentration corresponds to an ac-
tivation of a cellular function.

When calcium influx is inhibited by either EGTA or ve-
rapamil, the bystander response chain is blocked so no by-
stander-induced mitochondrial membrane potential depo-
larization or apoptosis occurs.

The data suggest that some long-lived signaling factors
can cause apoptosis in unirradiated cells exposed to ICCM
by triggering calcium fluxes and MAPK signaling pathways
that induce ROS in the unirradiated cells.
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