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Radiation-Induced Bystander Effects in Malignant
Trophoblast Cells Are Independent From
Gap Junctional Communication
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Abstract It is controversially discussed that irradiation induces bystander effects via gap junction channels and/or
diffusible cellular factors such as nitric oxide or cytokines excreted from the cells into the environment. But up to now the
molecularmechanism leading to a bystander response is not well understood. To discriminate between bothmechanisms
of bystander response, (i) mediated by gap junctional communication and/or (ii) mediated by diffusible molecules, we
used non-communicating Jeg3 malignant trophoblast cells transfected with inducible gap junction proteins, connexin43
and connexin26, respectively, based on the Tet-On system. We co-cultivated X-ray irradiated and non-irradiated
bystander Jeg3 cells for 4 h, separated both cell populations by flow cytometry and evaluated the expression of activated
p53 byWestern blot analysis. The experimental designwas provenwith communicating versus non-communicating Jeg3
cells. Interestingly, our results revealed a bystander effect which was independent from gap junctional communication
properties and the connexin isoformexpressed. Therefore, it seemsmore likely that the bystander effect is notmediated via
gap junction channels but rather by paracrine mechanisms via excreted molecules in Jeg3 cells. J. Cell. Biochem. 103:
149–161, 2007. � 2007 Wiley-Liss, Inc.
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Radiation-induced bystander effects are
described as processes which occur in cells that
are not directly irradiated but receive signals
from neighboring irradiated cells [Nagasawa
et al., 1992; Hickman et al., 1994]. Several types
of bystander responses have been reported and
include changes in gene expression [Iyer et al.,
2000; Azzam et al., 2002], induction of genetic
effects such as mutations [Zhou et al., 2000;
Little et al., 2002, 2003; Nagasawa et al., 2003],
DNA damage [Azzam et al., 2001; Little et al.,
2003], cell killing [Lyng et al., 2002], and

malignant transformation [Sawant et al.,
2001]. There has been increasing recognition
of the importance of bystander effects, espe-
cially when using low doses, as they may have
an impact on our understanding of the radia-
tion-induced biological response mechanisms
and developing risk estimations [Little et al.,
2003; Mothersill and Seymour, 2003]. Bystan-
der effects were commonlymeasured by analys-
ing cell survival, the induction of stress-
inducible activated proteins p21 and p53,
micronuclei formation and g-H2AX foci. Though
there is a growing interest in the role of
bystander effects in the biological response of
mammalian cells to ionizing radiation the
molecular mechanisms of bystander effects
are not well understood and they are likely to
be involved in multiple pathways resulting at
least in cell damage.

It is controversially discussed that the radia-
tion-induced bystander effect is mediated
directly via gap junctional intercellular com-
munication (GJIC) and/or diffusible cellular
factors excreted from irradiated cells [Azzam
et al., 1998, 2001; Bishayee et al., 2001;
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Nagasawa et al., 2002; Shao et al., 2003;
Mitchell et al., 2004; Zhouet al., 2005].Evidence
for the participation ofGJIC in the transmission
of damage signals from a-particle irradiated to
non-irradiated confluent cultures of mamma-
lian cells was obtained using GJIC-deficient
cells as well as gap junction inhibitors [Azzam
et al., 1998, 2001; Zhou et al., 2000, 2001].

Gap junctions are favored candidates for
explaining bystander effects because they form
clusters of intercellular membrane channels
connecting the cytoplasm of two neighboring
cells. Gap Junction channels consisting of
twelve connexin (Cx) proteins may mediate
bystander effects by allowing the direct inter-
cellular exchange of small molecules such as
cAMP, IP3, and Ca2þ up to 1 kDa. To date the
connexin gene family consists of 20 members in
the murine and 21 members in the human
genome [Sohl and Willecke, 2004] and the
different connexin channels play a critical role
in cellular and tissue function which has been
proven by generating knockout mice [Wei et al.,
2004]. The connexins reveal mostly unique
channel function but experiments with double-
knockout and functional replacement of a
channel by another connexin (knockin) demon-
strated that some of the gap junction channels
display both unique and shared functions [Sohl
and Willecke, 2004]. The phenomenon of the
bystander effect mediated by GJIC derives
originally from an observation in cancer gene
therapy with ganciclovir as gap junctions
mediate the transfer of gene products from
transfected into non-transfected cells resulting
in neighboring cell death [Mesnil and Yama-
saki, 2000].

Recently, Azzam et al. [2001] demonstrated
thatGJIC is involved in transferringhigh linear
energy transfer (LET) a-particle radiation-
induced damage signals from irradiated to
non-irradiated fibroblasts and epithelial cells
using GJIC-competent and deficient confluent
cultures. In these studies modulation of the
expression of proteins involved in the p53/p21
stress-induced signaling pathway and induc-
tion of DNA damage in bystander cells were
observed only in the communicating cell lines.
So far, molecules which can pass the channels
and could be responsible for a direct bystander
effect on neighboring cells are not known.
However,Udawatte andRipps [2005] could give
proof that at least cytochrome c was able to
induce apoptosis in adjacent baby hamster

kidney (BHK) cells mediated via ions and
molecules such as Ca2þ, cAMP, and IP3, but only
when the cells were transfected with connexins.

As mediators of the paracrine effects free
radicals (reactive oxygen species (ROS), nitric
oxide (NO)) and soluble factors like cytokines
such as tumor necrosis factor (TNF), interleu-
kin 1, and 8 (IL-1, IL-8) and transforming
growth factor-b1 (TGF-b1) are discussed [Leh-
nert et al., 1997; Narayanan et al., 1997; Iyer
et al., 2000; Mothersill and Seymour, 2001;
Shao et al., 2002, 2005]. It is known that co-
culture of non-irradiated cells with conditioned
medium from irradiated cultures lead to induc-
tion of biological effects. For the first time,
Mothersill and Seymour [1997] could show that
non-irradiated epithelial cell lines that received
media from g-irradiated cells significantly
reduced the clonogenic survival. Recently, Zhou
et al. [2005] provide evidence that cyclooxygen-
ase-2 (COX-2) signaling cascade—which acti-
vates the mitogen-activated protein kinase
(MAPK) pathways—plays an important role in
mediating the radiation-induced bystander
effect in human fibroblasts.

To discriminate between both mechanisms of
bystander response, (i) mediated by GJIC and/
or (ii) mediated by diffusible cellular factors,
we used non-communicating Jeg3 malignant
trophoblast cells stably transfected with the
inducible gap junction protein Cx43 and Cx26
[Gellhaus et al., 2004]. After induction of the
connexins with doxycycline the different cell
lines demonstrate high amounts of connexin
mRNA and protein which correlated with a
strong coupling efficiency (GJIC) as measured
by Calcein dye transfer. In previous reports, it
has been shown that the level ofCx43 is changed
after ionizing radiation which could in turn
modify the bystander effect [Azzam et al.,
2003a; Glover et al., 2003]. However, we could
demonstrate that in contrast to other cell lines
Cx43 expression in Jeg3 cells, transfected or
non-transfected, is not induced or changed by
irradiation itself [Banaz-Yasar et al., 2005].
Thus, these Cx-inducible Jeg3 cell lines repre-
sent an ideal system to study the response of
neighboring cells upon radiation in thepresence
or absence of GJIC within the same cell clone.

In the present work, we investigated bystan-
der effects in a long-term co-culture systemwith
bystander cells co-culturedwith irradiated cells.
We found evidence for a bystander effect in both
communicating and non-communicating Jeg3
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cells independent from the connexin isoform
expressed.

MATERIALS AND METHODS

Cell Line and Culture

The human choriocarcinoma cell line Jeg3
(ATCCHTB-36) was purchased from the Amer-
ican Type Culture Collection (Manassas). Jeg3
cells were grown in minimal essential medium
(MEM, Invitrogen, Karlsruhe, Germany) sup-
plemented with 10% fetal calf serum (certified
tetracycline-free; Biochrome, Berlin, Germany).
Jeg3 Tet/Cx43 and Tet/Cx26 transfectants

were cultivated in medium containing 500 mg/
ml G418 sulfate (PAA laboratories, Cölbe,
Germany) and 0.5 mg/ml puromycin (Sigma,
Munich, Germany). The Cx43 and Cx26 expres-
sion in these cells was induced following 48 h
treatment of the cells with 1 mg/ml doxycycline
HCl (Dox) (Sigma).

Plasmid Construction and Transfection

The plasmid construction of the connexin
expression plasmids based on the Tet-On
system and the transfection procedure were
described previously [Gellhaus et al., 2004]. For
construction of the Cx26 plasmid based on the
Tet-On system, the expression vector contain-
ing rat Cx26 (pPH9) was used [Hellmann et al.,
1999]. The coding region for rat Cx26 was
excised from the vector pPH9 by EcoRI diges-
tion and subcloned into the EcoRI site of the
rtTA-responsive plasmid pUHD10-3 [Gossen
and Bujard, 1992] creating the plasmid pUHD/
Cx26.
The transfected cell lines were routinely

checked for induction of Cx43 and Cx26 expres-
sion respectively by immunocytochemistry fol-
lowing 48 h treatment with 1 mg/ml Dox (see
above).

Cell Irradiation

Confluent cell cultures were irradiated at
room temperature using a conventional Pantak
X-ray machine (Pantak, East Haven, CT)
operated at 310 kV, 10 mA, with a 2 mm AI
filter (effective photon energy �90 kV), at a
distance of 75 cm and a dose rate from 2.7 Gy/
min with 5 Gy ultrasoft X-rays. Dosimetry was
performed with a Victoreen dosimeter that was
used to calibrate an in-field ionizing monitor.
Culture flasks were returned immediately to
the incubator after irradiation.

Co-Culture Experiments and Cell
Sorting by Flow Cytometry

For evaluating bystander effects Jeg3 cells
were seeded inPetri dishes at a concentration of
1.5� 106 cells. After 48 h, the cells were stained
for 1 h at 378C with 5 mM DiI dye (V-22885,
Molecular Probes, SanFrancisco, CA), a perma-
nent red membrane dye. After incubation time
the cells were washed three times with fresh
culture medium. Immediately after washing
the DiI stained cells were exposed to 5 Gy
X-rays. A further Petri dish remained unstained.
After irradiation the DiI stained cells were
trypsinized and mixed together with the
unstained and non-irradiated cell population
in a 2:1 ratio. The mixed cell cultures were
incubated for 4 h at 378C to establish the
formation of cell–cell membrane contacts
between the two cell populations before trypsi-
nization and resuspension in culture medium.
This coupling time is defined as the time leading
to the strongest coupling efficiency [Gellhaus
et al., 2004; Banaz-Yasar et al., 2005]. Separa-
tion of the two co-cultivated cell populations,
stained, and unstained cells, by fluorescence
activated cell sorting (FACS) was performed on
a FACSDiVa cell-sorter (Becton Dickinson, San
Jose, CA). DiI was excited with a 488 nm laser
wavelength and fluorescence was measured
through a 585/42 nm bandpass filter. For each
experiment 200.000–330.000 cells were sorted
by flow cytometry.

After the separation of the cells the purity of
the separated cell populations was routinely
reanalyzed again by flow cytometric analysis of
10.000 cells. The cellular protein was isolated
from each separated cell population and the
protein lysates were evaluated for p53 expres-
sion byWestern blotting. The co-culture experi-
ments were performed three times for parental
Jeg3 and four times for Jeg3 Cx43 and Cx26
transfectants.

Controls

In each experiment (1) unstained and non-
irradiated cells were cultivated with DiI
stained, non-irradiated cell populations as a
control for the co-culture experiments. In addi-
tion since cells respond with p53 activation to
any stress, the following cells were used as
further controls for each sort experiment,
(2) unstained cells which stayed only in
the incubator during the whole procedure,
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(3) unstained cells which were carried to the
radiation room but not irradiated, (4) DiI
stained cells stayed in the incubator, and (5)
DiI stained and irradiated cells. These control
cells were separated by flow cytometry and the
p53 expression was analyzed by Western blot
analysis in the sameway as for the co-cultivated
cell populations.

Western Blot Analysis

Protein extracts were prepared withmodified
RIPA lysis buffer (50 mM Tris/HCl, 150 mM
NaCl, 1%NP-40, 0.25%Na-deoxycholate, 1mM
EDTA, 0.1% SDS) supplemented with EDTA
free complete protease inhibitors (Roche, Penz-
berg, Germany).

Protein samples (150.000 cells for the co-
cultivated cells and 100.000 cells for the control
cells without any co-cultivation)were separated
on a 15% polyacrylamide gel and electrophor-
etically transferred to polyvinylidene difluoride
membrane (Amersham Biosciences, Piscat-
away, NJ). Membranes were blocked with 5%
non-fat dried milk in Tris-buffered saline (TBS)
with 0.15% Tween-20 and incubated with the
primary antibody. The following primary anti-
bodies were used: rabbit anti-p53 (1:1000, Cell
Signaling, Danvers, MA), mouse anti-p21
(1:2000, Cell Signaling, Danvers) and mouse
anti-human GAPDH antibody (1:1000, Chemi-
con, Hampshire, UK) for normalization of
protein expression. Primary antibody binding
was detected using the following secondary
antibodies: anti-rabbit and anti-mouse IgG
antibody conjugated to horseradish peroxidase
(1:2000, Santa Cruz Biotechnologies, Heidel-
berg, Germany). Detection was achieved with
the ECL chemiluminescence kit (Amersham
Biosciences) according to the protocol using Gel
Imager (Intas, Göttingen, Germany).

Immunocytochemistry

Indirect immunocytochemistry on cells was
performed as described previously [Winterha-
ger et al., 1991]. The following primary anti-
bodies were used: anti-Cx43 rabbit polyclonal
antibody (1:100) [Traub et al., 1994] and anti-
Cx26 rabbit polyclonal antibody (1:150, Zymed
Laboratories, San Francisco, CA). Donkey anti-
rabbit Alexa Fluor1 488 (1:300, MoBiTech,
Göttingen, Germany) was used as a secondary
antibody. Finally, cells were mounted with
Mowiol (Sigma) to prevent photobleaching.
Photomicrographs were obtained using a con-

focal laser scanning microscope (LSM 510,
Zeiss, Oberkochen, Germany).

Statistics

Results are reported as the mean� standard
deviation of the mean (SD). Levels of signifi-
cance were determined at the 0.05 level by the
Student’s t-test.

RESULTS

Analysis of p53 and p21 Expression Levels in
Parental and Connexin-Inducible Jeg3

Cells After X-Ray Irradiation

Since both stress markers p53 and p21 have
been used to identify bystander effects [Azzam
et al., 2001], we analyzed the expression of both
being better qualified for our experimental
system. Cells were irradiated with 5 Gy X-rays,
a clinically relevant irradiation dose for diag-
nosis and therapy [DaleandCarabe-Fernandez,
2005], which does not lead to obvious cell death
in Jeg3 cells observed morphologically and
confirmed by the lack of activated caspase 3 in
Westernblot analysis but to anarrest of the cells
in G2 phase of the cell cycle (unpublishedwork).

Moreover, this dose of low LET X-rays has
been chosen for bystander experiments in
numerous in vitro studies [Gerashchenko and
Howell, 2003; Edwards et al., 2004; Mitchell
et al., 2004; Yang et al., 2005; Facoetti et al.,
2007].

The level of activated tumor suppressor
protein p53 and cell cycle inhibitor p21 has been
investigated after irradiation with 5 Gy X-rays
in time course experiments in Jeg3 cells (Fig. 1).

For Western blot analysis the cellular pro-
teins were harvested 15 min up to 24 h after
irradiation. Already 15 min after irradiation
parental Jeg3 cells revealed a significantly
elevated expression of phosphorylated p53
which showed the highest amount after 30 min
and remained at high levels for up to 24 h after
irradiation compared to non-irradiated controls
(Fig. 1A). Like the parental cells, Jeg3 transfec-
tants without and with induction of connexin
channels by doxycycline treatment showed a
significant increase of p53 activated protein
already 15 min after irradiation with highest
expression 30 min after irradiation followed by
a decline up to 24 h (Fig. 1C,E).

In contrast to p53, the expression of p21
in parental Jeg3 cells was not significantly
upregulated before 2 h after irradiation but
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increased at later times reaching a maximum
at 8 h. A decline to pre-irradiation levels was
frequently observed at 24 h after irradiation
(Fig. 1B). However, the Cx43 expressing cells
exhibited an increase in p21 expression not
before 4 h after irradiation (Fig. 1F), whereas
the non-communicating transfectants showed a
significant upregulation of p21 already after 2 h
irradiation (Fig. 1D).

Taken together, the Cx43 expressing cells
showed the same temporal pattern of p53
activation upon irradiation compared to the
non-communicating cells but a later onset of
the stress marker p21. In comparison to the
rapid activation of p53 already 15 min after
irradiation in Jeg3 cell lines, p21 revealed a
decelerated induction of about 2–4 h upon
irradiation.

Fig. 1. Expressionof p53andp21 inparental Jeg3and inducible
Cx43 transfected Jeg3 cells after irradiation. Western blot and
densitometric analysis of activated p53 (A,C,E) and p21 (B,D,F)
expression in Jeg3 (A,B), Cx43 non-expressing (C,D), and Cx43
expressing Jeg3cells (E,F) exposed to5GyX-rays. Fifteenminutes
after irradiation p53 was significantly upregulated in Jeg3 and

Jeg3 Cx43 transfectants. In parental Jeg3 and Cx43 non-
expressing Jeg3 cells p21 was significantly increased 2 h after
irradiation whereas in Cx43 expressing cells p21 was signifi-
cantly upregulated not until 4 h after irradiation. Data represent
means� SD (n¼3). *P� 0.05, significant increase in reference
to the non-irradiated control (Co).
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Since for co-culture experiments 4 h are
needed to reach strongest coupling efficiency
between the cells, p21 was not the appropriate
marker to indicate bystander effects under this
experimental approach. For further investiga-
tions, we have chosen activated p53 as the
marker protein to detect bystander effects.

Evaluation of Radiation-Induced Bystander Effects
in Parental Jeg3 Cells After X-Ray Irradiation

For the co-culture bystander experiments,
we cultivated an irradiated, DiI membrane
stained cell population with an unstained,
non-irradiated cell population. After 4 h incuba-
tion time, we have separated the two cell
populations by FACS analysis, the proteins of
each co-cultured cell population were isolated

and the phosphorylated p53 protein level was
evaluated by Western blotting. Preliminary
experiments were conducted to establish that
in the absence of radiation, DiI has no effect on
p53 activation and that other required manip-
ulations do not modify the endpoint under
investigation. Therefore, for every experiment
and investigated cell line several controls have
been performed as described in Materials and
Methods Section in detail. To show that DiI has
no influence on activated p53 expression, we
used DiI stained, non-irradiated cells (see
Figs. 2B, 3D, and 4D). Furthermore, we ana-
lyzed unstained cells which were equally trea-
ted throughout the experiment to proof if p53 is
not upregulated upon mechanical stress. In
addition, a co-culture control was performed

Fig. 2. Radiation-induced bystander effects in parental Jeg3
cells after X-ray irradiation. A: Western blot analysis of activated
p53 in Jeg3 cells after 4 h of co-culture. The non-irradiated
bystander cell population (bystander cells, BC) showed a
significant upregulation of activated p53 after co-culturing with
directly irradiated Jeg3 compared to the non-irradiatedBCwhich

were co-cultivatedwith non-irradiated Jeg3.B: p53 expression in
control Jeg3 cells.C: Flow cytometric analysis of co-cultured cell
populationswith the reanalysis of the separated cell populations.
X-axis, forward scatter characteristics (FSC); Y-axis, DiI fluores-
cence. Data represent means� SD (n¼ 3), *1,2P�0.05, signifi-
cant increase in reference to the non-irradiated control.
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by cultivating DiI stained, non-irradiated
cells with unstained, non-irradiated cells (see
Figs. 2A, 3C, and 4C). All controls revealed only
basic levels of p53 expression.
The results of the bystander experiments

obtained for parental Jeg3 cells are shown
in Figure 2. The parental malignant human
trophoblast Jeg3 cell line is characterized
as communication-deficient [Hellmann et al.,
1996] which has been proven later on using the
Calcein dye transfer assay analyzed by flow
cytometry [Gellhaus et al., 2004]. Parental Jeg3
cells showed a weak p53 level in both unstained
and DiI stained non-irradiated culture popula-
tions after co-culturing (Fig. 2A). The directly
irradiated cell population revealed, as expect-
ed, a strong upregulation of p53 expression.
However, after co-culturing non-irradiated,
unstained Jeg3 cells with directly irradiated,
DiI stained cells, the non-irradiated bystander
cells exhibited a significant upregulation of
p53 (P� 0.05) demonstrating a bystander effect
in contrast to controls with unstained cells co-
cultivated with non-irradiated Jeg3 bystander
cells.
To exclude mixture of stained and unstained

cell populations during the sorting process the
purity of the separated cell populations was
checked once more by FACS analysis (Fig. 2C).
The reanalysis of the separated cell populations
exhibited a mean purity of 98.7� 0.17%.

Evaluation of Radiation-Induced Bystander Effects
in Cx43 Inducible Jeg3 Cells After

X-Ray Irradiation

Since the parental malignant human tropho-
blast Jeg3 cell line is characterized as commu-
nication-deficient, the cells have been stably
transfected with exogenous Cx43, which can
be induced by doxycycline treatment via a
tetracycline-responsive inducible promoter sys-
tem [Gellhaus et al., 2004].
Figure 3A,B shows the induction of Cx43 in

these cells following 48 h treatment with Dox
with a strong immunolabeling of Cx43 protein
at the cell membranes of Jeg3 Cx43 transfected
cells (Fig. 3B, arrow) compared to the unin-
duced cells (Fig. 3A). The coupling compatibility
was confirmed by measuring the degree of gap
junctional cell coupling by FACS analysis using
the gap junction permeable dye Calcein [Gell-
haus et al., 2004; Banaz-Yasar et al., 2005]. The
co-culture experiments were proven with com-
municating via connexin channels as well as

with non-communicating Jeg3 cells. The non-
irradiated Cx43 expressing bystander cells
revealed a significant upregulation of activated
p53 expression (P� 0.05) compared to the
bystander cells which were cultivated with the
non-irradiated cell population (Fig. 3C). Inter-
estingly, also the bystander cells which do not
express Cx43 exhibited an upregulation of p53
compared to the non-irradiated bystander con-
trol cells.

After separation of the co-cultivated cell
populations by cell sorting, the purity of each
separated populationwasmeasured (Fig. 3E,F).
The Cx43 non-expressing as well as Cx43
expressing Jeg3 cells showed a mean purity of
98.9� 0.29%.

Thus, we observed a bystander effect upon
irradiation with 5 Gy in parental Jeg3 cells as
well as in Jeg3 Cx43 transfectants after co-
culturing for 4 h independent from their GJIC
properties.

Evaluation of Radiation-Induced Bystander Effects
in Cx26 Inducible Jeg3 Cells After

X-Ray Irradiation

To prove whether other connexin isoforms
exhibit different properties in mediating by-
stander effects, we used Jeg3 cells which were
transfected with inducible Cx26. We revealed a
strong immunolabeling of Cx26 proteins at the
cell membranes after 48 h treatment of the cells
with Dox (Fig. 4B) compared to the uninduced
cells (Fig. 4A).

For theanalysis of bystander effects, the same
co-culture experimental design was used as
for the Cx43 transfected cells. The results are
demonstrated in Figure 4C. Independent from
Cx26 expression Jeg3 bystander cells revealed
elevated levels of activated p53 after co-cultur-
ing with irradiated cells compared to non-
irradiated controls. The p53 protein expression
level was significantly upregulated (P� 0.05)
compared to co-cultures with non-irradiated
cells.

Reanalysis of the separated cell populations
showed completely separated cell populations
(Fig. 4E,F). The Cx26 non-expressing as well as
the Cx26 expressing Jeg3 cells revealed a mean
purity of 98.2� 0.85% after 4 h co-culturing and
separation of the different cell populations.

Taken together, we observed a bystander
effect in Jeg3 cells upon irradiation with
5 Gy X-rays after 4 h co-culture which was
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independent from GJIC and the connexin iso-
form expressed.

DISCUSSION

It is well known that irradiated cells are
capable of providing signals to neighboring
unirradiated cells resulting in damage to the
cells which are called bystander effect. In

previous studies, it has been intensely debated
whether GJIC is involved in mediating radia-
tion-induced bystander effects and/or diffusible
cellular factors such as ROS, NO, TGF-b1, IL-1,
and IL-8 which are excreted from irradiated
cells in the growth medium [Azzam et al., 1998,
2001; Bishayee et al., 2001; Nagasawa et al.,
2002; Shao et al., 2003; Mitchell et al., 2004].

Fig. 3. Radiation-induced bystander effects in inducible Cx43
transfected Jeg3 cells after irradiation. Cx43 immunostaining of
Cx43 transfected cells revealed strong immunoreactivity at the
cell membranes in the Dox treated cells (B, arrow) in contrast to
the veryweak staining in the uninduced cells (A).C:Western blot
analysis of activated p53 in non-irradiated and irradiated Cx43
non-expressing (�Cx43) and expressing (þCx43) Jeg3 after 4 h
co-culture. Thenon-irradiated bystander cells (BC) showed in the
Cx43 non-expressing Jeg3 as well as in the Cx43 expressing Jeg3

a significant upregulation of p53 compared to the BCwhichwere
co-cultivated with non-irradiated cells. D: p53 expression in
control Jeg3Cx43 transfected cells. E,F: Flow cytometric analysis
and reanalysis of co-cultured Jeg3 Cx43 non-expressing (E)
and Cx43 expressing transfectants (F). X-axis, forward scatter
characteristics (FSC); Y-axis, DiI fluorescence. Data represent
means� SD (n¼ 4), *1,2P�0.05, significant increase in refer-
ence to the non-irradiated control. Scale bar in (A,B): 40 mm.
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Many experiments have shown that incubation
of non-irradiated cellswith conditionedmedium
from irradiated cultures may lead to induction
of biological effects [Azzam et al., 2003b]. Since
the bystander effect is relevant to malignant
transformation of healthy cells in the environ-
ment of irradiated tumors, it might have
significant implications for risk estimation to
radiation exposure. But up to now the nature of
the bystander effect signal, how it impacts on
the unirradiated cells and the signaling path-
ways involved in sustaining damage to these
cells remain to be elucidated.

In our current study, we show for the first
timeabystander effect in co-culturedmalignant
trophoblast cells Jeg3 after exposure to 5 Gy X-
rays using the activation of the stress-inducible
protein p53 as a marker for radiation-induced
bystander effects with and without gap junc-
tional communication. The results of the pre-
sent study revealed that this bystander effect in
Jeg3 cells was not mediated via gap junctional
communication under this co-culture approach
because the activation of p53 could be observed
in both communicating and non-communicat-
ing Jeg3 cells and was even independent from

Fig. 4. Radiation-induced bystander effects in inducible Cx26
transfected Jeg3 cells after irradiation. Cx26 immunostaining
showed strong immunoreactivity at the cell membranes in
the Cx26 induced (B) in contrast to the uninduced cells (A).
C: Activated p53 expression of non-irradiated and irradiated Jeg3
Cx26 expressing and non-expressing cells analyzed by Western
blotting. Both cell lines revealed a significant upregulationof p53

in the non-irradiated bystander cells (BC) after 4 h co-culturing
with directly irradiated cells. D: p53 expression in control Jeg3
Cx26 transfected cells. E,F: Reanalysis of the separated cell
populations by flow cytometry. X-axis, forward scatter char-
acteristics (FSC); Y-axis, DiI fluorescence. Data represent
means� SD (n¼4), *1,2P�0.05, significant increase in refer-
ence to the non-irradiated control. Scale bar in (A,B): 80 mm.
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the connexin isoform expressed. Neither the
Cx43 nor the Cx26 transfected Jeg3 cells
revealed a difference in the degree of the
bystander effect.

Theupregulation of theactivated p53damage
response pathway was a consequence of DNA
damage because p53 was phosphorylated on
serine 15 which could be confirmed by using an
antibody specific for phosphorylated p53 in
Western blot analysis. Only few studies used
p53 as a damage sensor for the investigation of
bystander effects [Azzam et al., 1998, 2001].
Most of the bystander analyses were performed
analysing micronucleus formation, gH2AX foci,
and apoptosis by immunocytochemistry [Azzam
and Little, 2004]. However, p53 is an early and
rapid-induced stress response protein activated
by multiple endogenous and environmental
insults and therefore, an appropriate key
mediator of the DNA damage response cascade
following cellular exposure to ionizing radiation
[Cuddihy and Bristow, 2004].

In contrast, the analysis of micronucleus
formation or gH2AX foci was not as rapid as
p53 activation and shows mostly significant
effects not before 24 h after irradiation [Sokolov
et al., 2005]. Moreover, the micronuclei and
gH2AX foci were only quantified by subjective
immunocytochemical observation and not by
quantitative Western blotting.

Because of this rapid activation of p53 in the
Jeg3 cell line already 15 min following X-ray
irradiation independent from gap junction
communication, whereas p21 exhibited only
an induction not until 2–4 h after irradiation,
we preferred the quantification of phosphory-
lated p53 protein for our co-culture experi-
ments. Our results are in accordance with
observations of Fournier et al. [2004]who report
about the same difference in timekinetics of p53
and p21 activation in human fibroblasts after
exposure to X-rays. This could be partly
explained by the fact that p21 is transcription-
ally activated by p53 [Ewen and Miller, 1996].
Interestingly, the increase in p21 expression
was delayed in those Jeg3 cells which have the
possibility to communicate with one another
suggesting a dampening of the checkpoint
response. This again supports a favored
theory that communicating cells are more
protected against radiation when direct cell
communication via gap junctions is enhanc-
ed [Knedlitschek et al., 1990; Hamada et al.,
2003].

For our experiments, we performed a co-
culture system of unstained, non-irradiated,
and DiI-stained, irradiated cells combined with
flow cytometry using a very strict gating
strategy to obtain clearly separated cell popula-
tions which has only been partly described
before by Gerashchenko and Howell [2003].

To address the question if the connexin
channels are involved in mediating this bystan-
der effect, we have used the doxycycline indu-
cible gene expression system.With this system,
we were able to discriminate between both
mechanismsof bystander response, (i)mediated
by GJIC and/or (ii) mediated by diffusible
cellular factors by using non-communicating
Jeg3 malignant trophoblast cells stably trans-
fected with inducible gap junction proteins
Cx43 and Cx26 within the same cell clone.
Many studies performed bystander experi-
ments using gap junction channel inhibitors
such as carbenoxolone (CBX) or g-isomer of
hexa-chloro-cyclo-hexane (lindane). But the
disadvantage of those inhibitors is the possible
damage of the cell membrane as well as the
change of membrane fluidity and the non-
specific inhibition [Spray et al., 2002]. There-
fore, we used in our experiments doxycycline
inducible Jeg3 Cx transfected cells where the
uninduced cells, Cx non-expressing cells, serve
as an internal control. Previous reports
revealed that the induction or increase in
expression of Cx43 in human fibroblasts as well
as in liver epithelial cells is modulated by
ionizing radiation [Glover et al., 2003; Azzam
et al., 2003a]. This inducible Cx43 transfected
human epithelial Jeg3 cell line, however,
demonstrated neither an induction of the
endogenous Cx43 nor a modulation of the
exogenous Cx43 expression upon irradiation
as evidenced previously [Banaz-Yasar et al.,
2005].

In contrast to our findings that the bystander
effect is independent from the direct commu-
nication properties, Azzam et al. [1998, 2001]
revealed that Cx43-mediated GJIC is involved
in the bystander response observed in fibro-
blasts and epithelial cells exposed to low
fluences of a-particles. Additional confirmation
of the role of GJIC in mediating the a-particle-
induced bystander response results from muta-
tion studies using microbeam irradiation. Cells
genetically deficient in Cx43 function or chemi-
cally inhibited with the gap junction blocker
lindanedemonstratednobystander effect [Zhou
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et al., 2000, 2001; Bishayee et al., 2001]. AlsoHu
et al. [2006] confirmed that a bystander effect in
a-particle irradiated AG1522 human skin fibro-
blasts is mediated via gap junctions by treating
the cells with lindane or DMSO.
However, there are other reports about a gap

junction independent bystander mechanism.
Human lung carcinoma cell lines as well as a
rat tumor cell line for example exhibited a
bystander effect that was not altered by gap
junction inhibitors or enhancers [Imaizumi
et al., 1998; Princen et al., 1999]. Furthermore,
Yang et al. [2005] demonstrated a bystander
effect in X-ray irradiated human fibroblasts
which is independent from gap junctional
communication using several markers includ-
ing induction of p21 protein and g-H2AX foci,
formation of micronuclei and reduction of clon-
ing efficiency of bystander cells. Moreover,
Gerashchenko andHowell [2003] demonstrated
that only cell proximity is a prerequisite for the
proliferative bystander response of g-irradiated
cells but not gap junctional communication or
soluble extracellular factors under the used
experimental conditions.
All these studies give evidence that bystander

effects occur in a variety of cell types of human
and rodent origin and involve GJIC, oxidative
metabolism, and secreted diffusible factors
[Azzam and Little, 2004]. These various
mechanisms converge to regulate at least GJIC
and they possible contribute to radiation-
induced bystander effects in concert. However,
it is also possible that specific bystander effects
are regulated by some mechanisms and not by
others dependent on the cell type investigated,
the growth state of the cell, the type of radiation,
the delivered dose, and the biological endpoint
being measured.
The role of ROSs released into the cell-culture

medium for bystander effects has been shown
applying antioxidants such as superoxide dis-
mutase or inhibitors of superoxide and NO
generators [Shao et al., 2002; Shao et al.,
2005]. It has been reported that ROS and NO
induced the inflammatory cascade by the acti-
vation of cytokines and prostaglandins [Gero-
nikaki and Gavalas, 2006]. Recently, the
involvement of prostaglandins in mediating
the radiation-induced bystander effect in
human lung fibroblasts has been revealed by
Zhou et al. [2005]. Treatment of bystander cells
with a COX-2 inhibitor reduced the bystander
effect and suppressed the induction of MAPK

pathways such as ERK, c-Jun N-terminal
kinase, and p38 kinase. It is further known that
NOregulates the expression of the cytokine IL-8
in human pancreatic cancer cell lines [Xiong
et al., 2001]. Not only the ability to release
cytokines but also the receptor profiles are
likely to modulate the bystander responses
and the final outcome. This could be demon-
strated by Facoetti et al. [2007] analyzing the
involvement of IL-8 and its receptor (CXCR1) in
mediating bystander responses in glioblastoma
cells.

Moreover, signaling amines such as serotonin
and glycine have recently been found to mod-
ulate bystander effects when added to the cell
culture medium [Poon et al., 2007]. Taken
together, various mediators of different origin
leading to different signaling cascades are
involved in generating bystander effects in a
probably tissue-specific manner [Little, 2006].

In conclusion, our data showed a bystander
effect in co-culturedmalignant trophoblast cells
Jeg3 after exposure to X-rays. However, this
bystander effect is independent from the possi-
bility of a direct cell to cell communication via
gap junction channels and independent from
the connexin isoform, Cx43 or Cx26. Therefore,
we suggest that it is more likely that the
bystander effect in this trophoblast cell line
using a co-culture system is mediated by
paracrine mechanisms through excretion of
diffusible signaling molecules.
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