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Previously reported studies have demonstrated the involve-
ment of p21W=C™! jn radiation-induced bystander effects
(RIBE). Mouse embryonic fibroblasts (MEFs) lacking Hus1
fail to proliferate in vitro, but inactivation of p21 allows for the
continued growth of Husl-deficient cells, indicating the close
connection between p21 and Husl cells. In this study, wild-
type MEFs, Hus1**p21~7- MEFs and p217-Hus1”- MEFs were
used in a series of radiation-induced bystander effect
experiments, the roles of p21 and Husl in the induction and
transmission of radiation-induced damage signals were
investigated. Our results showed that after 5 cGy o particle
irradiation, wild-type MEFs induced significant increases in
v-H2AX foci and micronuclei formation in bystander cells,
whereas the bystander effects were not detectable in
p217-Hus1** MEFs and were restored again in p21~7-Husl™-
MEFs. Media transfer experiments showed that p217-Hus1**
MEFs were deficient in the production bystander signals, but
could respond to bystander signals. We further investigated
the mitogen-activated protein kinases (MAPKs) that might be
involved in the bystander effects. It was found that although
knocking out p21 did not affect the expression of connexin43
and its phosphorylation, it did result in inactivation of some
MAPK signal pathway kinases, including JNK1/2, ERK1/2
and p38, as well as a decrease in reactive oxygen species (ROS)
levels in irradiated cells. However, the activation of MAPK
kinases and the ROS levels in irradiated cells were restored in
the cell line by knocking out Husl1. These results suggest that
p217=CI’ and Husl play crucial roles in the generation and
transmission of bystander damage signals after low-dose a-
particle irradiation. © 2015 by Radiation Research Society
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INTRODUCTION

In addition to the DNA damage that occurs in directly
irradiated cells, neighboring nonirradiated cells receive
signals, known as the radiation-induced bystander effect
(RIBE), which have been well demonstrated with a variety
of biological end points in various cell types, tissue models
and in vivo (I, 2). It has been shown that both soluble
factors and gap junction mediated intercellular communi-
cation (GJIC) are critical in mediating the bystander signals
(3, 4). Nevertheless, little is known about how radiation-
induced damage signals are generated and released from
directly irradiated cells. In this study, we investigated the
role of p21 and Husl in radiation-induced damage signal
pathways.

As a member of the Cip/Kip family, p21 promotes cell
cycle arrest by binding to and inhibiting cyclin-dependent
kinases (CDK) to regulate the progression of the cell cycle
(5). It also acts to block DNA replication by binding to
proliferating cell nuclear antigen (PCNA) (6). p21 can be
induced by p53-dependent and p53-independent signal
pathways after irradiation, and overexpression of p21 may
lead to G, and G, arrest as well as replication firing arrest
(7). Azzam et al. reported that the signals from irradiated
cells induced the expression of p21 in nonirradiated
neighboring cells, and this upregulation of p21 in bystander
cells was associated with radiation-induced reactive oxygen
species (ROS) (8). Husl is an evolutionarily conserved cell
cycle checkpoint protein, and plays a central role in genome
maintenance by mediating cellular responses to DNA
damage and replication stress. Rad9, Husl and Radl can
form a ring-like heterotrimer (9-1-1 complex), which is
important in checkpoint activation and DNA repair (9).
Weiss et al. found that Husl-deficient mouse embryo
fibroblasts (MEFs) defective in Chk1 activation (/0). Cells
deficient in Husl expression failed to proliferate in vitro,
but inactivation of p21 allowed for the continued growth of
Hus1-deficient cells (/7), indicating a close relationship
between p21 and Husl. However, most studies of p21 and
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Husl have been focused on direct irradiation and little is
known about their roles in nontargeted irradiation effects.

DNA damage, particularly double-strand breaks (DSBs),
has long been considered a major initiator of cellular
responses to ionizing radiation. Since even a single
unrepaired DSB can be lethal to a cell, detection and
removal of these lesions are important cellular functions;
their presence rapidly results in the recruitment of DNA
repair machinery to the damage sites and triggers multiple
signaling events (/2). The activation of multiple signal
pathways, including mitogen-activated protein kinase
(MAPK), ultimately leads to altered gene expression with
secondary effects on cell signaling response and effector
genes (/3). Previous studies have shown that many MAPK
signal pathway kinases, including JNK, ERK1/2 and p38,
participate in radiation-induced bystander effects (/4), and
that p21 expression could be regulated via p53 and MEK/
ERK1/2 MAPK pathways to control cell proliferation after
DNA damage (/5). Signaling from strand break-related
damage can in turn result in cell cycle arrest, enhancement
of DNA repair capacity or activation of apoptotic pathways
when damage cannot be repaired.In this study, we examined
the induction of y-H2AX foci formation, micronuclei
formation and protein expression of signal pathways in
wild-type MEFs, p217Husl™* MEFs and p217Husl™
MEFs, to elucidate the role of p21 and Husl in production
and transmission of radiation-induced damage signal
pathways involved in bystander effects. Our findings
showed that both p21 and Husl were important mediators
of radiation-induced bystander effects.

MATERIALS AND METHODS
Cell Culture

Wild-type MEFs, p217Husl** MEFs, p217Husl”~ MEFs and
p217Hus17~ MEFs with plasmid containing continuously expressing
Husl were kindly provided by Dr. Hang (Institute of Biophysics,
Chinese Academy of Science, Beijing, China). These were cultured in
Dulbecco’s modified Eagle medium (DMEM; Gibco, Grand Island,
NY) supplemented with 10% fetal bovine serum (FBS; GE Healthcare
Life Sciences/HyClone™ Laboratories, Logan, UT) plus 100 pg/ml
streptomycin and 100 U/ml penicillin (Gibco®, Grand Island, NY) at
37°C in a humidified 5% CO, incubator (Sanyo, Gunma, Japan). Since
the wild-type MEFs were not immortalized, MEFs from passage 5 to
passage 15 were used in this study.

Alpha-Particle Irradiation

Alpha particles were derived from the **'Am irradiation source at
the radiation facility, at a dose rate of 1.0 cGy/s. The average energy
and LET of alpha particles, measured at the cell layer, were 3.5 MeV
and 128 keV/um, respectively. For irradiations, approximately 1 X 10*
exponentially growing cells were seeded into specially designed
stainless steel rectangular dishes (6 X 11 mm) consisting of a 3.5 um
thick Mylar® film bottom onto which cells attached. The culture media
was replaced every 2 days and the cells were irradiated after the
culture reached full confluence. For partial irradiations, 50% of the
rectangular dish was shielded with 100 pm thickness aluminum below
the dish, and the cells occupying the other 50% area were irradiated
with 5 ¢Gy. Sham-irradiated dishes went through the same irradiation

procedure with 100% shielding. After irradiation, all dishes were
returned to the incubator for the subsequent experiments.

Immunochemical Staining of y-H2AX

Irradiated and sham-irradiated cells were incubated at 37°C for 30
min, rinsed with PBS three times, fixed with 2% paraformaldehyde
solution for 20 min at room temperature and then rinsed again with
PBS three times. After permeabilization for 30 min in TNBS solution
(PBS supplemented with 0.1% Triton™ X-100 and 1% FBS) at room
temperature, the cells were exposed for 1 h at room temperature to
anti-y-H2AX primary antibody (Upstate® Biotechnology, Lake Placid,
NY) in PBS* (PBS supplemented with 1% FBS), washed with TNBS
for 3 X 5 min, and incubated with fluorescein isothiocyanate-
conjugated goat anti-mouse secondary antibody (Haoyang Biological
Manufacture Company Ltd., Tianjin, China) in PBS* for another 1 h.
After washing with TNBS for 3 X 5 min, the cells were counterstained
with 5 pg/ml Hoechst 33342 (Molecular Probes®, Eugene, OR) for 30
min. After a final wash with TNBS, the stained cells on the Mylar film
were immersed in 50% glycerol-carbonate buffer (pH 9.5). The
stained rectangular dishes were loaded on a ®35 mm glass bottom dish
(glass thickness, 0.17 mm), which was used as a holder. Immunoflu-
orescent images were captured using a Leica TCS SPT laser scanning
confocal microscope (Bensheim, Germany). For quantitative analysis,
the cells with y-H2AX foci were regarded as positive cells and the
fraction of positive cells was calculated as described previously (y-
H2AX-positive cells/total cells) (16, 17). At least 700 cells per sample
were counted and the fraction of y-H2AX-positive cells was
normalized to the control (/8).

Micronuclei Assay

The frequency of micronucleus formation was measured by the
cytokinesis block technique (/9). Three hours after exposure, the
irradiated, sham-irradiated and bystander cells were trypsinized
separately. For partially irradiated samples, a stainless steel disk with
silicone edges was inserted into the stainless steel rectangular dishes to
separate the directly irradiated cells from the bystander cells.
Approximately 2-3 X 10* cells were seeded in ®35 mm culture dish.
Cytochalasin B (Sigma-Aldrich® LLC, St. Louis, MO) was added into
the culture media at the final concentration of 2.5 pg/ml at 4-6 h after
seeding and the cultures were incubated at 37°C. After two cell cycles,
the cells were rinsed in PBS, fixed in fixing solution (methanol:acetic
acid = 9:1), stained with 0.1% acridine orange for 5 min and viewed
under an Olympus IX71 fluorescence microscope (Tokyo, Japan). The
number of micronuclei cells in at least 1,000 binucleate cells was
scored and the frequency of micronuclei cells per 1,000 binucleate
cells was calculated.

Media Transfer Experiments

To determine the role of p21 in either generation or transmission of
the bystander signals, media transfer experiments were performed. The
wild-type MEFs and p217"Hus1** MEFs were used as donor cells
separately to transfer media to receptor cells. The donor cells under
confluent conditions in a 35 mm stainless steel dish with a 3.5 pm
thick replaceable Mylar film bottom were a o-particle irradiated with 5
cGy. After irradiation, the cultures were returned to the incubator for
10 min. The media from the irradiated population was then collected,
filtered through a 0.8 pum syringe filter and transferred immediately
into the receptor cells. Thereafter, these receptor cells were incubated
for 3 h before undergoing micronucleus testing. Media from sham-
irradiated dishes was transferred to the receptor cells as controls.

Western Blot Analysis

Western blot analyses were performed in directly irradiated and
sham-irradiated cells. Total cell lysates were prepared in the presence
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FIG. 1. Panel A: The fraction of y-H2AX-positive cells (y-H2AX-
positive cells/total cells) in wild-type MEFs, p217Husl** MEFs,
p217"Hus1”~ MEFs and p217"Hus1”-mHus1 MEFs. The results were
normalized to the corresponding controls, and showed that the
p217Hus1** MEFs and p21~-Husl”-mHus1 MEFs lacked bystander
effects while the p217"Hus1”~ MEFs restored the bystander effects.
Panel B: The detection of micronuclei (MNi) formation in wild-type
MEFs, p217Hus1** MEFs, p217"Hus1”~ MEFs and p21~7"Hus1"m-
Husl MEFs 3 h after irradiation. The results showed that the
p217Hus1™* MEFs and p217"Husl"mHusl MEFs lacked RIBE
while p217-Hus1”~ MEFs restored RIBE. Data were pooled from at
least three independent experiments and the results were represented
as mean * SD, significant compared with sham-irradiated control.

of protease inhibitors and phosphatase inhibitors. Equal amounts of
protein from each sample were resolved using polyacrylamide gel
electrophoresis and were electro-blotted on PVDF membranes. The
monoclonal antibodies used for Western blotting included: anti-o-
tubulin, anti-JNK, anti-phospho-JNK, anti-Erk1/2, anti-phospho-Erk1/
2, anti-p38 and anti-phosph-p38 (Cell Signaling Technology®,
Danvers, MA); anti-phospho-connexin43 and anti-connexin43 (Santa
Cruz Biotechnology® Inc., Santa Cruz, CA). The secondary antibodies
were conjugated to horseradish peroxidase (Cell Signaling Technol-
ogy); signals were detected using the ECL system (Thermo Fisher
Scientific Inc., Rockford, IL).

ROS Measurement

The fluorescent probe, 2'7’-dichlorofluorescin (DCFH-DA; Molec-
ular Probes), was employed to quantify the level of ROS as previously
described (20, 21). Confluent cultures were grown in Mylar film
bottom dishes. Before irradiation, the cell cultures were washed with
D-Hanks’ buffer solution complemented with 1% FBS (FDBS) at

ZHAO ET AL.

37°C for 2 min, stained with 2 uM DCFH-DA for 40 min in an
incubator and then washed with cold D-Hanks’ twice. After
irradiation, the cells were incubated at 37°C for 10 min, and the
fluorescence was measured in FDBS with a fluorescence micro-plate
reader (485/520 nm). The values of relative fluorescence intensity
were normalized to the controls.

Statistics

Statistical analysis was performed on the means of the data obtained
from at least three independent experiments. The data were shown as
means and standard deviations. The significance levels were assessed
using the Student’s ¢ test. P < 0.05 among groups was considered
statistically significant.

RESULTS

Bystander Effects were Deficient in p217-Husl " MEFs,
while they Resumed in p21""Husl”~ MEF's

The induction and transduction of DNA damage signals
were investigated in plateau-phase MEFs with different
genetic backgrounds using a partial irradiation device as
described in Materials and Methods. As shown in Fig. 1A,
significant increases in y-H2AX foci formation were
observed in directly irradiated cells with all genetic
backgrounds compared to sham-irradiated controls (P <
0.01). However, the levels of y-H2AX foci formation were
different in the adjacent nonirradiated bystander cells with
different genetic backgrounds. A significant increase of y-
H2AX induction was observed in wild-type MEFs (P <
0.01), whereas the bystander response was not detectable in
p217Husl** MEFs (P > 0.05). A slightly lower but
significant bystander response was detected in p217"Hus1™~
MEFs (P < 0.01; Fig. 1A), suggesting that loss of Husl
could induce bystander responses in p21-deficient mutants.
To confirm this finding, p217"Husl”~ MEFs containing
plasmid expressing Husl were used. There was no
significant increase of y-H2AX induction in bystander
p217Hus1”mHusl MEFs (P > 0.05).The formation of
micronuclei, considered as another bystander end point, was
performed 3 h after irradiation. The results were similar to
the y-H2AX induction. The bystander effects were not
detectable in bystander p217"Hus1"* MEFs (P > 0.05), but
were recovered in p217"Hus1”~ MEFs (Fig. 1B). There was
no significant increase of micronuclei formation in
bystander cells of p217"Husl” - mHusl MEFs (P > 0.05).

GJIC Played a Major Role in Transmission of the Bystander
Signals in p217"Husl™~ MEF's

Gap junction mediated signal pathways have been shown
to play important roles in radiation-induced bystander
effects. To check if bystander effects observed in MEFs
were mainly mediated through GJIC, lindane, an inhibitor
of GJIC, was added to the media at a final concentration of
40 mM (in 0.1% DMSO) 2 h before irradiation. Figure 2
shows that in partially irradiated dishes, the formation of -
H2AX foci in bystander cells decreased significantly in
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FIG. 2. Detection of y-H2AX foci formation in p217"Hus1”~ MEFs
treated with 40 mM lindane 2 h before irradiation. The liandane
treatments significantly reduced the y-H2AX foci formation in
bystander cells, suggesting that GJIC participated in bystander signal
transmission. Data were pooled from three independent experiments
and the results were represented as mean * SD, significant compared
with sham-irradiated control.

p217"Hus17~ MEFs treated with lindane. In fact, there was
no difference compared to sham-irradiated cells (P > 0.05;
Fig. 2). These results indicate that GJIC played a major role
in transmitting damage signal(s) to bystander cells in
p217Hus1™~ MEFs after irradiation.

Knocking Out p21 Resulted in Deficient Production of
Bystander Effects Signals

Media transfer experiments were performed to determine
whether the absence of p21 would result in the production
of bystander signals and response to bystander signals. As
shown in Fig. 3A, compared with media from sham-
irradiated cells, the media from irradiated wild-type MEFs
caused a significant increase in micronuclei formation in
receptor wild-type MEFs (P < 0.05). However, the media
from irradiated p217"Husl** MEFs could not induce
significant changes of micronuclei formation in receptor
wild-type MEFs, suggesting that p217"Hus1** MEFs could
not generate bystander signal(s). Meanwhile, when using
p217"Hus1** MEFs as receptor cells, only the media from
irradiated wild-type MEFs caused a significant increase of
micronuclei formation (Fig. 2B), suggesting that
p217"Hus1** MEFs could respond to bystander signal(s).

As shown above, gap junctional communication is
involved in mediating bystander signals in MEFs and
p217"Hus17~ MEFs (Fig. 2), and p217"Hus1*" MEFs could
respond to the bystander signals. Further investigation will
be needed to determine whether knocking out p21 would
affect GJIC function. In this study, the expression levels of
connexin43 (Cx43), an important gap junction channel
protein, and its phosphorylation form (p-Cx43) were
checked 3 h after irradiation. As shown in Fig 4, the
expressions of Cx43 were similar in wild-type MEFs,
p217Hus1** MEFs and p217"Hus1”~ MEFs, and the p-
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FIG. 3. The micronuclei (MNi) formation in media transfer
experiment. Panel A: Wild-type MEFs as receptor cells. Panel B:
p217~Hus1** MEFs as receptor cells. The results showed the number
of cells with micronuclei in 1,000 binucleate cells. Bystander cells that
received media from irradiated wild-type MEFs showed significantly
increased micronuclei formation. Data were pooled from three
independent experiments and the results were represented as mean
* SD, significant compared with sham-irradiated control.

Cx43 were also detectable in p217Husl** MEFs and
p217"Hus1”~ MEFs. These results suggest that the molec-
ular composition of gap junction channels were similar in
all three cell types, suggesting that the lack of bystander
effects in p217"Hus1"* MEFs was due to a deficiency in the
production of bystander signals, but not in the transmission
of bystander signals.

Activation of MAPK Signal Pathways was Deficient in
p217"Husl*™" MEFs but Recovered of p217"Husl”~ MEFs

It has been shown that the MAPK pathways play
important roles in cellular recognition of and response to
extracellular signals, including ionizing radiation and
bystander signals (/3, 22). Therefore, we examined the
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FIG. 4. The expression levels of phosphor-connexind3 (p-Cx43) and connexin43 (Cx43) in MEFs,
p217"Hus1** MEFs and p217"Husl”~ MEFs 3 h after irradiation. p-Cx43 and Cx43 expression levels were
similar in MEFs, p217Hus1** MEFs and p21~7-Hus1”~ MEFs.

critical components in MAPK, c-Jun N-terminal protein
kinase (JNK1/2), extracellular signal-regulated kinase
(ERK1/2), p38 and their phosphorylation forms (p-JNK1/
2, p-ERK1/2 and p-p38), in all three cell types used above.
As shown in Fig. 5, the expression of JNK1/2 were normal
in all three cell types, but the expression of p-JNK1/2 could
hardly be detected in p217Hus1™* MEFs. The expression
of p-JNK1/2 was recovered in p217~Hus1”~ MEFs. Similar
phenomena were also observed in the expression of ERK1/2
and p38. The phosphorylation of ERK1/2 and p38 was
deficient in p217-Husl™* MEFs and was restored in
p217"Hus1™” MEFs. These results suggest that knocking
out of p21 results in dysfunction in the activation of MAPK
signal pathways, and further knocking out of Hus1 appears
to restore the activation of MAPK signal pathways,
resulting in recovery of bystander effects in p21~~Husl™~
MEFs.

Another important bystander effect signal, ROS level,
was also detected in directly irradiated cells. As shown in
Fig. 6, the ROS level was significantly increased in
irradiated MEFs compared to sham-irradiated controls (P
< 0.05). However, there was not a significant increase in
the ROS level in irradiated p217"Hus1*" MEFs compared
to sham-irradiated p217"Hus1** MEFs (P > 0.05). These
findings confirm the above results showing that knocking
out of p21 leads to deficiency in the production of bystander
signals in p217~Husl™* MEFs, which causes the disap-
pearance of bystander effects.

DISCUSSION

Our previous studies have shown that bystander effects
could be induced by irradiating the cytoplasm of a cell (23)
and were associated with the ROS/RNS generated in
mitochondria (24, 25). However, the mechanisms underly-

ing the signal pathways involved in the generation of
bystander signals were still unclear. p21 and Husl are
essential in growth arrest and in genome maintenance after
DNA damage. Cells deficient in the Husl gene failed to
proliferate in vitro, but inactivation of p21 allowed for the
continued growth of Hus1-deficient cells, indicating a close
relationship between p21 and Husl (/7). In the current
study, using wild-type MEFs, p217Husl”* MEFs and
p217Husl” MEFs, we investigated the roles of p21 and
Husl in production and transmission of bystander signals.
The irradiated wild-type MEFs could produce bystander
signals in neighboring nonirradiated cells through gap
junction channels and soluble extracellular factors, that
induced y-H2AX foci formation and micronuclei formation
in bystander cells. The irradiated p217-Hus1** MEFs could
not induce Y-H2AX foci formation and micronuclei
formation in neighboring nonirradiated cells, while irradi-
ated p217 Husl”~ MEFs restored the ability to induce -
H2AX foci formation and micronuclei formation in
nonirradiated neighboring cells, and these increases could
be inhibited through transfecting Hus1-expression plasmid
into p217"Hus1”~ MEFs. These results indicated that the
loss of p21 resulted in the absence of bystander effects after
irradiation, while the inactivation of Husl in p21-deficient
cells recovered the bystander effects (Fig. 1). We also found
that these effects were not specific to alpha-particle
radiation and were also observed after 4 Gy gamma
irradiation (Supplementary Fig. S1; http://dx.doi.org/10.
1667/RR14165.1.S1), suggesting that these effects were
independent of radiation type and LET. Previous studies by
Azzam et al. showed that low-dose alpha-particles irradi-
ation could increase p21 expression in nonirradiated
bystander cells (3, 26). Husl is required for the S-phase
checkpoint (27), and loss of Husl leads to defects in
genotoxin-induced signaling to Chkl and in significantly
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FIG. 5. The activation of MAPKs 3 h after irradiation in wild-type MEFs, p217-Husl** MEFs and
p217"Hus17~ MEFs. The phosphorylation of JNK1/2, ERK1/2 and p38 increased after irradiation in wild-type
MEFs. Loss of p21 in MEFs resulted in significant decrease of phosphorylation of JNK1/2, ERK1/2 and p38, but
phosphorylation of JNK1/2, ERK1/2 and p38 were recovered in p21~7"Hus1”~ MEFs.

increased sensitivity to hydroxyurea (HU) and ultraviolet
(UV) light, but in only minor effects on radiation sensitivity
(11). Thus, the lack of bystander response in p21-deficient
cells could be dye to either a defect in their ability to mount
the response, that is, to generate the signal after irradiation,
or from a defect in their ability to respond to such bystander
signals. We addressed this question by performing media
transfer experiments in cells with different genetic back-
grounds, which functioned interchangeably in all possible
permutations as either bystander signal producers or signal
responders. The results of these experiments indicated that
while wild-type MEFs were able to produce and respond to
bystander signals, p217-Husl™* MEFs were unable to
generate bystander signals, but retained the ability to
respond to such signals (Fig. 3).

Gap junctions are intercellular channels that allow ions
and secondary messengers to pass freely among neighbor-
ing cells and they are essential for maintaining cell functions
(28). Azzam et al. reported that molecules communicated

through gap junctions resulted in upregulation of oxidative
stress in neighboring cells adjacent to directly irradiated
cells (29). In addition, regulation of gap junctions would
affect the radiation-induced bystander effects (3). The
current study additionally demonstrated that the GJIC plays
an important roles in mediating ionizing radiation-induced
bystander effects, as we clearly showed that the gap-
junction channel inhibitor, lindane, inhibited the modest
bystander response observed in p217"Hus1”~ MEFs (Fig. 2).
We then investigated whether knocking out of p21 would
affect the intercellular communication of bystander signals
or affect the production of bystander signals. To do this, the
expression levels of Cx43 and p-Cx43 were detected in all
three cell types. The connexin43 is an important gap
junction channel protein, and phosphorylation of connex-
in43 is a major event in regulating the function of GJIC
(30). In the current experiments, the expression levels of
Cx43 and p-Cx43 after irradiation showed normal func-
tioning of the gap junctions in all cell types (Fig. 4). These
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FIG. 6. ROS levels in directly irradiated MEFs and p21”Hus1*/*
MEFs 10 min after exposure. The ROS levels were attenuated in
p217Hus1** MEFs comparing to those in the MEFs. Data were
pooled from three independent experiments and the results were
represented as mean * SD, significant compared with sham-irradiated
control.

results suggest that knocking out of p21 does not affect
bystander signal transmission through gap junction chan-
nels, and the absence of bystander effects in p217Hus1*/*
MEFs may be mainly due to deficiency in the production of
bystander signals.

The generation of y-H2AX foci in bystander cells
suggests not only the generation of DSBs in nontargeted
cells, but also activation of the kinases required for the
underlying phosphorylation of H2AX. To determine the
mechanisms underlying this phenomenon, we investigat-
ed the activation of MAPKSs pathways including JNK1/2,
ERK1/2 and p38 in current study. Multiple MAPK
pathways are activated by exposure to ionizing radiation,
and play crucial roles in controlling cell survival and
repopulation effects after irradiation (7). It has also been
reported that activation of MAPKSs is coordinated with an
increase in p21 expression (/5). Park et al. found that
phosphorylations of ERK1/2 and JNK1/2 were involved
in regulating the phosphorylation of Cx43 in mouse cells
(31). In addition, p38 was shown to be involved in
ionizing radiation-induced bystander effects, together
with NF-xB-regulating COX-2 activity (32). In the
current study, we found that the loss of p21 resulted in
inactivation of MAPKs pathways in p217-Hus1"* MEFs,
and that p217-Husl*?* MEFs were deficient in the
phosphorylation of JNK1/2, ERK1/2 and p38 in sham-
irradiated cells and in directly irradiated cells. However,
phosphorylation of JNK1/2, ERK1/2 and p38 was
restored in p217"Husl”~ MEFs (Fig. 5). In addition, our
study also showed that knocking out of p21 resulted in a
decrease in ROS levels after alpha-particle irradiation in
p217"Hus1** MEFs, while the ROS levels were signif-
icantly increased in irradiated wild-type MEFs compared
to sham-irradiated controls. Taken together, we hypoth-
esize that the loss of p2l1 resulted in deficiency in
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FIG. 7. Our current mechanism(s) for the bystander effects found in
this study. We propose that loss of p21 results in inactivation of the
MAPK pathways and in the attenuation of the expression of ROS,
which inhibits the generation of bystander signals in irradiated cells.
The inactivation of Husl in p21-null MEFs restores the reproduction
of bystander signals via reactivation of MAPK signal pathways and
the induction of the bystander effects

activation of MAPK signal pathways, leading to defi-
ciency in the production of bystander signals and the
absence of bystander effects after alpha-particle irradia-
tion. However, further loss of Husl in p21-deficient cells
restored the activation of MAPK signal pathways and
restored the bystander effects.

In summary, the data shown here indicate that, in
agreement with previous studies, bystander effects in
wild-type MEFs could be transmitted by two signaling
pathways: soluble intercellular bystander factor(s) and
GJIC. However, loss of p21 resulted in inactivation of the
MAPK pathways and attenuated expression of ROS,
thereby inhibiting the generation of bystander signals in
irradiated cells. Interestingly, the inactivation of Husl in
p21-null MEFs appears to restore the reproduction of
bystander signals via reactivation of MAPK signal path-
ways and also restored the bystander effects (Fig. 7). Thus,
we conclude that p21%V*“™! and Hus1 play crucial roles in
the generation and transmission of bystander damage
signals after low-dose alpha-particle irradiation. These
findings provide further insight into the mechanisms
underlying radiation-induced bystander effects that may
help improve radiotherapy strategies in the future.

SUPPLEMENTARY INFORMATION

Fig. S1. The fraction of micronuclei formation in wild-
type MEFs, p217-Hus1"* MEFs and p217"Hus1”~ MEFs 3
h after 4 Gy gamma irradiation.
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