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The cellular response to ionizing radiation is not limited to
cellsirradiated directly but can be demonstrated in neighbor -
ing ‘‘bystander” populations. The ability of mouse embryonic
stem (ES) cells to express a bystander effect and the role of
the radior esistance gene Rad9 wer e tested. M ouse ES cells dif-
fering in Rad9 status were exposed to broad-beam 125 keV/
prm *He a particles. All populations, when confluent, dem-
onstrated a dose-independent bystander effect with respect to
cell killing, and the Rad9—'- genotype did not selectively alter
that response or cell killing after direct exposureto this high-
LET radiation. In contrast, relative to Rad9+'+ cells, the ho-
mozygous mutant was sensitive to direct exposure to « par-
ticleswhen in log phase, providing evidence of a role for Rad9
in repair of potentially lethal damage. Direct exposure to a
particles induced an increase in the frequency of apoptosis
and micronucleus formation, regardless of Rad9 status, al-
though the null mutant showed high spontaneous levels of
both end points. All populations demonstrated a-particle-in-
duced bystander apoptosis, but that effect was most promi-
nent in Rad9~/~ cells. Minimal a-particle induction of micro-
nuclei in bystander cells was observed, except for the
Rad9-/- mutant, where a significant increase above back-
ground was detected. Therefore, the Rad9 null mutation se-
lectively sensitizes mouse ES cells to spontaneous and high-
LET radiation-induced bystander apoptosis and micronucleus
formation, but it has much lessimpact on cell killing by direct
or bystander a-particle exposure. Results are presented in the
context of defining the function of Rad9 in the céllular re-
sponse to radiation and its differential effects on individual
bystander end points.  © 2005 by Radiation Research Society

INTRODUCTION

It has recently been found that a biological response can
be induced in cells neighboring those that are actualy ** hit”
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by radiation. This phenomenon has been called the bystand-
er effect [for reviews seerefs. (1, 2)]. Thisimpliesthat cells
directly exposed to radiation can transmit a signal to other
cells nearby, thus in a sense amplifying the initial damage
signal. In essence, this suggests that models taking into ac-
count only direct hits in mediating a biological response
underestimate the true deleterious effects of radiation ex-
posure, including potentia health risks. Although the by-
stander effect was first implied from earlier work by Kotval
and Gray (3), the modern-day definition was derived from
more recent studies by Nagasawa and Little (4) when they
reported that the calculated, expected nuclear traversal of
1% of cellsin a population by a flux of « particles caused
30% of the cells to undergo sister chromatid exchanges.
Subsequently, bystander effects have been demonstrated for
cell survival, mutation and oncogenic transformation [for
review see ref. (1)]. The use of a microbeam to target «
particlesto individual cells provides definitive evidence that
a cell does not have to be hit directly by an « particle to
demonstrate mutation or changes in survival. These exper-
iments were performed using either one of two strategies.
In the first, a lethal 20-hit dose of « particles could be
delivered to 5% of the cellsin a population, and mutations
would arise in frequency similar to that observed when
100% of cells are hit with a single particle (5). Alterna-
tively, Zhou et al. (6) showed that when 10% of a popu-
lation was exposed to asingle « particle, which is sublethal,
many more cells in the population demonstrated chromo-
some aberrations and mutation than just the small percent-
age exposed. Interestingly, the mutation spectrum for by-
stander cells differed from that obtained spontaneously or
after cytoplasmic irradiation, suggesting that different mu-
tagenic mechanisms are involved (5).

Genetic makeup is important in terms of determining
how a cell or individual will respond to radiation, and there
is evidence that it can have an impact on the magnitude of
the bystander effect produced. Nagasawa and Little (7)
demonstrated that CHO cells deficient in DNA double-
strand break repair (i.e., bearing an xrs-5 mutation) show
an enhanced chromosome aberration yield due to bystander
effects induced by low fluences of « particles. They inter-
preted their results by stating that the xrs-5 mutation re-
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duced repair of double-strand DNA breaks caused by the
a particles, and this prolonged a signal that mediates the
bystander effect. However, beyond this finding, little is
known about genetic mechanisms that underlie the bystand-
er response to radiation.

The rad9 gene was first identified in the fission yeast
Schizosaccharomyces pombe (8, 9), and subsequently or-
thologs were found in humans [RAD9 (10)] and mice [Rad9
(11)]. The encoded protein plays a critical role in multiple
pathways that respond to DNA damage. The human and
mouse genes partially complement the sensitivity of S
pombe rad9::urad* cellsto ionizing radiation, UV radiation
and the DNA synthesis inhibitor hydroxyurea (HU), aswell
as the associated cell cycle checkpoint defects. Homozy-
gous Rad9 knockout mouse ES cells are highly sensitive to
ionizing radiation, UV radiation, and HU (12). In addition,
they show defects in the maintenance of y-ray-induced G,/
M checkpoint control. Wild-type RAD9 or Rad9 fully com-
plements the sensitivity defects of the Rad9~'~ mouse cells.
The heterozygous Rad9 knockout cells are also sensitive to
at least ionizing radiation and HU. In addition, combined
heterozygosity at both Rad9 and Atm in mouse embryo fi-
broblasts alters cell transformation, apoptosis and DNA le-
sion repair dynamics (13), suggesting that human carriers
of a mutation in one copy of RAD9 might be genetically
predisposed to the development of deleterious effects
caused by DNA damage. In mammals, checkpoint genes
are thought to maintain genomic stability, especially in the
presence of DNA damage (14). Consistent with this,
Rad9-'~ mouse ES cells are genetically unstable and exhibit
high frequencies of spontaneous chromosome aberrations
and Hprt mutations (12). Also, RAD9 or Rad9 restores ge-
nomic stability to the Rad9-/~ cells. Therefore, when these
evolutionarily conserved checkpoint genes are altered, ge-
nomic instability can occur and may lead to cancer (15).

In addition to rolesin promoting resistance to DNA-dam-
aging agents, cell cycle checkpoint control, and mainte-
nance of genomic stability, pro-apoptosis activity has been
demonstrated for at least the human and fission yeast RAD9
proteins (16, 17). Furthermore, Bessho and Sancar (18) re-
ported that the human protein has 3'-5" exonuclease activ-
ity. Yin and coworkers (19) demonstrated that RAD9 can
regulate transcription of CDKN1A (p21) as well as other
genes that may be part of a coordinately controlled damage
response pathway. RAD9 can also stimulate the carbamoyl
phosphate synthetase activity of CAD protein, which is re-
quired for de novo synthesis of pyrimidine nucleotides and
cell growth (20), and interact with as well as stimulate the
activity of multiple DNA repair proteins (21-24). Using a
mouse model, Rad9 was demonstrated to be essential for
embryogenesis as well (12).

Since Rad9 plays such a key role in multiple pathways
important for cell growth and the response to DNA damage,
we examined whether the gene functions in mediating ra-
diation-induced bystander effects. Using an isogenic set of
mouse embryonic stem cells differing in the status of Rad9,

FIG. 1. Double ring Mylar dishes used for bystander studies. Left:
Photograph shows the outer stainless steel ring with a base made of Mylar
that is 6 wm thick, and contained within is the inner ring bearing several
strips of 30-wm Mylar as a base. The outer and inner rings fit together.
Right: The inner ring with strips of Mylar.

we found that aterations in the gene sensitize cells differ-
entialy to end points that reflect the bystander response.
Ectopic expression of the wild-type human or mouse gene
restores norma cellular function to the Rad9—/- mutant.
Furthermore, we found that the ionizing radiation sensitiv-
ity promoted by a Rad9 null mutation is dependent upon
whether cells are actively growing or are confluent at the
time of exposure.

MATERIALS AND METHODS

Cells and Culturing Conditions

The mouse embryonic stem cells used in this study and differing in
the status of Rad9 (Rad9*/*, Rad9*/~ Rad9~/-, Rad9~/~ ectopically ex-
pressing Rad9* or RAD9") were described previously (12). These cells
were grown at 37°C in Knockout-DMEM (Invitrogen), with 15% ES-cell
qualified fetal bovine serum, 0.1 mM non-essential amino acids, 2 mM
L-glutamine, 10~ M B-mercaptoethanol, 100 U/ml penicillin/streptomy-
cin, and 1.0 X 10°U/ml leukemiainhibitory factor (LIF, availableas ‘' ES-
GRO" from Chemicon). Tissue culture plates and dishes were coated
with a 0.1% gelatin solution and used routinely for cell passage and
maintenance. Mylar dishes were coated with a 4-pg/ml fibronectin (Sig-
ma) solution.

Bystander Experiments

Bystander studies were performed using a specialized two-ring system
(Fig. 1). The outer stainless steel ring has a base made of Mylar that is
6 wm thick, and the inner ring contains several strips of 30 wm Mylar
as a base. The outer and inner rings fit together. After sterilizing in 70%
ethanol and air-drying, both Mylar layers were coated with fibronectin
solution. ES cells (2.5 X 10°) were plated onto the double Mylar culture
rings. Two days later, cells were essentially 100% confluent, allowing
direct cell-cell communication. Confluent ES cells were irradiated with
*He « particles (LET 120-125 keV/um) or served as unirradiated con-
trols. Dishes were irradiated from underneath using the track segment
mode of a4 MeV Van de Graaff accelerator located at the Radiological
Research Accelerator Facility of Columbia University. Since o particles
can penetrate the 6-pm but not the 30-wm Mylar, only cells growing on
the lower, thinner surface were irradiated. However, the unirradiated cells
on the 30-pm strips were in physical proximity to the irradiated cells and
were the *‘bystander’” population. After irradiation, the medium was im-
mediately changed to remove dead floating cells, and the dishes were
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incubated for 24 h. Irradiated and unirradiated cells were removed from
the 6-pm and 30-pwm Mylar strips separately using trypsin. Part of the
trypsinized culture was replated onto a two-well chamber slide coated
with fibronectin for detecting micronuclei. Some of the culture was re-
plated onto a 100-mm tissue culture dish coated with 0.1% gelatin for
cell survival assays. Cells were aso seeded onto a six-well plate to mon-
itor apoptosis.

Cell Survival Assay

To determine resistance to 125 keV/um « particles produced at the
Columbia University Radiological Research Accelerator Facility, essen-
tially completely confluent cells, as described in the previous section,
were irradiated on 6-uwm Mylar surfaces and then replated onto 100-mm
dishes, followed by incubation for 7 to 10 days at 37°C. To test the
sensitivity of actively growing populations to the charged particles, cells
at up to 80% confluence after incubation for 24 h were trypsinized and
plated (approximately 200 cells per dish) onto the 6-um Mylar surfaces.
After cells attached, usually 4—6 h after plating, they were irradiated and
not replated. Medium for both experimental conditions was replaced with
fresh Knockout-DMEM and supplements once during the postirradiation
incubation period. Cells were then stained with 2% crystal violet and
colonies were counted. Percentage survival was calculated as the number
of colonies formed after irradiation relative to unirradiated controls X
100.

Apoptosis Assay

After treatment, cells (5 X 10°) were seeded onto a six-well plate with
fresh medium and incubated for 24 h. Cells were removed with trypsin,
processed using the Annexin V-FITC apoptosis detection kit (Oncogene
Research) following the manufacturer’s instructions, and analyzed by flow
cytometry with a FACSCalibur flow cytometer (Becton Dickinson).
Floating cells were saved and scored, along with al others. Ten thousand
cells were counted per point per experiment by flow cytometry, and each
set of data is the average of at least three independent experiments.

Detection of Micronuclei

Irradiated or unirradiated cells were removed from the Mylar surface
after 24 h using trypsin, plated on a two-well chamber slide containing
supplemented Knockout-DMEM, and incubated for an additional 24 h.
Cells were then fixed for 1 h to overnight with alcohol acid (95% ethanol/
5% acetic acid). After fixation, slides were washed three times in PBS.
After air-drying, the slides were stained with DAPI (Vector Laboratories).
Cover slips were mounted onto the slides and cells were visualized using
fluorescence microscopy. About 500 to 1000 cell nuclei were scored per
sample.

Micronuclei were identified as being morphologically identical to but
smaller than nuclei, and with the same staining intensity. They could
touch but not overlap the main nucleus. Cells usually contain from zero
to three micronuclei, but that number can occasionaly be greater (25,
26). The assay was performed using published protocols (25, 27).

Statistics

Data points for cell survival, apoptosis and micronucleus assays rep-
resent the average of a minimum of three independent trials, and the
standard errors of the means were calculated. In some instances, t tests
were performed to determine whether differences between data points
were statistically significant (i.e. =0.05).

RESULTS

Deletion of Rad9 does not Sensitize Confluent Cells to
Killing by Direct or Bystander Exposure to Broad-Beam
125 keV/um 3He « Particles

Mouse embryonic stem cells null for Rad9 and in log
phase are sensitive to y rays and UV light compared to
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FIG. 2. Cell surviva after exposure to broad-beam 125 keV/pum 3He
o particles. Panel A: Colony formation after direct exposure to 0, 0.5, 5
or 10 Gy of « particles. Panel B: Colony formation after bystander ex-
posure to the doses indicated above. The mouse ES cell populations used
have the following genotypes. Rad9+/*, Rad9+/~, Rad9~/-, Rad9~/~ ec-
topicaly expressing Rad9, Rad9-/- ectopically expressing RAD9. Col-
umns represent the average of three independent experiments =SEM as
indicated.

control populations with wild-type Rad9 (12). Therefore,
the ability of 125 keV/um 3He o particles to selectively
kill Rad9-/~ cells after direct or bystander exposure when
cells are confluent under standard conditions for bystander
studies was tested. As indicated in Fig. 2A, al the popu-
lations were sensitive to direct exposure to this type of ra-
diation, regardless of Rad9 status. Furthermore, in contrast
to previous results with -y rays or UV light using log-phase
cells, the confluent Rad9'- cells were no more sensitive to
a particles than the confluent Rad9+/* or other Rad9* con-
trol populations. High levels of survival obtained especially
at 5 and 10 Gy might be due to shielding in the confluent
cultures.

The same set of mouse ES cells differing in Rad9 status
was examined for bystander cell killing due to «-particle
exposure. As shown in Fig. 2B, confluent Rad9*/* mouse
ES cells are sensitive to this type of radiation even when
only neighboring cells are directly exposed. Thisis the first
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FIG. 3. Effects of growth status on cell survival after direct exposure
to 125 keV/pm 3He o particles. Panel A: Confluent cells exposed to o
particles. Panel B: Actively growing cells exposed to « particles. Mouse
ES cell populations used have the following genotypes. Rad9*/+ (closed
circles), Rad9-/~ (open circles). Points represent the average of at least
three experiments =SEM as indicated.

demonstration of a bystander effect in mouse ES cells. In
addition, all the populations examined did not differ dra-
matically in the magnitude of this bystander response when
compared at each dose (P > 0.05), indicating that loss of
Rad9 does not selectively sensitize mouse ES cells to by-
stander killing. A dose response for this end point was not
observed, consistent with studies of other radiation-induced
bystander effects (25, 28, 29),

Deletion of Rad9 Sensitizes Actively Growing Cells to
125 keV/um *He « Particles

To determine whether the lack of a significant difference
in sensitivity of Rad9*/+ and Rad9—'~ cellsto « particlesis
because both populations were confluent at the time of ra-
diation exposure, dose-response curves were established
for these cells when irradiated as a confluent population or
in log phase. Results indicate that Rad9+'+ and Rad9—/-
cells are equally sensitive to « particles when exposed as
a confluent population (Fig. 3A), but the mutant is signif-
icantly more sensitive to this type of radiation when both
populations are in log phase (Fig. 3B).
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FIG. 4. Induction of apoptosis by 125 keV/um 3He « particles. Panel
A: Apoptosis after direct exposure to 0, 0.5, 5 or 10 Gy of « particles.
Panel B: Apoptosis after bystander exposure to the doses indicated above.
Mouse ES cell populations used have the following genotypes. Rad9+/+,
Rad9*/~, Rad9~/-, Rad9~'~ ectopically expressing Rad9, Rad9~'~ ectop-
ically expressing RAD9. Columns represent the average of three inde-
pendent experiments +=SEM as indicated.

Foontaneous and 125 keV/um 3He a-Particle-Induced
Apoptosis

The set of mouse ES cells with different Rad9 genotypes
was assessed for apoptosis. Figure 4A shows that al the
populations demonstrated a spontaneous apoptosis frequen-
cy ranging from approximately 8 to 14%. Although this
range was relatively narrow, Rad9-'- cells were at the high
end. In addition, direct exposure to doses of a particles
from 0.5 to 10 Gy induced higher frequencies of apoptotic
cellsin al the populations, as much as four times the back-
ground levels. At a dose above 5 Gy, there was no further
increase in the frequency of apoptosis.

Deletion of Rad9 Sensitizes Cells to Bystander Apoptosis
Caused by Broad-Beam 125 keV/um *He « Particles

The role of Rad9 in mediating radiation-induced by-
stander effects was tested further by examining apoptosis
as an end point. Figure 4B shows that 125 keV/pm o par-
ticlesin the dose range of 0.5 to 10 Gy can induce bystand-
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FIG. 5. Induction of micronuclei by 125 keV/um °He « particles.
Panel A: Micronucleus formation after direct exposure to 0, 0.5, 5 or 10
Gy of « particles. Panel B: Micronucleus formation after bystander ex-
posure to the doses indicated above. Mouse ES cell populations used
have the following genotypes. Rad9*/*, Rad9+/~, Rad9~/-, Rad9~/~ ec-
topically expressing Rad9, Rad9-/- ectopically expressing RAD9. Col-
umns represent the average of three independent experiments =SEM as
indicated.

er apoptosis in al the populations. For most populations, 5
Gy induced peak frequencies of programmed cell death that
were approximately double the spontaneous levels. The ex-
ception was the Rad9'~ cells ectopically expressing RAD9,
where smaller increases in apoptosis frequencies, especialy
at 5 Gy, were observed. Also, the Rad9-/~ population dem-
onstrated the highest frequencies of apoptosis above back-
ground levels, and the spontaneous and induced levels were
reduced when Rad9 or RAD9 was ectopically expressed in
the homozygous mutant cells.

Soontaneous and 125 keV/um 3He a-Particle-Induced
Micronucleus Formation

Micronucleus formation was examined in the same set
of cells with different Rad9 genotypes. Figure 5 indicates
that spontaneous micronucleus frequencies in most popu-
lations ranged from 5 to 7%. However, Rad9'~ cells had
two to three times that frequency, which was reduced by

ectopic expression of either Rad9 or RAD9. Alpha particles
at doses of 0.5 to 10 Gy significantly increased the levels
above background, with peak induction occurring at 5 Gy
for al populations (Fig. 5A). Most data points for the
Rad9*/+ and Rad9*/~ populations, as well as the Rad9/-
cells ectopically expressing Rad9 or RAD9, differed statis-
tically from the results for the Rad9—/- population (P =
0.05) but not from each other. Fig. 5A illustrates micro-
nucleus formation 24 h postirradiation, but similar results
were obtained 12 and 36 h post-treatment (data not shown).
The only exception was when the 10-Gy points for the
Rad9-/- cells and the same population with ectopic ex-
pression of the wild-type Rad9 gene were compared (P =
0.07), due to the large error bars for the latter point.

Bystander Micronucleus Formation is Enhanced in Cells
Deleted for Rad9

The ability of 125 keV/um « particles to induce micro-
nuclei in cells neighboring those directly irradiated was ex-
amined 24 h after exposure (Fig. 5B). With the exception
of Rad9-'- cells, dosesin the range of 0.5 to 10 Gy induced
a minimal bystander effect, and usually any increase above
background levels was not statistically significant. The larg-
est increase was detected in the Rad9—'~ cells, where 5 and
10 Gy induced statistically significant increases in bystand-
er micronucleus formation above background levels.
Rad9-'- cells ectopically expressing Rad9 or RAD9 did not
demonstrate these high levels of micronuclei. The levels of
induced micronuclei were identical 12 and 36 h postirra-
diation (data not shown). Furthermore, differences in a-
particle-induced cell cycle delays did not contribute to the
results obtained since no delay was observed 24 h after
treatment for Rad9*/+ or Rad9—'~ cells, as determined by
flow cytometry (data not shown). Therefore, the Rad9 null
mutation sensitizes cells to «-particle-induced bystander
micronucleus formation.

DISCUSSION

The bystander effect is a well-established phenomenon
whereby cells neighboring those directly **hit”” by radiation
demonstrate a response typical of those actually exposed
(1, 2). However, the molecular mechanisms that regulate
this effect are not known. Mouse embryonic stem cells dif-
fering in the status of Rad9 were used to determine whether
this gene, which was previously found to play important
roles in multiple fundamental cellular processes involving
promotion of resistance to DNA damage and maintenance
of genomic integrity (12), is an important element involved
in regulating radiation-induced bystander effects. Using
specialy designed double Mylar dishes, we found that
mouse ES cells can demonstrate bystander responses when
neighboring cells are exposed to 125 keV/pum 3He « par-
ticles. Interestingly, there were differences in the magnitude
of the effects detected, depending on the end point moni-
tored. For Rad9+/+ cells, killing and the induction of apo-
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ptosis were readily detected in cells neighboring those
“hit” by the a particles. In contrast, there was a minimal
effect with respect to the induction of micronuclei in those
bystander cells. Rad9'~ cells show bystander cell killing
similar to the Rad9*/* population but more prominent in-
duction of apoptosis and especially micronucleus forma-
tion. Since the level of induction of the individual end
points differs within as well as between the Rad9*/* and
Rad9-/- populations, the requirements to trigger bystander
cell killing, apoptosis and micronucleus formation must not
be exactly the same.

The Rad9 null mutation sensitizes cells in particular to
a-particle-induced bystander apoptosis and micronucleus
formation. Previous studies demonstrated that an xrs-5 mu-
tation in CHO cells enhances chromosome aberration yields
due to bystander effects caused by a low fluence of « par-
ticles (7). The investigators suggested that xrs-5 reduced
repair of a-particle-induced double-strand DNA breaks, re-
sulting in prolongation of a signal that mediates the by-
stander effect. This may well be true also for the ability of
Rad9-/- to enhance bystander apoptosis and micronucleus
formation relative to the levels observed in Rad9/* cells
or Rad9/~ ectopically expressing Rad9 or RADS9. In fact,
recent studies with mouse embryo fibroblasts indicate that
the Rad9*/~ genotype alters the dynamics of DNA double-
strand break repair (13). Other studies also support a role
for the human version of the protein in regulating the ef-
ficiency of base excision repair (21-24). However, since the
Rad9 homozygous mutant did not selectively demonstrate
enhanced bystander cell killing relative to that observed for
the Rad9*/+ population, the role of Rad9 in mediating the
different end points cannot depend upon the same signal in
terms of quality and/or magnitude. xrs-5 primarily causes
deficiencies in DNA double-strand break repair, but
Rad9-/- mediates problems not only with repairing dam-
aged DNA but also with cell cycle checkpoint control, ap-
optosis and genomic stability. Whether the effects of xrs-5
in CHO cells and Rad9~/~ in mouse cells on the enhance-
ment of individual bystander responses reflect a common
DNA damage repair defect, capable of modulating an initial
bystander induction signal, or different mechanisms must
await further analysis.

Spontaneous frequencies of apoptosis and especially mi-
cronuclei are high in Rad9-'- cell populations compared to
Rad9*/+ controls or the mutant ectopically expressing Rad9
or RAD9. These findings are consistent with previous work
demonstrating high spontaneous chromosome aberration
and Hprt mutation frequencies in Rad9-/- cells (12) and
further demonstrate a role for Rad9 in maintaining genomic
stability.

Human RAD9 and S. pombe rad9 cause programmed cell
death when overexpressed in human cells and are thus con-
sidered pro-apoptosis proteins (16, 17). They each contain
a BH3-like domain capable of binding the anti-apoptosis
proteins BCL2 and BCL-XL. Furthermore, deletion of the
BH3 domains neutralizes the pro-apoptosis function, as

does co-expression of the anti-apoptosis gene BCL2 with
at least human RADS9. Interestingly, we demonstrate that
Rad9-/- mouse ES cells show high levels of spontaneous
and «-particle-induced apoptosis. Apoptosis frequencies
were high in directly irradiated cells or in those not directly
“hit” by a particles. This suggests that although Rad9 has
a pro-apoptosis function when overexpressed, it is not sole-
ly essential for the process. These results are consistent with
the high frequency of apoptotic cells in E8.5 and E9.5
Rad9-/- mouse embryos (12). Furthermore, since Rad9 has
multiple functions, a defect might result in the accumula-
tion of spontaneous DNA damage, as well as that induced
by direct or bystander exposure to a particles, resulting in
retention of damage and an apoptosis-inducing signal. An
aternative explanation for the induction of apoptosis by
RAD9 overexpression but increased apoptosis in the ab-
sence of Rad9 is that the mouse protein does not have pro-
apoptosis activity. Although this function for Rad9 was
never tested, the lack of pro-apoptosis activity for the pro-
tein is unlikely since such a function was demonstrated for
the human and fission yeast orthologs. In addition, the en-
coded mouse protein is structurally very similar to the
RAD9 gene product (11), and it aso contains a BH3-like
domain characteristic of pro-apoptosis proteins.

Mouse ES cells bearing Rad9-/~ are no more sensitive
to killing by 125 keV/pm « particles than Rad9+'+ cells
under the conditions used to test for bystander effects in
which cells are confluent when irradiated. However, active-
ly growing subconfluent Rad9/~ cells, relative to the iso-
genic Rad9*/* control, are more sensitive to this high-LET
radiation. Previous studies indicated that actively growing
Rad9/~ cells are much more sensitive to -y rays than the
Rad9*/+ population (12). These results suggest that the
Rad9-/- cells may be defective in a repair process capable
of mending potentially lethal damage. Commensurate with
this, several investigators suggest a role for the human ver-
sion of this protein in DNA repair (21-24).

In summary, radiation-inducible bystander responses
have been demonstrated for mouse ES cells. Furthermore,
cells containing Rad9-/~ show an enhanced radiation-in-
duced bystander effect for apoptosis and micronucleus for-
mation, but not for cell killing, relative to the Rad9*/+ pop-
ulation or related controls. These results suggest that Rad9
is involved in mediating bystander effects, perhaps in the
generation of an initiating signal, although the precise role
for the protein has yet to be determined directly. Our find-
ings also suggest that individual bystander responses have
different requirements for activation since the magnitude of
induction within and between the Rad9*/+ and Rad9~/-
populations for each bystander-related end point was dif-
ferent even after cells were exposed to the same doses of
radiation before analysis. More studies are clearly needed
to define the molecular mechanisms that mediate bystander
responses. Results gleaned from such investigations are
sure to have an impact on calculating risk assessment after
ionizing radiation exposure, in particular in terms of un-
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derstanding contributions made by tissues adjacent to but
not directly in a radiation field.
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