MICROBEAM & BYSTANDER STUDIES

How Many Bystander Effects Are There?

Eric J. Hall and Stephen Mitchell

The “Bystander Effect” is not new. As early as the 1940s
there were reports that the inactivation of biological entities
may be brought about equally by ionizations produced
within the entity or by the ionization ofthe surrounding me-
dium (1-4). By 1947, Kotval and Gray (5) had shown that
alpha particles which pass close to the chromatid thread, as
well as those which pass through it, have a significant prob-
ability of producing chromatid and isochromatid breaks or
chromatid exchanges.

The term used today to describe such phenomena is the
“Bystander Effect,” a name borrowed fiom the gene therapy
field, where it usually refers to the killing of several types of
tumor cells by targeting only one type of cell within a mixed
population (6, for example).

In the radiation field, it has come to be loosely defined as
the induction of biological effects in cells that are not di-
rectly traversed by a charged particle, but are in close prox-
imity to cells that are.

Data now available concerning the bystander effect fall
into two quite separate categories, and it is not certain that
the two groups ofexperiments are addressing the same phe-
nomenon. First, there are experiments involving the trans fer
of medium from irradiated cells, which results in a biologi-
cal effect in unirradiated cells. Second, there is the use of
sophisticated single particle microbeams, which allow spe-
cific cells to be irradiated and biological effects studied in
their neighbors; in this case communication is by gap junc-
tion.

Medium transfer experiments have shown a bystander ef
fect for cell lethality, chromosomal aberrations and cell cy-
cle delay. The type of cell, epithelial versus fibroblast ap-
pears to be important, though data are conflicting. Experi-
ments suggest that the effect is due to a molecule secreted by
irradiated cells which is capable of trans ferring damage to
distant cells. Use of a single particle microbeam has allowed
the demonstration of a bystander effect for chromosomal
aberrations, cell lethality, mutation and oncogenic trans for-
mation. When cells are in close contact, allowing gap junc-
tion communication, the bystander effect is a much larger
magnitude than the phenomenon demonstrated in medium
trans fr experiments.

Evidence comes from experiments with V79 cells, where
the endpoint observed was cell lethality. Lines ofhygromy-
cin and neomycin resistant V79 cells were produced. Before
exposure the hygromycin resistant cells were stained with a
low concentration of a vital nuclear dye. They were then
plated in micro wells in the proportion nine neomycin-
resistant ©0r every one hygromycin resistant cell. The com-
puter was programmed to irradiate only the 10% of cells
stained with a nuclear dye with various numbers of alpha
particles from 1 to 16, aimed at the centroid ofthe nucleus.
The cells were then removed and cultured for survival in the
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appropriate growth media, which made it possible to obtain
survival curves for hit and non-hit cells. The data are shown
in Figure 1. There is a considerable degree of cell killing in
the non-hit cells, implying a substantial bystander effect.
The magnitude of the bystander effect in these studies is
much greater than that reported by the Gray Institute for
Cancer Research where only 5 to 10% lethality is seen in
non-hit cells, using protons or sofi-x-rays in a microbeam.
The difference is probably accounted for by the cell density.
In the Gray Institute studies, only about 200 cells were
seeded in an area of 10 x 10 mm. The average distance be-
tween cells, therefore, was some hundreds of microns, so it
is likely that communication via gap junction did not con-
tribute to the effect observed (Barry Michael, Private Com-
munication). By contrast, in the studies reported here, 1,000
to 1,200 cells were plated, in a mini-well 0f6.3 mm diame-
ter so that 50 to 60% were in contact, allowing gap junction
communication that has been demonstrated to be of impor-
tance in mutation studies with the microbeam. Therefore,
these data support the notion that communication via the
medium and communication via gap junctions are separate
phenomenon because the magnitude of the effect is so dif
ferent.

A very large bystander effect was observed in studies o f
oncogenic transformation in C3H 10T 1/2 cells, where, in
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Fig. 1. The bystander effect for cell survival in V79 cells.
Each data point (mean = SE) on the line with circles refers to
the survival of cells when all cell nuclei on each dish were
exposed to the same exact numbers of alpha particle traversals
using the microbeam system. The squares show suwival for
various numbers of alpha particles, from 1 to 16, traversing
10% ofthe cell population. The extent to which this falls below
the 100% survival for the non-hit is an indication ofthe magni-
tude of the bystander effect. Each data point represents the
mean = SD of the clonogenic survivals from three culture

plates. [Redrawn from Sawant et al. (7)].
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order to have sufficient cells for this assay, cells were plated
at high density and therefore were in gap-junction communi-
cation.

The data are shown in Figure 2 and illustrates that (a)
more cells can be inactivated by alpha particles than were
actually traversed by an alpha particle. (b) When 10% ofthe
cells on a dish are exposed to two or more alpha particles,
resulting frequency of induced oncogenic transformation is
indistinguishable from that when all the cells on the dish are
exposed to the same number of alpha particles. In these ex-
periments mouse fibroblasts (C3H 10T 1/2) cells were plated
in a monolayer, and the computer was programmed to irra-
diate either every cell, or every tenth cell, selected at random
with one to eight alpha particles directed at the centroid of
the cell nucleus. The cells were subsequently removed by
trypsinization, replated at low density, and trans formed foci
were identified 6 weeks later by their morphologic appear-
ance.
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Fig. 2. Yield of oncogenically transformed cells per 10*
surviving C3H 10T1/2 cells produced by nuclear traversals by
5.3 MeV a-particles. Triangles represent to exposure of all cell
nuclei on each dish to exact numbers of a-particles, using the
microbeam system. Solid circles represent exposure of 1 in 10
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squares represent subsequent repeats of the experiment in
which 1 in 10 cell nuclei were exposed to exactly one a-
particle. Open circle represents combined data for all the ex-
periments in which 1 in 10 cell nuclei were exposed to one o.-
particle including these repeat experiments (with caveats de-
scribed in the text). Standard errors (£ SD) were estimated
assuming an undedying Poisson-distributed number of trans-
formed cells. [Redrawn fromthe data of Sawant et al. (8).]

7 8

stander effect for clonogenic survival. Radiat Res
157:361-4, 2002.

Sawant SG, Randers-Pehrson G, Geard CR, Brenner DJ
and Hall EJ. The bystander effect in radiation oncogene-
sis: . Transformation in C3H 10T 1/2 cells in vitro can be
initiated in the unirradiated neighbors ofirradiated cells.
Radiat Res 155:397-401, 2001. |

Identification of Signal Transduction Pathway(s) in High
LET Radiation Induced Bystander Response by cDNA
Microarray Analysis

Adayabalam S. Balajee, Brian Ponnaiya and Charles R. Geard

“Bystander effect” (BE) is the result ofthe ability ofthe
cells directly affected by an agent to convey the manifesta-
tion ofthe damage to neighboring cells that are not directly
targeted thereby eliciting a response similar to that of tar-
geted cells. BE can be triggered either through direct contact
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with the damaged cells or through the growth factors re-
leased from the targeted cells (1). Although the signaling
pathways responsible for bystander response are largely un-
known at this moment, this multifaceted phenomenon is
expected to have a significant impact on the radio- and che-
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motherapy of tumors. A better understanding of molecular
steps involved in BE is pivotal for modulation and evalua-
tion ofthe protocols designed to improve the efficacy of the
radio and chemotherapy treatments. In an attempt to under-
stand the molecular basis for BE, we have undertaken a
c¢DNA microarray approach to identify the components o f
diverse signal transduction pathways that mediate the re-
sponse.

Primary fibroblast cells (normal human dermal fibro-
blasts, NHDF) were obtained firom Clonetics. The cells were
routinely maintained in fibroblast basal medium supple-
mented with 15% fetal bovine serum, vitamins, essential
amino acids, non-essential amino acids and antibiotics
(Gibco BRL). The cultures were maintained at 37°C in a
humidified 5% CO, atmosphere. NHDF cells were seeded
on double-sided Mylar dishes and the dishes were irradiated
only on one side with different doses oftrack segment alpha
particles (1 and 5 Gy). The protocol for preparation and irra-
diation ofcells in double-sided Mylar dishes has been previ-
ously described (2). Total RNA was isolated from both irra-
diated (bottom) and non-irradiated (top) cells. cDNA synthe-
sis was carried out using biotin-16-dUTP and the bioti-
nylated cDNA samples were denatured and hybridized with
cDNA signal transduction pathway finder array procured
from Super Array, MD, USA. This array contains 96 marker
genes associated with 18 different signal transduction path-
ways (Mitogenic pathway, Wnt pathway, Hedgehog path-
way, TGF pathway, Survival pathway, pS3 pathway, stress
pathway, NFkB pathway, NFAT pathway, CREB pathway,
Jak-Stat pathway, Estrogen Pathway, Androgen pathway,
calcium and Protein kinase C pathway, phospholipase C
pathway, insulin pathway, LDL pathway and Retinoic acid
pathway). Afier hybridization, the signal was detected using
streptavidin-alkaline phosphatase as per the instructions of
the manufacturers. The membranes were used to expose
Kodak BiomaX light films. Digital images were generated
using the ScanAlyze2 programme (developed by Michael
Eisen at Lawrence Berkeley National Laboratory). The
analysis was done using GE array analyzer (Super Array). A
representative example of hybridization patterns obtained for
control direct hit and bystander cells is shown in Figure 1.
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Fig. 1. cDNA expression profiling of genes associated with
18 signal transduction pathways in control, direct hit (DH) and
bystander (BS) cells. Exponentially growing NHDF cells were
irradiated with 5 Gy of a-patticles. Total cellular RNA was
isolated 3 hrs after irradiation and 1pug ofthe RNA was used for
cDNA synthesis with biotin 16-dUTP for hybrdization to super
array filters.
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The results of cDNA arrays indicated that 15 genes [Bcl-
2, Bcl2L1 (Homo sapiens BCL-2 like protein 1), BIRC 1,
BIRC2 (Homo sapiens baculovirus IAP repeat containing
proteins), BRCAI, CD5 (T-cell surface glycoprotein),
CDK2 (Cyclin dependent kinase 2), CDKNIA (p21), CDX1
(Homo sapiens caudal type homeo box transcription factor
1), CEBPB (Homo sapiens CCAAT/enhancer binding pro-
tein beta), FLJ12541 (Homo sapiens hypothetical protein
FLJ12541 similar to mouse Stra6), GADD45A, HK2 (Homo
sapiens hexokinase2, nuclear gene encoding mitochondrial
protein), KLK?2 (Prostrate kallikrein 2) and MDM2] out of a
total of 96 belonging to p53, survival, TGF, androgen and
Retinoic acid pathways showed a 2-4 f©ld increase in induc-
tion in direct hit NHDF cells as compared to unirradiated
control cells. Of all, p21 showed the highest induction being
7.34 f©ld more than that ofcontrol cells. Distinct differences
in the expression patterns were observed between direct hit
and bystander cells. In contrast to direct hit cells, genes rep-
resenting NF-kB, protein kinase C and p53 pathways were
selectively induced in bystander cells. Out of 96 genes, 3
genes [IGFBP3 (insulin-like growth factor binding protein
3), NFKBIA (Nuclear factor ofkappa light polypeptide gene
enhancer in B-cells inhibitor alpha) and PRKCE (protein
kinase C epsilon)] in bystander cells showed a 2 fold more
induction than control cells. Both IGFBP3 and PRKCE
showed a 2.8 fld more induction than the unirradiated cells.
The unique expression patterns observed for direct hit and
bystander cells indicate that the factors triggering the signal
transduction pathways may di ffer between BE and radiation
response.

We are presently doing cDNA experiments using RNA
samples isolated at different post-irradiation times (30 min, 3
hrs, 6 hrs, 9 hrs and 24 hrs) to follow the differential expres-
sion of genes in both direct hit and bystander cells. Addi-
tionally, pathway specific arrays are being carried out to
confirm the initial observations. Efforts are also underway to
verify the cDNA array results by western blotting and RT-
PCR. It would be interesting to know whether the signal
transduction pathways that mediate the bystander response
are defective in radiosensitive mutants. We plan to use sev-
eral human mutant cells defective in important DSB repair
genes to determine whether DSB repair efficiency contrib-
utes to bystander response. This project will be initiated by
culture of wild type and AT cells in double-sided Mylar
dishes to determine whether or not ATM kinase plays a role
in radiation induced bystander response in human cells. This
approach will be gradually extended to other double strand
break repair defective cell lines with mutations in Nbs1 and
DNA-PK gene products.
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Involve ment of Replication Protein A in Ionizing
Radiation Induced Bystander Response in Human Cells

Adayabalam S. Balajee, Brian Ponnaiya and Charles R. Geard

“Bystander effect” (BE) is an interesting biological phe-
nomenon where cells not directly affected by DNA damag-
ing agents elicit a response similar to that of targeted cells.
Increased levels of sister chromatid exchange, micronuclei,
p21 and p53 proteins in bystander cells indicate that a com-
plex DNA damage response pathway may mediate BE. Iden-
tification of the DNA repair and signal transduction proteins
involved in BE may help in understanding the molecular
cascade of events leading to this complex phenomenon.
With this objective, we have studied the expression ofrepli-
cation protein A, which is involved in diverse DNA meta-
bolic activities such as replication, repair and recombination.

RPA is induced in bystander cells

Using y-rays as a DNA damaging agent, RPA expression
was analyzed in both direct hit and bystander primary human
fibroblast cells (MRC5 and WI38) by immunofluorescence
and western blot techniques. Unirradiated control cells ex-
hibited a punctuated pattern of RPA foci ranging from 30-40
in number per cell. The pattern of RPA distribution was es-
sentially the same in cells treated for 30 min with irradiated-
conditioned medium without cells. In contrast, intense nu-
merous RPA foci were observed in cells treated with condi-
tioned medium derived from irradiated MRCS5 cells. The
fluorescence intensity was 2-fold more than that of control
cells. The pattern of RPA foci observed 30 min affer treat-
ment in bystander cells was different from cells that were
directly irradiated with either 5 Gy or 10 Gy ofy-rays. The
bystander cells were characterized by numerous intense RPA
foci while the irradiated cells displayed large 30-40 distinct
focal sites of RPA. Treatment of MRC5 cells with hydrogen
peroxide (which predominantly induces single strand breaks
and oxidative base lesions) also triggered numerous intense
RPA foci 30 min after treatment similar to that observed in
ionizing radiation (IR) induced bystander cells.

Western blot analysis was next carried out to determine
whether the induced RPA was found either in the soluble
fraction or in the chromatin bound fraction. For this purpose,
total cellular proteins extracted using low (soluble) and high
salt (insoluble) buffers were size fractionated on 4-20%
SDS-PAGE and RPA was detected immunologically. Con-
sistent with immunofluorescence data, RPA induction was
observed in both soluble and chromatin bound protein frac-
tions derived from bystander MRCS5 cells. Bystander cells
showed a 2-3 ©ld induction of RPA as compared to control
cells and RPA induction was more pronounced in the chro-
matin bound fraction. In directly irradiated WI38 cells, RPA
induction was hardly detectable in both soluble and insolu-
ble protein fractions at 30 min affer treatment. RPA induc-
tion was however observed at later times in WI38 cells yet
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the f0ld ofinduction was lower in the chromatin bound frac-
tions during the first 2 hrs afler irradiation. In bystander
cells, RPA induction, which was rapid in the insoluble pro-
tein fractions at 30 min afier treatment, showed a gradual
decline at 4 hr with a subsequent increase at 6 hr afier treat-
ment. This biphasic kinetics of RPA induction observed in
bystander cells was not detectable in direct hit cells. In addi-
tion to RPA, p53 induction was analyzed in both bystander
and direct hit cells. Unlike RPA, p53 induction was noticed
only in the insoluble protein fraction and the kinetics of in-
duction was grossly similar in both bystander and direct hit
cells reaching a peak at 4 hr after treatment. To clarify
whether or not the increased level of RPA (observed by im-
munofluorescence and western blot analyses) is due to post-
translational modifications, RT-PCR was carried out using
the cDNA synthesized fiom total cellular RNA. RT-PCR
analysis showed a 2-fld more induction of RPA in both
direct hit and bystander cells as compared to untreated con-
trol cells, illustrating the transcriptional activation of RPA in
response to DNA damage.

In order to verify whether or not the di fferences between
the two-fibroblast cell lines (WI38 and MRCS5) contribute to
bystander effects, RPA induction was analyzed in bystander
MRCS5 cells treated with the transfer of medium derived
from irradiated MRCS5 cells. In corroboration with earlier
results, RPA induction was observed both in the soluble and
insoluble protein fractions of MRCS5 bystander cells. RPA
induction was detected at 30 min afier treatment, which
slowly declined to the level of control cells by 24 hr. To
determine whether the induction of RPA in bystander cells
was mainly due to the release of soluble factor(s) fiom the
irradiated cells, RPA induction was analyzed in cells treated
with complete medium that was irradiated without cells.
RPA induction was not detectable in either of the protein
fractions isolated from cells that were treated with irradiated
medium alone (without cells) and the RPA level was ap-
proximately the same in both control and treated samples at
different treatment times. This observation strongly suggests
that the irradiated medium alone did not contribute to RPA
induction but the signal elicited by the irradiated cells was
chiefly responsible for increased RPA expression in by-
stander cells.

v-H2AX, an indicator of DNA double strand breaks, is
not elevated in radiation induced bystander cells

In order to determine the nature of DNA lesions leading
to RPA induction, the expression of the phosphorylated form
of histone H2A X (y-H2AX) was analyzed in both direct hit
and bystander cells. y-H2AX has been shown to specifi cally
bind to DNA double strand breaks induced by ionizing ra-
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diation and radiomimetic chemicals. Western blot analysis
indicated a 2.5 fld increase in the induction of y-H2AX at
30 min affer treatment, which gradually declined to the con-
trol level with increasing recovery times. On the contrary,
bystander cells did not exhibit any increase in y-H2AX level.
The lack of y-H2AX induction in bystander cells suggests
that lesions other than DNA double strand breaks may be
responsible for RPA induction in bystander cells.

In this study, we have shown that replication protein A,
which is a key player in base excision repair (BER) pathway,
is specifically induced in the bystander cells. The rapid in-
duction of RPA and its subsequent decline with increasing
recovery times suggest that the DNA lesions, which are sub-
strates for BER pathway, are inflicted in the genomic DNA
of bystander cells. |

Gene Expression as a Window on Bystander Effects

Sally A. Amundson

Exposure of mammalian cells to ionizing radiation (IR)
induces damage in multiple cellular compartments, resulting
in complex biological responses, many of which are medi-
ated through alterations in gene expression. While direct
damage to DNA has long been considered the major initiator
of cellular responses to IR, the more recent recognition of
“non-targeted” effects of IR, such as radiation-induced by-
stander effects, is altering our understanding of radiation
damage and response. Intra-cellular signaling flom
neighboring irradiated cells is thought to mediate bystander
effects in cells not directly irradiated. Documented bystander
effects include sister chromatid exchanges, reduced clono-
genic survival, chromosome aberrations, apoptosis, micro-
nucleation, oncogenic transformation, mutation induction,
and changes of gene expression. Gene expression changes
can represent effector responses, the mobilization ofthe mo-
lecular machinery that will execute the cellular endpoints
observed, but they can also provide insight into the signal
transduction pathways underlying bystander responses.

A functional genomics approach, such as microarray hy-
bridization analysis (1), can survey expression changes in
thousands of genes simultaneously. This will enable the
identification of potential mediators of bystander signaling,
including soluble factors, such as cytokines. This approach
should also prove useful in determining the effects of by-
stander factors on gene expression in unirradiated cells, and
suggesting key signaling pathways that might be engaged or
blocked to mimic or prevent bystander responses.

Considering that cytokines, such as IL8 (2) and TGFf
(3), are known to be released from irradiated cells and have
been implicated in mediation of bystander effects in unirra-
diated cells, preliminary microarray studies examined
whether additional cytokine-related genes showed IR-
responsiveness and to determine if a soluble factor(s) from
irradiated cells could affect gene expression in unirradiated
(bystander) cells. As shown in Figure 1, expression ofmany
cytokine-related and extracellular signaling genes increased
at various times afer IR in human myeloid ML-1 cells as
well as after IR or UV radiation in the breast line MCF-7.
We have also seen induction of cytokine mRNAs, including
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IL1A, IL1B, IL6, and A4 in human peripheral blood lympho-
cytes (4) irradiated ex vivo. In addition, we have treated

MCF7 ML-1

2.5Gy 0.5 Gy

Gene

TGF beta-stimulated protein TSC-22
platelet-derived growth factor alpha
fibroblast growth factor 2 (basic)
Interleukin 13 receptor, alpha 2
Interleukin 13 receptor, alpha 1
Interleukin 6 signal transducer
fibroblast growth factor receptor 3
fibroblast growth factor 12B

small inducible cytokine A3-like 1
Iinterleukin 8

Transforming growth factor-beta
small inducible cytokine A3
Interleukin enhancer binding factor 1
insulin-like growth factor 2

small inducible cytokine B10
cytokine-inducible kinase
hepatocyte growth factor
interleukin 15

interleukin 7 receptor

Interleukin 4 receptor

interleukin 1, beta

connective tissue growth factor
latent TGF beta binding protein 1
interleukin 1 receptor antagonist
Interleukin 1 receptor, type |

latent TGF beta binding protein 2
interleukin 2 receptor, beta
monokine induced by gamma interferon

UV IR |2h=—=+T72h|2h === T72h

insulin-like growth factor 2

transforming growth factor, beta 3

heparin binding growth factor 8
heparin-binding growth factor binding protein
platelet-derived growth factor receptor
thrombopoletin

small inducible cytokine A7

small inducible cytokine A11

small inducible cytokine A18

small inducible cytokine A4

transcriﬁtlon factor 8 (represses IL2)
interleukin 1, beta

interleukin 10 receptor, alpha

fibroblast growth factor 7

insulin-like growth factor-binding protein
transforming growth factor, beta receptor Il
hepatocyte growth factor receptor

Fig. 1. Hierarchical clustering of radiation induced genes
with roles in extracellular signaling (cytokines, interleukins and
growth factors froma 6728 member microarray.) The experi-
ments are (from left to right) MCF7 12 hours after 125 J/m2
UVB, 6 hours after 4 J/m2 UVC, 4 hours after 2.5 Gy a-
particles, 24 hours after 2.5 Gy a-particles. These are followed
by results for ML-1 2,4, 8, 24, 48 and 72 hours after 2.5 Gy y-
rays, then atthe same times following 0.5 Gy y-rays.
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Table 1.
Bystander geneinduction in TK6 cells.
HCT116 MCF7

4h 24h 4h Gene
2.9 7.1 4.0 ESTs
2.8 74 4.2 SIATS
2.8 6.4 23 CYPI1Bl1
2.7 8.6 4.5 THBS2
2.6 59 2.0 LYZ
2.6 6.1 4.4 ESTs
2.5 7.1 29 PADR
2.5 6.0 2.7 CCL11
2.5 6.2 34 UNG2
2.5 6.7 2.5 CEACAMI
24 6.5 3.6 CTGF
2.4 6.1 2.8 TGM3
2.3 59 33 TXN
23 7.0 38 CNGALI
2.3 49 2.8 MNDA
2.3 7.2 2.8 ESTs
2.3 9.5 24 MGC11271
23 59 29 AMPH
22 4.6 24 CTSG
2.2 49 33 ADH4
22 4.5 31 ESTs
2.2 49 32 FOXOI1A
2.2 59 33 CDHI11
2.2 6.1 33 VDR
22 6.0 2.8 BRAF
2.1 6.3 2.7 GSTA2
2.1 8.1 37 PYGL
2.1 5.8 3.1 CDSA
2.1 59 2.6 PPBP
2.1 5.6 2.9 PCYOXI
2.1 52 2.8 ESTs
2.1 58 33 FGA
2.1 4.5 2.2 TNA
2.0 7.2 34 LTBP2
2.0 6.9 2.5 ESTs
2.0 59 2.7 ESTs
2.0 6.8 24 TGFB3
2.0 5.1 22 SMP D1

Genes induced in TK6 cells by (4 or 24 hours) exposure to
conditioned medium produced by cells irradiated with 5 Gy
gamma-rays, as identified from hybridization to 6728 member
microarrays.

lymphoid cells, which we previously found to be most sensi-
tive to radiation-induced gene expression changes, with cell-
free conditioned media collected 30 minutes after y-
irradiation of HCT 116 or MCF-7 cells. Genes showing con-
sistent induction affer 4 and 24 hours of exposure to y-ray
conditioned medium are listed in Table I with the magnitude
of induction as determined by microarray hybridization.
Significant gene induction was also observed in MCF-7 cells
similarly treated with MCF-7 conditioned medium, although
this response was of lower magnitude, consistent with the
response to direct irradiation of this cell line. These results
indicate that soluble factors fiom irradiated cells can have an
appreciable effect on gene expression in unirradiated cells of
the same and different tissue type. We can conclude from
these studies that soluble IR-induced factors do affect gene
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Fig. 2. Relative decrease in expression of metallothionein
genes 1E, 1F, and 1L in MCF7 directly and bystander irradi-
ated with 2.5 Gy a-particles, as measured by microarray 4 and
24 hours after irradiation.
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Fig. 3. Hierarchical clustering of
genes significantly induced by direct
(right 2 columns) or bystander (left) o.-
particle exposure (2.5 Gy). While some
genes appear to be induced by both
types of exposure, others are induced
only in the directly exposed cells, as
confirmed by single probe hybrdiza-
tion for CDKNIA in the example

shown above.
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expression in bystander cells.

A pilot study using the track segment facility at RARAF
has also indicated bystander gene responses following alpha-
particle irradiation. In this experiment, MCF7 cells were
grown in mylar-bottomed dishes, and half of each dish was
irradiated with 2.5 Gy 120 keV/um o-particles, while the
other hal fwas shielded using an aluminum mask. A striking
feature ofthe emerging bystander signature was the apparent
coordinate down-regulation of a number of metallothionein
genes (Figure 2). Hierarchical clustering of the genes in-
duced in the directly irradiated and bystander halves of the
dishes is illustrated in Figure 3. While induction of some
genes, such as the illustrated CDKN1A, occurred only in the
directly irradiated cells, other genes did respond in bystander
cells.

The bystander effect is likely to be a natural phenomenon
with relevance to IR exposures in humans, and careful gene
expression profiling experiments have the potential to dra-
matically shape our understanding of the signaling and re-
sponse mechanisms involved. As a naturally occurring
physiological response of whole organisms, bystander ef-
fects should ideally be studied in an in vivo-like multi-
cellular system with preserved 3-D tissue micro-architecture
and microenvironment. Future experiments will move to-
ward this goal, building on the results of ongoing experi-
ments in well-characterized cell culture systems and our
prior gene expression studies (4, 5, 6, 7).
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The Bystander Response in C3H 10T% Cells:
The Influe nce of Cell-to-Cell Contact

Stephen A. Mitchell, Stephen A. Marino, David J. Brenner and Eric J. Hall

It is now widely accepted that radiation-induced heritable
effects in mammalian cells are not solely the result ofdirect
DNA damage and there is now evidence for a number o f
non-targeted effects, including the bystander response,
which do not require a direct nuclear exposure (1). The by-
stander effect is defined as the observation of a biological
response in cells which have not been directly traversed by
ionizing radiation but which results from signals initiating in
cells in which energy has been deposited.

Although reproducible bystander effects have now been
demonstrated f©or a range of biological endpoints, the
mechanisms by which the biological insult is transmitted
from targeted to non-targeted cells have not been fully eluci-
dated and may be dependent on the experimental protocol
employed (reviewed in (2)). One causative agent may be the
secretion from irradiated cells of a soluble factor(s) into the
media which then elicits a biological response in unirradi-
ated cells, offen over some considerable distance (3). Alter-
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natively, in densely-irradiated cultures the signal may be
transmitted by cell-to-cell communication between adjacent
cells via gap junctions (reviewed in (4)).

Previous studies using the Columbia microbeam have
shown a significant bystander effect for the endpoints of
clonogenic survival and oncogenic transformation in C3H
10T cells (5, 6). The aim of the present study was to assess
whether the magnitude of this effect observed for both end-
points was dependent upon cell-to-cell proximity at the time
ofirradiation. To achieve this, cells were plated at both high
and low density and targeted with a range of 6 MeV a-
particles aimed at the centroid of the nucleus. When ap-
proximately 2000 cells were plated on a microbeam dish, the
vast majority (>90%) ofthe cells were in direct contact with
neighbors via membranes and intercellular gap junctions
when irradiated 18 h later. In contrast, when 200 cells were
plated using the same protocol, very little contact between
cells (<10%) was seen with the majority of cells appearing
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as isolated entities, separated by many tens ofmicrons from
their neighbors.

The experimental protocol and results for clonogenic
survival have been reported previously (http://crr-
cu.org/reports2002/b4.htm). Briefly it was observed that at
both cell densities, the surviving fractions fll progressively
as more o-particles traversed the nucleus but the amount o f
cell killing was significantly greater at the high cell density
compared with low-density cultures (P<0.0001). The study
has now been extended to examine the influence ofcell den-
sity on oncogenic transformation. To assess this parameter,
10% of the cells were exposed to 8 a-particles. Following
irradiation, cells were replated into 100 mm culture dishes at
a low density of about 300 viable cells per dish. The cells
were incubated for 7 weeks with culture medium changed
every 12 days, before being fixed and stained with Giemsa
to identify morphologically-trans formed types II and III foci,
as described elsewhere (7).

Results are shown in Table I. In these studies, a total o f
approximately 3. 1x10° cells were individually imaged, posi-
tioned and irradiated. At high density, a trans formation fre-
quency 0£9.6/10* viable cells was seen, which is similar to
that found previously in high-density cultures (5). Using
previously published data (8) it is possible to calculate that
when 10% of the cells in a population are irradiated with 8
a-particles, the expected transformation frequency in the
absence of a bystander effect would be 2. 1/10* viable cells.
This is lower than that seen in the present study at both cell
densities, although again the difference is only significant in
the case ofthe high-density cultures (P<0.0001 vs. P=0.28 at
low density). A statistically significant three-fold decrease in
the trans formation frequency was observed in the low rela-
tive to high cell-density cultures (P<0.0004).

These data indicate that the magnitude of the bystander
effect is cell-density dependent in C3H 10T’ cells, implicat-
ing the involvement of gap junction mediated intercellular

Table 1.
Clonogenic survival rates, number of dishes exposed, numbers
of viable cells exposed in transformation studies, number of
transformed clones produced, and transformation frequencies
for microbeamirradiations.
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communication in transmitting the bystander effect. Several
studies have now shown that inhibition ofthis gap-junction
activity in cells irradiated in close contact results in de-
creased levels of the bystander effects for a variety of bio-
logical endpoints (9, 10). An alternative, but unlikely, expla-
nation is that the observed effect is due to some factor re-
leased into the media, which, because of a very short half-
lift can only migrate small distances from the irradiated cell.
This is unlikely because it has been estimated that for the
irradiation protocol used in the present study, any bystander
signal induced could travel over a large distance through the
media during irradiation (approximately 600-700 pum) (11).

The results obtained for low-density cultures did deviate
from those expected in the absence of a bystander effect,
suggesting that such an effect may still be operative. Con-
sidering oncogenic transformation, in the absence of a by-
stander effect a transformation frequency of 2.1/ 10" viable
cells is expected which is less (although not significantly)
than the observed frequency of3.3 (Table I). A similar result
was seen previously for clonogenic survival with a non-
significant increase in cell killing. However, any bystander
effect evident in the low-density cultures is likely to result
from interaction of a secreted cytotoxic factor with unirradi-
ated cells, rather than direct communication due to the very
low frequency of cell-to-cell contact. This has been con-
firmed in a previous study on low-density cells where a ran-
dom distribution of damaged cells throughout the population
was seen, suggestive of an extracellular factor (12).

In conclusion, the present study confirms that when cells
are exposed to low doses of a-particles the degree ofcell-to-
cell contact at the time of irradiation is important in trans-
mission of the bystander signal. When cells are in close con-
tact, gap-junctions play a major role, whereas if the degree
of contact is poor, the bystander effect is mediated by the
release offactors into the surrounding environment.
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The Bystander Effect and Adaptive Response in C3H
10T Cells

Stephen A. Mitchell, Gerhard Randers-Pehrson, DavidJ. Brenner and Eric J. Hall

Evidence has now emerged for a number of biological
phenomena which may be important in determining the cel-
lular response to low doses of radiation (1). These include
but are not limited to the bystander effect and adaptive re-
sponse. Although both these phenomena are important at
low doses, they have opposite effects on cell survival with
the bystander effect transmitting damage from irradiated to
non-hit cells while the adaptive response confers resistance
to radiation following an initial low priming dose. Therefore
they may operate in opposite directions to produce an overall
biological effect, but to date there are only limited studies
concerning their direct interaction (2, 3).
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Fig. 1. Surviving fraction ofbystander C3H 10T" cells co-
cultured either with cells (‘bystander’) or culture media (‘me-
dia’) irradiated with 5 Gy ofa-particles. Results are also shown
for bystander cells pretreated with a 2 ¢cGy priming dose 5 h
prior to co-culture with irradiated cells (‘adaptive’). Data were
pooled from at least three independent experiments (mean +
SEM).

25

We used a novel radiation setup to examine the rel ation-
ship between these two processes for the endpoints ofclono-
genic survival and oncogenic transformation. The experi-
mental protocol employed has been described previously (4).

As shown in Figure 1, a significant decrease in surviving
fraction from control levels was observed in the non-hit by-
stander cells following both 24 h and 48 h co-culture with
cells irradiated with 5 Gy of a-particles (24 h:
SF=0.7740.01; p<0.0001). There was no significant di ffer-
ence in survival between the two time points studied. At the
density at which the cells were plated, the vast majority of
cells (>90%) were in close contact at the time ofirradiation.
Therefore it is possible that the irradiated cells could trans-
mit the bystander signal to non-hit cells either through the
secretion of a soluble extracellular factor into the medium
and/or through direct cell-to-cell communication via gap
junctions. However co-culture of cells with irradiated me-
dium alone had no effect on survival of the non-hit by-
stander cells at either time point (24 h: SF=1.00£0.02).
When cells were exposed to a 2 ¢Gy priming dose 5 h prior
to being co-cultured with irradiated cells, the majority of the
bystander killing was lost and the surviving fraction was not
significantly di fferent from control levels at both time points
(24 h: SF=0.9640.02). This confirms the findings of previ-
ous microbeam-based experiments in this laboratory (2, 3).

Table 1 shows the oncogenic transformation frequencies
obtained following 24 h of co-culture with irradiated cells.
Bystander cells showed a significant increase in trans forma-
tion frequency over spontaneous control levels (p<0.0001).
As was observed for clonogenic survival, cells pretreated
with the priming dose showed a 2.7-fold signifi cant decrease
in trans formation frequency from that observed in bystander
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Table I.

Clonogenic survival rates, numbers of viable cells exposed in
transformation studies, number of transformed clones pro-
duced, and transformation frequencies for bystander C3H
10T% cells co-cultured for 24h with cells (‘bystander’) or me-
dia (‘media’) exposed to 5 Gy a-patticles. Results are also
shown for cells irradiated with a 2 cGy priming dose 5h prior to
co-culture with irradiated cells (‘adaptive’). Data were pooled
from at least three independent experiments (mean + SEM).
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* Estimated, accounting for plating efficiency and clonogenic
survival.

cells (p<0.0001) to a level that was not significantly di ffer-
ent from control levels. Again, no significant increase in
trans formation frequency was seen following co-culture with
irradiated medium only.

Both an adaptive response (5, 6) and bystander effect (7)
have been shown to be induced via the transfer of super-
natant from irradiated cells onto unirradiated cells. In the
present study, we set out to confirm whether such effects
could be demonstrated in C3H 10T cells.

To examine the adaptive response, confluent, density-
inhibited C3H 10T% cells were sham-irradiated or exposed
to a 2 cGy dose ofx-rays and 18 h afier exposure the super-
natants were trans ferred onto unirradiated cells. Cells treated
with the trans ferred culture medium were then exposed to a
4 Gy dose ofx-rays 5 h later and immediately trypzinised for
assessment of clonogenic survival and oncogenic trans for-
mation as described previously. For comparison, cells were
also directly irradiated with 2 c¢Gy and challenged 5 h later
with 4 Gy.

The results are shown in Table II. Pretreatment of cells
for 5 h with irradiated-conditioned medium prior to the 4 Gy
challenge dose had no significant effect on clonogenic sur-
vival compared with cells directly irradiated with 4 Gy or
treated with sham-irradiated medium. This is in contrast to
previous studies (5, 6) and highlights the cell phenotype spe-
cific nature of the adaptive and bystander responses. How-
ever, an approximate two-fold reduction in the oncogenic
trans formation frequency was observed in cells treated with
irradiated supermatant compared with directly irradiated cells
or those treated with sham-irradiated medium, although it
did not quite reach statistical significance (p=0.06). This
suggests that supernatant from cells exposed to 2 cGy ofx-
rays may contain a factor(s) which acts on unirradiated, by-
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Table II.

Clonogenic survival rates, numbers of viable cells exposed in
transformation studies, number of transformed clones pro-
duced, and transformation frequencies for C3H 10T" cells.
Cells were either directly exposed to 4Gy X-rays or: (i) super-
natant from shamrirradiated cells (shanv4 Gy); (ii) supernatant
from cells exposed to 2 cGy of X-rays (media/4Gy), or (iii) a2
cGy priming dose (2 cGy/4Gy). Following a further 5 h incuba-
tion at 37°C, these cells were challenged with 4 Gy and proc-
essed immediately.
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* Estimated, accounting for plating efficiency and clonogenic
survival.

stander cells, reducing their susceptibility to oncogenic
trans formation, but not cell killing. A similar result was seen
for both endpoints when cells were directly irradiated with 2
cGy prior to being exposed to the challenge dose.

It is interesting to note that in the present study, cells di-
rectly irradiated with a 2 c¢Gy priming dose followed by a
subsequent 4 Gy challenge dose showed no increase in sur-
vival (Table II), in contrast to bystander cells in the double-
ring experiments which were treated with a priming dose
fllowed by co-culture with irradiated cells and which
showed a significant adaptive response for survival (Figure
1). This suggests that ollowing exposure to a priming dose
of x-rays and consequent induction of the adaptive mecha-
nism(s), C3H 10T % cells are less sensitive to the deleterious
effects of a bystander signal, but just as susceptible to dam-
age from direct, high-dose exposure to x-rays.

The protocol used to assess the induction of a bystander
response via media transfer has been described elsewhere
(7). Figure 2 shows the clonogenic survival obtained when
unirradiated cells were treated with either irradiated (5 Gy)
or unirradiated medium taken from cells 18 h post irradia-
tion. Growth in irradiated medium signi ficantly reduced the
clonogenic survival of the cells (p<0.002; SF = 0.90+0.03).
This has been seen in previous studies and is suggestive of
the fact that irradiated cells secrete a cytotoxic factor into the
medium which is then able to elicit a bystander effect in
unirradiated cells (7). Cells treated with medium from unir-
radiated control flasks had a non-significant increase in sur-
vival (SF=1.0840.04). This may be due to the medium be-
coming conditioned from the high-density cultures during
the 18 h incubation period and then conferring a survival
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Fig. 2. Surviving fraction of unirradiated C3H 10T" cells
cultured in media from either unirradiated donor cells or cells
irradiated with 5 Gy of X-rays 18 h prior to donation. Survival
for cells directly irradiated with 5 Gy are also shown. Data

were pooled from at least three independent experiments (mean
+SEM).

advantage on the cells to which it is transferred.

Although there are several differences in the protocols
used making a direct comparison difficult, the amount of
bystander cell killing seen in the medium transfer experi-
ments was two-fold less than that seen when using the dou-
ble-ring protocol (Figure 2 vs. Figure 1). This may be a re-
sult of the bystander signal being transmitted between cells
via gap junctions in addition to the secretion of a cytotoxic
factor into the medium in the high-cell density double-ring
protocol. This may lead to a subsequent increase in cell kill-
ing confirming the importance of cell-to-cell contact at the
time ofirradiation in transmitting the bystander response (8,
9).

In conclusion, these results indicate that following radia-
tion exposure, the resulting biological effect is dependent
upon the interaction between the adaptive response and the
bystander effect.
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Stimulation of Clonogenic Survival in Radiation Induced
Bystander Cells

Rajamanickam Baskar, Adayabalam S. Balajee and Charles R Geard

“Bystander effect” is an interesting phenomenon where
cells directly targeted by radiation transmit the damaging
signal to the non-targeted cells. Bystander effect can be me-
diated either through gap-junctions or through soluble fac-
tors released from irradiated cells. There has been a consid-
erable amount of data obtained on “bystander effects” from
various cell types in culture following low and high LET
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radiation exposure. Available reports on bystander effects
show alterations in growth potential, cell killing, gene muta-
tion and modifications in gene expression (1). Radiation-
induced bystander effects are multifaceted and ofien appear
to be cell type and genotype dependent, suggesting a need
for more studies to understand the molecular mechanism(s)
for radiation induced bystander effects. In the present study,
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Fig. 1 Stimulation of clonogenic survival in bystander cells. A. Survival of the GM637H cells treated with ICM derived from ir-
radiated MRC-5 cells. B. Survival ofthe GM637H cells treated with ICM derived from irradiated GM637H cells. C - Control; MA -
Medium alone without cells, irradiated and transferred; ICM - Irradiated conditioned medium with cells; ICM Dilution - ICM 2.5

Gy) was diluted to different concentrations. Each data point represents the mean + SE ofthree independent determinations.

using gamma rays as a DNA damaging agent, we have
evaluated the role ofbystander effect on the clonogenic po-
tential of human fibrobl asts.

Primary and SV40 transformed fibroblasts derived from
normal (MRC-5 and GM637H) cells were procured fiom
the Coriell Cell Repository, in Camden, New Jersey. Cells
were maintained in 2X Eagle’s minimal essential medium
(EMEM) supplemented with 15% fetal bovine serum, vita-
mins, essential amino acids, non-essential amino acids and
antibiotics (Gibco BRL). The cultures were maintained at
37°C in a humidified 5% CO, atmosphere. MRC-5 cells,
synchronized at G1 phase by growing them to confluence,
were irradiated with di fferent doses (1, 2.5, 5 and 10 Gy) of
gamma rays using a 137Cs source at a dose rate of 0.98
Gy/min (Gammacell 40, Atomic Energy of Canada, Can-
ada). The irradiated MRC-5 cells were incubated for 1 hr at
37°C, and the medium collected fiom the irradiated cells
(designated as irradiated conditioned medium, ICM) was
used to treat the unirradiated cells for determining of by-
stander effects. A clonogenic survival assay was used for
assessing the growth potential in bystander cells. For this
purpose, GM637H cells were seeded at a density of 750
cells/6 cm dish 24 hrs prior to treatment. As a negative con-
trol, complete medium alone was irradiated with different
doses of gamma rays and incubated for 1 hr at 37°C.

Colonies were fixed in 70% ethanol afier two weeks and
stained with coomassie blue solution (0.5%). The number of
colonies obtained for untreated control cells was considered
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as 100% and the colonies observed in the treated samples
were normalized to the control cells for determining the ef-
fect on clonogenic survival. Bystander cells treated with
ICM of different radiation doses showed a 1.7 to 1.8-fold
enhancement in clonogenic survival (Figure 1A). Cells
treated with medium alone did not show any increase in cell
survival indicating that the signal released from the irradi-
ated cells is chiefly responsible for an elevated clonogenic
potential. If the soluble factors released from the irradiated
cells are responsible for clonogenic stimulation in bystander
cells, dilution of the factors with unirradiated medium is
expected to diminish the bystander effects. To test this pos-
sibility, ICM (2.5 Gy irradiated) was serially diluted with
complete medium. The findings presented in Fig-1A showed
a gradual decline with increasing ICM dilution. Similar re-
sults were obtained when ICM derived fiom 1 Gy and 2.5
Gy gamma rays treated GM637H cells was used (Figure
1B).

Studies using different repair proficient and deficient
(primary vs. transformed) human cells are in progress to
characterize the biochemical nature ofthe factor(s) responsi-
ble for the clonogenic stimulation in bystander cells.
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Mechanisms of the Bystander Effect: Assessment of Low
LET Radiation-Induced Bystander Effect in a Three-
Dime nsional Culture Model

Rudranath Persaud, Hongning Zhou, Tom K. Hei and Eric J. Hall

The radiation-induced Bystander effect has been demon-
strated for a variety ofendpoints, using a range of rodent and
human cell culture models, mainly with high LET alpha par-
ticles. However, there is a need to ascertain whether a simi-
lar response can be observed with low LET radiation at
doses relevant to environmental exposure. It is equally desir-
able to determine ifsuch a response can be demonstrated in
a three-dimensional culture system, modeling a normal tis-
sue microenvironment. In the present study, a three-
dimensional cell culture model comprised ofhuman-hamster
hybrid (A;) and Chinese hamster ovary (CHO) cells as
multi-cellular clusters was used to investigate low LET ra-
diation-induced bystander genotoxicity. Separation of Ap
and CHO cells was achieved with ~99% efficiency using a
magnetic cell separation technique (MACS). Briefly, CHO
cells were mixed with A; cells in various proportions rang-
ing from 10 to 50% and centrifuiged briefly to produce a
spheroid 0f4 x 10° cells. Clusters were incubated overnight,
resuspended into single cell suspensions, passed twice
through MACS separation columns and the efficiency o f
separation determined using Fluorescence-Activated Cell
Sorter (FACS) analysis.

To establish iflow LET radiation induces bystander tox-
icity, CHO cells were labeled with tritiated thymidine
(3HdTTP, 30uCi) for 12 hrs and subsequently incubated with
Ay cells in multi-cellular spheroids for 24 hrs at 11°C. La-
beled CHO cells showed a 50% survival, while the non-

09
08

07
06

05

04

03

SURVIVAL FRACTION

02

0.1

20 30 40 50 60 70

TRITIUM (MICROCURIE)

10 80

Fig. 1. Survival fraction of A; and CHO cells treated with
Tritium (0-50 microcurie).
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labeled, bystander A; cells showed a surviving fraction of
80% compared to similarly treated controls (Figure 1), thus
demonstrating a significant bystander effect induced by irra-
diation of neighboring cells with low LET electrons.

To determine whether low LET radiation can induce by-
stander mutation usin% this spheroid model, CHO cells were
labeled with 12 pCi "HdTTP for 12 hrs and subsequently
incubated with A; cells for 24 hrs at 11°C. Subsequent to
magnetic separation, the bystander A; cells were subjected
to a 7-day expression period and mutants were scored utiliz-
ing the CD59 Antibody-Complement Cell Lysis Assay.
Since the separation of A; and CHO cells within the cluster
may not be entirely effi cient, mutant colonies were detected
by implementing a centromeric probe toward the human
chromosome 11 present in the hybrid A; cells. Preliminary
results have indicated a dose of 12 pCi *HATTP induces 169
mutants/10° survivors (Figure 2). Additional experiments are
underway to establish whether similar mutations can occur
at the low dose range of 0.5 to 1.0 pCi *HAT TP.

Results ofthe present study should provide important in-
formation on the relevance of the bystander effect under in
vivo conditions. Furthermore, mechanism(s) underlying the
bystander effect are likely to be complex and may involve
both primary and secondary signaling events. A better un-
derstanding of the biochemical and molecular changes gov-
erning the bystander process will help in radiation risk as-
sessment and management. [
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Radiation Induced Bystander Effects in Normal Human
Fibroblasts

Hongning Zhou, Rudranath Persaud and Tom K. Hei

Based principally on the cancer incidence found in sur-
vivors of the atomic bombs in Japan, the International
Commission on Radiation Protection (ICRP) and the United
States National Council on Radiation Protection and Meas-
urements (NCRP) have recommended that estimates of can-
cer risk for low dose exposure be extrapolated from higher
doses where data are available using a linear, no-threshold
model (1, 2). This recommendation is based on the dogma
that the DNA ofthe nucleus is the main target for radiation-
induced genotoxicity and, as fewer cells are directly dam-
aged, the deleterious effects of radiation proportionally de-
cline. However, evidence is now emerging that extra-nuclear
or extra-cellular targets may also be important in mediating
the genotoxic effect of irradiation. Early evidence for this
bystander effect came from studies in which the frequency
of SCE in populations of cells exposed to low fluences of
alpha particles was significantly higher than expected from
target theory calculations of the number of cells that had
actually received an alpha particle (3, 4). Furthermore, such
biological effects as induction of micronuclei (5), gene mu-
tation (6-8), expression of stress-related genes (9-11), and
malignant trans formation in vitro (12) can occur in a signi fi-
cantly higher proportion of cells than in those traversed by
an alpha particle. In addition, medium from cultures of cells
irradiated with gamma rays can kill unirradiated cells. Cells
in contact with cells internally irradiated by short-range 3H—B
particles also have a reduced clonal survival (13). However,
the mechanism and nature o fthese bystander signaling proc-
esses remain unclear.
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The newly designed strip mylar dishes will be used in
this experiment. Briefly, the bottom ofthe well-fit outer and
inner stainless rings is covered with 6 pm and 38 pum thick
mylar sheets, respectively. The mylar of the inner rings is
cut as strips with a specifically designed tool. Exponentially
growing normal human lung fibroblasts are seeded in the
specially constructed dishes and allowed to grow to conflu-
ence. Cells are irradiated with graded doses of alpha parti-
cles fiom the bottom using the track segment mode as de-
scribed (14-16). Since the fibroblasts seeded on the 38 um
thick mylar strips will not be irradiated due to the short
penetrating distance of the alpha particles, these cells will
effectively be the bystander cells seeded right next to cells
plated on the 6 um mylar dishes that are directly irradiated.
We found that alpha particle irradiation would induce a by-
stander response in non-irradiated bystander cells using the
strip dishes (Figure 1). This unique method provides a suffi-
cient number o fbystander cells as well as irradiated cells for
further investigation.

Using cDNA signal transduction pathway finder array
Analysis (Super Array, MD), preliminary experiments have
shown that the COX-2 gene was up-regulated in the by-
stander cells, while the IGFBP-3 gene was significantly
down-regulated in the bystander cells (Figure 2A). Using
technique based on RT-PCR, we confirm the finding of
down-regulation of the IGFBP-3 gene (Figure 2B). The
IGFBP-3 gene is 8.9kb in length and is expressed in a large
number of tissues. In addition to its demonstrated growth-
promoting roles, IGFBP-3 is also a well-documented in-

Fig. 1. Survival fraction and HGPRT mutation of bystander and directly irradiated cells (0.5 Gy alpha patticle radiation) in strip
dishes.Data are pooled from2-3 independent experiments. Bars represent + SD.
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1 2 3 4 5

G3PDH
(983 bp)
—— IGBP3
©08bp)

Bystander Control

A B

Fig. 2. A. Preliminary data showing diferentially ex-
pressed signaling genes between contol and bystander normal
human lung fibroblasts using Super Array cDNA signal trans-
duction pathway finder array. B. Confirmation of IGFBP3
down regulation in bystander cells by RTPCR. Lane 1: 100bp
marker; Lanes 2 and 3: bystander cells from different experi-

ments; Lanes4 and 5: contmol cells fromdifferent experiments.

hibitor of cellular proliferation. It has been reported that
over-expression of a transfected IGFBP-3 gene strongly in-
hibits cell proliferation, with or without added IGF (17).
Blocking IGFBP-3 expression with antisense IGFBP3 oli-
godeoxynucleotides can also attenuate the potent anti-
proliferative action induced by trans forming growth factor-8
(TGFE-B). More recently, Levitt et al found that IGF-1 inhib-
ited the anti-proli ferative effects of celecoxib, COX2 inhibi-
tor, on pancreatic cancer cells, and IGFBP-3 enhanced cele-
coxib-induced growth inhibition, implying the possible in-
teraction between IGFBP-3 and COX2 (18). In contrast to
the expression of COX1, COX2 is not detected in most nor-
mal tissues. However, it is induced by mitogenic and in-
flammatory stimuli, which results in enhanced synthesis of
prostaglandins in neoplastic and inflamed tissues. There is
considerable evidence that links COX2 to the development
of’cancer (19). Since the COX2 gene plays an important role
in arachidonic acid metabolism, the finding of COX2 over-
expression implied that small soluble molecules associated
with the arachidonic cascade are essential in mediating the
bystander signaling process.
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Analysis of Radiation-Induced Bystander Effects in Mouse
Embryonic Stem Cells Differing in the Status of Mrad9

Reveals Complexities in the Process

Aiping Zhu, Hongning Zhou, Charles R. Geard, Tom K. Hei and Howard B. Lieberman

It has recently been found that multiple cellular re-
sponses to ionizing radiation are not limited to those cells
directly exposed, but can ofien be demonstrated in neighbor-
ing “bystander” cells (for review see ref 1, 2). This by-
stander effect involves the production of a biological re-
sponse in cells neighboring those that are actually “hit” by
radiation. This implies that cells directly exposed to radia-
tion 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 account only direct hits in
mediating a biological response underestimate the true dele-
terious effects of radiation exposure, including potential
health risks.

The bystander effect was first suggested by Nagasawa
and Little (3, 4) when they reported that the cal culated, ex-
pected nuclear traversal of 1% of cells in a population by a
flux of alpha particles caused 30% of the cells to undergo
sister chromatid exchanges. Subsequently, bystander effects
have been demonstrated for cell survival, mutation and on-
cogenic trans formation (for review see 1). The use of a mi-
crobeam to target alpha particles to individual cells also pro-
vided more evidence that a cell does not have to be hit di-
rectly by an alpha particle to demonstrate mutation or
changes in survival. These experiments have been performed
by using either oftwo strategies. In the first, a lethal 20-hit
dose ofalpha particles could be delivered to 5% ofthe cells
in a population, and mutations would arise in frequency
similar to that observed when 100% of cells are hit with a
single particle (5). Alternatively, Zhou et al. (6) showed that
when 10% ofa population is exposed to a single alpha parti-
cle, which is sublethal, many more cells in the population
demonstrated chromosome aberrations and mutation than
just the small percentage exposed. Interestingly, the muta-
tion spectrum for bystander cells differed from that obtained
spontaneously or afier cytoplasmic irradiation, suggesting
that different mutagenic mechanisms are involved (5).

Genetic makeup is also important in terms of understand-
ing how a cell or individual will respond to irradiation. Hun-
dreds ofgenes participating in multiple DNA repair and cell
cycle checkpoint control pathways have been identified and,
when mutated, reduce radioresistance and increase the
mutagenic or oncogenic potential of radiation exposure (7).
Genes involved in signal transduction pathways ofien have
multiple roles in promoting cell survival after radiation ex-
posure, and in maintaining genomic stability in treated cells
or even those not exposed to an exogenous DNA damaging
agent. Such gene alterations can have dire consequences,
including the generation ofa high frequency of chromosome
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aberrations, mutation and cancer. Interestingly, Nagasawa
and Little (5) demonstrated that an xrs-5 mutation in CHO
cells significantly enhances chromosome aberration yields
due to bystander effects induced by low fluences of alpha
particles. They interpreted their results by stating that the
xrs-5 mutation reduced repair of double strand DNA breaks
caused by the alpha particles, and this prolonged a signal
that mediates the bystander effect. These results suggest that
there is a genetic control component to the bystander re-
sponse, perhaps at the level of damage processing or at an-
other stage. However, regardless of the mechanism respon-
sible, the array of genes involved and their precise roles have
not been determined.

The RADY gene, first identified in the fission yeast
Schizosaccharomyces pombe (8, 9), then subsequently found
as orthologues in human HRAD9 (10) and mouse Mrad9
(11), is an important genetic element that regulates multiple
radioresponses as part ofsignal transduction pathways. The
human and mouse genes partially complement the sensitivity
of S. pombe rad9 ::ura4+ cells to ionizing radiation, UV and
the DNA synthesis inhibitor hydroxyurea, as well as the as-
sociated cell cycle checkpoint defects. We created homozy -
gous Mrad9 knockout mouse ES cells and demonstrated that
they are highly sensitive to ionizing radiation, UV and HU
(data not shown), and also show defects in the maintenance
of ionizing radiation-induced G2/M checkpoint and UV-
induced delays in DNA replication, similar to several spe-
cific point mutants ofthe fission yeast rad9 gene (12). Fur-
thermore, WT human HRAD9 or mouse Mrad9 comple-
ments the sensitivity defects ofthe Mrad9-/- mouse cells.

The protein encoded by the human HRA D9 gene is a nu-
cleoprotein, and a nuclear localization signal (NLS) has been
identified within (13). We also found in collaboration with
Dr. Eva Lee’s group at the University of Texas, San Anto-
nio, that ATM can phosphorylate HRAD9 on Ser-272 and
the event is important for G1 checkpoint control (14). In
collaboration with Dr. Hong-Gang Wang’s group at the
Moftitt Cancer Center in Tampa, FL, we demonstrated that
HRAD?9 protein (and surprisingly S. pombe rad9 as well)
contains a BH3-like domain at its N-terminal region that can
bind the anti-apoptotic proteins BCL-2 and BCL-xL, and can
cause apoptosis when aberrantly expressed in human cells
(15, 16). Therefore, RAD9 regulates two findamental re-
sponses to DNA damage, cell cycle checkpoint control and
apoptosis.

The goal ofthis project is to assess whether mouse em-
bryonic stem (ES) cells express a bystander effect, and to
define the role of the cell cycle checkpoint control gene
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Fig. 1. Radiation-induced cell killing. Radiosensitivity was as-
sessed by measuring colony formation in irradiated versus unirradiatd
populations. Points represent the average of three trials,+/- S.D.

Mrad9 in the process. In this report, mouse ES cells di ffer-
ing in the status of Mrad9 were examined for bystander sur-
vival, micronuclei formation and apoptosis in response to
broad beam 120 keV alpha particle treatment, using spe-
cially designed mylar strip dishes.

When cells differing in the status of Mrad9 were directly
exposed to alpha particles, all the populations demonstrated
essentially equivalent killing curves (Figure 1). Interestingly,
since Mrad9+/- cells are more sensitive than Mrad9+/+ cells
to gamma rays, and the homozygous deletion mutant shows
even greater sensitivity (data not shown), these results indi-
cate that the role of Mrad9 in mediating the cellular response
to ionizing radiation is LET dependent. In addition, we
found that all cells, regardless of Mrad9 status, demonstrated
an equivalent bystander reduction in survival afier alpha
particle exposure (Figure 2).

We also examined these cells for apoptosis, induced both
by direct exposure to alpha particles and as a bystander ef-
fect. And as indicated in Figure 3, all cell populations exam-

ined demonstrated an increased frequency of apoptosis afier
&0
BNo radiation
BRadiaton [ 0.5 Gy,
OrRadiation { 5
ORadiation { 10 Gy)

Percentage of Apoptotic Cells
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Mrad9+/+  Mrad9+/-  Mrad9-/-
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Fig. 3. Radiation-induced apoptosis. Cells either mock treated or
irradiated were processed using the Annexin V-FITC Apoptosis Detec-
tion Kit from Oncogere. Flow cytomety was used to assess apoptosis
in a minimum of 10,000 cells from each population, and points repre-
sent the average of three trials, +/- S.D.
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Fig. 2. Radiation-induced by stander cell killing. Radiosensitivity
was assessed by measwring colony formation in indirectly iradiated
versus unirradiated populations. Points represent the average of three
trials, +/- S.D.
direct irradiation. For most exposures, induction was dose
dependent. Interestingly also is the fact that even Mrad9-/-
cells showed an induction of apoptosis, contrary to what
would be expected by the deletion ofthe mouse orthologue
of the human gene ARADY, shown previously to be a pro-
apoptotic element. Likewise, all cells demonstrated an alpha
particle-induced bystander apoptotic effect (Figure 4). These
results for apoptosis are consistent with the gene not influ-
encing cell survival afier exposure to alpha particles (Figure
1, 2).

Micronuclei formation was also examined in the cells
differing in Mrad9 status. As indicated in Figures 5 and 6,
background levels ofmicronuclei were relatively high in the
Mrad9-/- cells. However, direct exposure to alpha particles
induced micronuclei approximately equally above back-
ground in all the cells examined. Interestingly, there was
little or no bystander effect with regard to micronuclei for-
mation in all the populations examined except those contain-
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Fig. 4. Radiation-induced by stander apoptosis. Cells either mock
treated or irradiated indirectly were processed using the Annexin V-
FITC Apoptosis Detection Kit from Oncogene. Flow cytometry was
used to assess apoptosis in a minimum of 10,000 cells from each popw
lation, and points represent the average of three trials, +/- S.D.
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Fig. 5. Radiation-induced micronucki formmation. Irradiated or
mock-treated cells were fixed, stained with DAPI, and then scored for
micronuclei. Between 500 and 2000 cells were scored per population
per experiment. Points represent the average of three trals, +/- S.D.

ing the Mrad9-/- mutation (Figure 6).

In summary, we found that wild-type mouse ES cells are
capable of expressing an alpha particle induced bystander
effect for cell survival and apoptosis, but not for micronuclei
formation. Interestingly, although Mrad9-/- cells demon-
strated high background levels ofapoptosis, the mutation did
not effect the bystander induction ofprogrammed cell death
or cell killing. In contrast, wild-type ES cells did not exhibit
a bystander effect with regard to micronuclei formation, but
the Mrad9-/- mutation allowed such an effect to be ob-
served. These results suggest that the mechanism of by-
stander induction is complex and may differ with regard to
different endpoints examined.

Mrad9+/+ Mrad9+/-
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