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When cells are exposed to ionizing radiation (IR), unexposed cells
that share media with damaged cells exhibit similar effects to
irradiated cells including increased levels of DNA double-strand
breaks (DSBs). Hypothesizing that this effect, known as the radi-
ation-induced bystander effect, may be a specific instance of com-
munication between damaged and undamaged cells regardless of
damage source, we demonstrated that exposure of target cells to
non-IR induces bystander damage in non-targeted cells as mea-
sured by g-H2AX and 53BP1 focal formation. Initially, bystander
damage was found primarily in S-phase cells, but at later times,
non-S-phase cells were also affected. In addition, media from un-
damaged malignant and senescent cells also was found to induce
DSBs in primary cultures. Media conditioned on cells targeted
with either ionizing or non-IR as well as on undamaged malignant
and senescent cells contained elevated levels of several cytokines.
One of these, transforming growth factor beta (TGF-b), and ni-
tric oxide (NO) were found to elevate numbers of g-H2AX/53BP1
foci in normal cell cultures similar to levels found in bystander
cells, and this elevation was abrogated by NO synthase inhibitors,
TGF-b blocking antibody and antioxidants. These findings sup-
port the hypothesis that damage in bystander cells results from
their exposure to cytokines or reactive compounds released from
stressed cells, regardless of damage source. These results have
implications for oncogenesis in that they indicate that damaged
normal cells or undamaged tumor cells may induce genomic in-
stability, leading to an increased risk of oncogenic transformation
in other cells with which they share media or contact directly.

Introduction

In the radiation-induced bystander effect (RIBE), first described in
1992 (1), low doses of ionizing radiation (IR) result in cell survival
fractions considerably lower than those expected from the fraction of
cells that received radiation. Thus, irradiated cells appear to affect
their unirradiated neighbors called bystander cells. Bystander cells
exhibit effects similar to, but distinct from, those exhibited by exposed
cells. These effects include point mutations, chromosomal abnormal-
ities, micronuclei formation and apoptosis (2,3). Many of these out-
puts are accompanied by DNA damage in both bystander and
irradiated cell populations (4), and staining for double-strand break
(DSB) markers has indicated that DNA DSBs are present in bystander
as well as in irradiated cells (5–8).

Since the RIBE was originally described, the purpose and extent of
this effect has been an open question in the field. The ability of cells to
transmit signals that promote genetic instability in neighboring cells

seems both dangerous to the organism and pro-oncogenic. On the other
hand, the bystander effect could serve to prepare cells for possible future
stresses. We hypothesized that IR may not be the only cell-damaging
agent that is capable of inducing a bystander effect (9). The cellular
machinery required to induce the RIBE might also be used to transmit
signals to neighboring cells following exposure to other forms of stress,
both exogenous and endogenous. To examine if bystander effects occur
in response to non-IR forms of stress, we used c-H2AX and 53BP1 as
a measure of DSB induction in bystander cells after subjecting targeted
cells to a variety of damaging agents (10). Our findings indicate that the
bystander effect may be a ubiquitous phenomenon and that this re-
sponse to stress in neighboring cells may be an important pathway in
the development of genomic instability and cancer progression.

Materials and methods

Cell lines and culture

HeLa cervical adenocarcinoma (CCL-2; ATCC, Manassas, VA), T406 glioma
(Marinpharm, Luckenwalde, Germany), human normal breast fibroblasts
(NBFs, population doubling PD 11, a gift of Dr O. Aprelikova), human normal
human fibroblasts (NHFs, a gift of Dr I. Horikawa) and primary prostate
epithelial cells (PrECs, CC-2255; Cambrex, East Rutherford, NJ) were uti-
lized. With the exception of PrEC, cells were grown in Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with 10–15% fetal
bovine serum (Gemini Bio-products, Sacramento, CA). PrECs were grown in
supplied medium according to manufacturer’s instructions (Cambrex). All
cultures were maintained in a humid atmosphere containing 5% CO2. In order
to analyze the effect of various stresses on DNA DSB formation, NHFs were
cultured in the presence of 0.1 mg/ml sodium dodecyl sulfate (SDS) (Sigma,
St Louis, MO) for various times. This concentration of SDS did not affect cell
viability as seen by trypan blue staining (data not shown). Likewise, 0–10 lM
diethylamine NONOate, 0–10 ng/ml recombinant transforming growth factor
beta (TGF-b, both from Sigma), 10 lg/ml TGF-b antibody (Promega, Madi-
son, WI) and 10 lg/ml bromodeoxyuridine (BrdU) antibody (BD Biosciences,
San Jose, CA) were introduced into NHF cultures for DSB analysis.

Ultraviolet A induction of DNA DSBs

Cells were seeded onto LabTek II two-well chamber slides (Nunc, Naperville,
IL) and allowed to grow to �80% confluence. The day before the experiment,
BrdU (Sigma) was added to the cell medium to a final concentration of 10 lM
and allowed to incorporate into cells overnight. Hoechst dye 33342 (10 lg/ml;
Sigma) was added to the cell medium 20 min prior to the experiment. Follow-
ing Hoechst incorporation, cells were washed with phosphate-buffered saline,
and 200 ll of cold medium was added. Cells were placed on ice and aluminum
foil was used to shield half of the cells. Ultraviolet A (UVA) light was gener-
ated with a Blak-Ray Longwave Ultraviolet Lamp (UVP, San Gabriel, CA).
Cells were exposed for a total of 1 min to a final dose of 0.04 J/cm2. Fresh
media was then added and cells were allowed to incubate from 30 min to
overnight before fixation. BrdU, Hoechst or this dose of UVA alone is suffi-
cient to cause DNA breaks (11,12). Likewise, staining with both BrdU and
Hoechst without UVA exposure does not cause DNA damage (supplementary
Figure S1 is available at Carcinogenesis Online). Additionally, to control for
possible UVA light reflection underneath the aluminum foil, a black barrier
was used, which did not affect the results.

Ultraviolet C induction of DNA damage

Cells were seeded onto LabTek II two-well chamber slides as above. On the day of
the experiment, cells were washed with phosphate-buffered saline and 200 ll of
cold medium was added. Cells were placed on ice and aluminum foil was used to
shield half the culture. Ultraviolet C (UVC) was generated with an UVLMS-30 EL
Series 3UV Lamp (UVP). Cells were exposed to a variety of doses. Fresh media
was then added and cells were allowed to incubate from 30 min to overnight before
fixation. In experiments designed to test the effect of inhibitors and antioxidants on
bystander effect propagation, 1 mM NG-methyl-L-arginine (L-NMMA; Sigma),
4 lM 7-nitroindazole (7-NI; Sigma), 0.1 mM aminoguanidine hemisulfate (AG)
or 50 lM tempol (a gift of Dr J. Mitchell) was added to the culture medium 1 h
(L-NMMA and 7-NI), 2 h (AG) or 4 h (tempol) prior to irradiation (13).

Analysis of cellular senescence

Cells were seeded onto LabTek II two-well chamber slides as above and were
fixed and stained for senescence-associated beta-galactosidase using the

Abbreviations: BrdU, bromodeoxyuridine; DSB, double-strand break; fpc, foci
per cell; IR, ionizing radiation; NBF, normal breast fibroblast; NHF, normal
human fibroblast; NO, nitric oxide; PAI-1, plasminogen activator inhibitor 1;
PCNA, proliferating cell nuclear antigen; PrEC, prostate epithelial cell.
RIBE, radiation-induced bystander effect; SDS, sodium dodecyl sulfate; UVA,
ultraviolet A; UVC, ultraviolet C.
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Senescence Detection Kit from Cell Signaling (Beverly, MA) according to
manufacturer’s instructions.

Medium transfer bystander analysis

T75 flasks containing medium donor cell cultures that were 90–95% confluent
were chosen. The harvested medium (15 ml) was filtered through a 0.22 lm
MILLEX@GP filter (Millipore, Billerica, MA) and then added to recipient cul-
tures. Controls for medium only and medium conditioned on recipient cell cul-
tures overnight were included in each experiment. The medium recipient cultures
were incubated for various times (30 min to 24 h) before fixation and analysis.

Immunocytochemistry and DNA DSB quantification

The c-H2AX and 53BP1 staining was performed as described previously (14).
Antibodies used included anti-c-H2AX rabbit antibody [1:500 custom made

(14)], anti-c-H2AX mouse antibody (1:500; Millipore) or anti-53BP1 rabbit
antibody (1:500; Novus, Littleton, CO). For proliferating cell nuclear antigen
(PCNA) and thymine dimer staining, cells were lysed in hypotonic buffer [10
mM Tris–HCl (pH 7.4) 2.5 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride
and 0.5% Nonidet P-40 (NP-40)] and processed as described previously (15).
Cells were incubated with anti-thymine dimer mouse antibody (1:100; Sigma)
or anti-PCNA rabbit antibody (1:100; Abcam, Cambridge, MA) for 2 h. Sec-
ondary antibodies were either anti-rabbit or anti-mouse Alexa-488- or Alexa-
555-labeled antibody (Molecular Probes, Eugene, OR). Slides were mounted
with propidium iodide or 4#,5-diamidino-2-phenylinodole, dihydrochloride.
Quantification of DNA DSBs, viewed as merged c-H2AX/53BP1 foci, was
performed by manual counting with a PCM2000 laser scanning confocal micro-
scope (Nikon, Augusta, GA) using a�100 objective. Foci were counted in�100
randomly chosen cells in at least three separate images. Alternatively, c-H2AX
intensity was determined using the Adobe Photoshop software package (Adobe
Systems, San Jose, CA).

Western blotting

Western blotting analysis was performed as described previously (16). Briefly,
cells were lysed in buffer containing 150 mM NaCl, 20 mM HEPES–NaOH
(pH 7.4), 25% glycerol, 0.1 mM ethylenediaminetetraacetic acid, 0.2% NP-40,
10 mM NaF and complete protease inhibitor cocktail (Roche, Indianapolis,
IN). The isolated proteins were boiled in SDS sample buffer and loaded onto
4–20% Tris–glycine pre-cast gels (Invitrogen). Separated proteins were trans-
ferred onto a polyvinylidene difluoride membrane (Invitrogen). For immuno-
blotting, the membranes were incubated with c-H2AX mouse monoclonal
antibody (1:500) or b-actin mouse monoclonal antibody (1:1000, both from
Abcam). The blots were incubated with horseradish peroxidase-conjugated
anti-mouse antibody (1:10 000; Amersham Bioscience, Piscataway, NJ). The
blots were visualized by enhanced chemiluminescence western blotting
detection reagents (Amersham Bioscience).

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assays were performed using either the human
inflammation or the human obesity enzyme-linked immunosorbent assay strip
assays from Signosis (Sunnyvale, CA) according to the manufacturer’s protocols.

Statistical analysis

Statistical analysis was performed using the Student’s t-test when comparing
c-H2AX intensity or focal numbers as well as for enzyme-linked immunosor-
bent assays. Analysis of numbers of cells containing .4 foci per cell (fpc) plus
PCNA protein staining was performed using the Fisher’s exact test. In all cases,
a P value , 0.05 was considered statistically significant.

Results

DNA DSBs induced with non-IR lead to a DSB bystander response

DSBs can be generated by UVA light in cells grown in the presence of
BrdU and incubated with Hoechst 33342 before exposure (11). In
contrast to IR, UVA light can easily be blocked. Therefore, in order
to examine bystander effects to DSB formation in the absence of IR,
we designed a protocol in which half of a cell culture was shielded
from exposure to UVA light with aluminum foil, whereas the other
half was directly exposed (Figure 1A, top). The dose of UVA light was
sufficiently low (0.04 J/cm2) that no DNA DSBs were induced in
directly exposed cells and no bystander effect was seen in the absence
of BrdU and Hoechst (supplementary Figure S1 is available at Car-
cinogenesis Online). Increases in apoptosis have been seen in by-
stander populations after exposure of neighboring cells to 100 kJ/m2

UVA (9). However, this was not seen in our system. After exposure,
the cultures were incubated for various times and then processed for
microscopic examination of DSBs (Figure 1). In order to substantiate

that the lesion marked by a c-H2AX focus is a DSB, cells were also
stained for 53BP1 and foci positive for both c-H2AX and 53BP1 were
counted (17).

In NBFs, c-H2AX/53BP1 foci formed in the directly irradiated
half-culture become significantly different from controls at 3 h and
1 day and then disappear over 3–5 days (Figure 1A, upper bar graph,
black bars). c-H2AX/53BP1 foci were also found in the shielded
bystander half-culture, but focal formation increased more slowly
reaching a maximum 5-fold induction at 3 days after exposure (Figure
1A, upper bar graph, gray bars). This level of bystander c-H2AX
focus formation is comparable with that found in the RIBE (18,19).
As an independent measure, total nuclear c-H2AX intensity was ex-
amined by computer image analysis (Figure 1A, lower bar graph). The
relative intensity level of c-H2AX paralleled the numbers of c-H2AX/
53BP1 foci in both the exposed and the bystander half-cultures, with
the bystander NBFs exhibiting a 3-fold induction of c-H2AX levels
over control cultures after 3 days. Thus, these results demonstrate that
a substantial bystander effect can be seen without exposure to IR in
NBF cultures.

In order to investigate the commonality of the bystander effect, we
examined two other cell types, HeLa and primary PrECs, utilizing the
same protocol. In the case of HeLa, the shielded bystander half-
cultures exhibited a .3-fold increase in the numbers of c-H2AX/
53BP1 fpc 1 day after exposure (Figure 1B, upper graph) and a .4-
fold increase in total c-H2AX intensity (Figure 1B, lower graph). In
addition, immunoblot analysis also revealed a noticeable increase in
c-H2AX levels in the bystander cultures compared with the directly
irradiated (Figure 1B, right). However, in contrast to NBFs, HeLa cell
cultures exhibited a further increase in total c-H2AX intensity at
5 days after exposure in the shielded bystander half-culture due to
large numbers of apoptotic cells with high levels of c-H2AX staining
that were absent from the directly exposed cultures (Figure 1B, bot-
tom images).

PrECs, the third cell line examined with the UVA light protocol,
also displayed a bystander response. The shielded bystander half-
culture exhibited a 7-fold increase in the numbers of c-H2AX/
53BP1 fpc at 3 h after irradiation (Figure 1C). In contrast to bystander
HeLa cultures, bystander PrEC cultures contained few apoptotic cells.
However, they did contain many enlarged cells (Figure 1C, right bot-
tom image), which stained positive for senescence-associated beta-
galactosidase, indicating that bystander PrEC cultures respond in part
by becoming senescent.

All three cell types examined in this protocol experienced substan-
tial bystander effects in response to the UVA protocol. However, there
was considerable variety in the timing and nature of the bystander
response. The timing of the maximal increase in cH2AX/53BP1 fpc
varied from 3 days post-exposure for NBFs to 3 h post-exposure for
PrECs. Also the nature of the bystander response differed among the
cell types, with bystander HeLa cultures exhibiting many apoptotic
cells and bystander PrEC cultures exhibiting many senescent cells.
These varied responses may highlight the difference between trans-
formed and primary cell culture in responding to bystander stress
signaling. Additionally, this variety in the timing and nature of by-
stander responses among different cell types may help explain seem-
ingly contradictory findings reported in the literature (5–7,20,21).

Non-DSB-induced DNA damage generates DSBs in bystander cells

The UVA protocol (Figure 1) showed that IR is not necessary to
generate bystander effects. While the UVA protocol as well as
exposure to IR generate DNA DSBs, UVC light induces primarily
cyclobutane dimers and few, if any, DSBs in exposed cells (22). Half-
shielded NHF cultures were exposed to UVC light, incubated for
various times and then stained for c-H2AX and 53BP1 (Figure 2A,
top). The unshielded half-culture 3 h after exposure to 100 J/m2 ex-
hibited c-H2AX pan-staining as expected (23) but lacked detectible
c-H2AX/53BP1 foci (Figure 2A, middle column). In contrast, the
shielded bystander half-culture exhibited c-H2AX/53BP1 foci and
no pan-staining (Figure 2A, right column). The presence of cyclo-
butane dimers in the exposed half-culture and their absence in the
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Fig. 1. Exposure of sensitized cells to UVA light induces bystander responses in shielded cells. (A) Schematic: cell cultures containing BrdU and Hoechst 3342
were irradiated with 0.04 J/cm2 UVA with half the culture shielded with foil. After incubation for various periods, foci containing c-H2AX and 53BP1 were
counted in directly exposed and shielded bystander (BS) cells. Total c-H2AX intensity was also measured. Shown are representative images of NBF cultures taken
3 days after sham exposure (control, left column), direct exposure (UVA 3d, middle column) or shielded from exposure (BS 3d, right column). Cells were stained
for c-H2AX (red, top row) and 53BP1 (green, second row). Merged images (bottom rows) reveal foci double positive for the two proteins. The graphs show values
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shielded half confirm that the bystander culture did not receive mea-
surable UVC irradiation (Figure 2A, bottom row).

When examined over a range of moderate UVC doses, NHF by-
standers showed increasing amounts of c-H2AX whether measured
by foci numbers or intensity measurements, although the effects were
modest with a 2-fold increase 3 h after 20 J/m2 UVC exposure (Figure
2B). At 20 J/m2, there was no detectable increase in c-H2AX/53BP1
focal numbers in the directly exposed cells (supplementary Figure S2
is available at Carcinogenesis Online). In the case of HeLa cultures
exposed to a strong dose (6000 J/m2) of UVC, a more substantial
bystander effect was seen in the shielded half-culture, with
c-H2AX/53BP1 focal numbers increasing 6-fold over control values
at 3 h post-exposure (Figure 2C, left graph). Measurements of
c-H2AX levels in the shielded half-cultures by total relative intensity
(Figure 2C, right graph) and by immunoblotting exhibited �2-fold
increases at 3 h after exposure (Figure 2C, right, inset). These results
suggest that damage other DSBs can generate bystander signals that
lead to DNA DSBs in neighboring unirradiated cells.

Cell cycle state influences bystander effect vulnerability

In the case of damage induced by IR, previous work has indicated that
cells in S phase may be more vulnerable to exhibiting bystander effects
(24). In order to examine whether this finding applies to other, non-
ionizing, forms of damage, PCNA, a marker of S-phase cells, was used
to determine the cell cycle phase of cells in bystander cultures using the
UVA protocol (25). For both HeLa cell and NBF cultures, the bystander
cells that displayed a robust DNA damage response (.4 fpc) at early
time points were also PCNA positive (Figure 3A, yellow arrows, and
Figure 3B). While a number of cells lacking PCNA did exhibit by-
stander effects and some PCNA-positive cells lacked c-H2AX (Figure
3A, white and red arrows, respectively), these results indicate that in
both HeLa and NBF cultures, the strongest bystander DNA damage
response is found in S-phase cells, up to 1 day after exposure for HeLa
and but only 30 min for NBF. Interestingly, although bystander damage
remains elevated several days after exposure, the fraction of PCNA-
positive cells decreases (Figure 3B), indicating that bystander damage
may preferentially form in S-phase cells, but once formed, the damage
remains when these cells exit S phase.

Reactive species and pro-inflammatory cytokines are mediators of the
stress-induced bystander effect

The results presented thus far indicate that bystander effects may be
a widespread phenomenon occurring when cells are in contact with
cells damaged by a variety of initiating factors not limited to IR. In the
case of bystander effects induced with IR, several cytokines including
tumor necrosis factor alpha, TGF-b and interleukin-8 have been im-
plicated in the propagation of the effect (26,27). In order to further
examine whether similar mechanistic pathways may be involved in
bystander effects from different cellular stresses, the levels of a num-
ber of cytokines involved in inflammation and cellular stress re-
sponses were measured in the media of NHFs exposed to UVC
light, UVA light after cell sensitization and 0.2 Gy IR, a dose shown
to induce notable DNA damage in bystander cells (7). Several factors
including tumor necrosis factor alpha, TGF-b, plasminogen activator
inhibitor 1 (PAI-1) and insulin-like growth factor 1 were found to be
upregulated in the media of stressed NHF cells (Figure 4). These

results indicate that the types of cytokines released into the media
of primary cells undergoing a variety of stresses are to a large extent
independent of the type of stress.

In addition to cytokine production, the propagation of RIBE has
been shown to be linked to reactive oxygen species including nitric
oxide (NO) (28,29). Previous studies have shown that inhibition of
nitric oxide synthase or addition of NO scavengers and other antiox-
idants can significantly diminish the RIBE (7,13,30). When media
from NHF cells damaged with UVC light in the presence of three
nitric oxide synthase inhibitors, L-NMMA, 7-NI and AG, as well as
the antioxidant tempol was transferred to undamaged NHF cells, all
four compounds were found to partially abrogate the bystander in-
crease in c-H2AX/53BP1 foci numbers (Figure 4B), similar to those
found in the RIBE (7). This finding indicates that RIBE and UVC-
mediated bystander effects may be propagated by similar factors and
that a common mechanism may involve the production of NO and
other reactive oxygen species by damaged cells.

In order to verify that NO and cytokines including TGF-b are
capable of inducing the DSB response seen in bystander cells, NHF
cultures were exposed to NO or recombinant TGF-b in the absence of
damage and then examined for c-H2AX focus formation (Figure 4C).
Diethylamine NONOate, which releases NO into aqueous solution
(31), is capable of inducing an increase in c-H2AX focal formation
at 10 lM. Likewise, addition of 10 ng/ml TGF-b into fresh media
induced c-H2AX focal formation that is comparable with the DSB
induction seen in UVC bystander NHF cell culture (Figure 4C). The
addition of both diethylamine NONOate and TGF-b to NHF media
did not increase the overall effect, indicating that these compounds
may be functioning in the same signaling pathway (data not shown).
In order to further investigate the role of TGF-b in this bystander
effect, a TGF-b-blocking antibody was added to the media condi-
tioned on NHFs exposed to UVC light and transferred to undamaged
NHFs (Figure 4D, left). The blocking antibody abrogated the by-
stander effect induced by UVC light, whereas a non-specific antibody
had no effect. In addition, the blocking antibody also abrogates the
increase in c-H2AX levels induced by the addition of TGF-b (Figure
4D, right). Taken together, these data indicate that NO and TGF-b are
capable of inducing a DSB response in cells and are therefore poten-
tial signaling molecules of the bystander effect.

Other types of cell stress generate DSBs in bystander and exposed
cells

Our findings that DNA DSB generation can be induced in bystander
cell populations, not only by IR but also by non-IR radiation, promp-
ted us to examine other sources of environmental stress. Compared
with primary cells, tumor cells possess altered cellular metabolism
with increased levels of endogenous DNA damage (32). Two unirra-
diated human tumor cell lines, T406 glioma and HeLa carcinoma,
were used to condition media, which then was placed on growing
NHF cultures (Figure 5A and B). Exposure of the NHF cultures to
conditioned media led to gradual increases in the levels of c-H2AX/
53BP1 foci, reaching a modest but significant 2-fold increase over
control values 8 h after media change. These findings indicate that
tumor cells may release factors into culture media, which can induce
DNA damage in normal cells, and suggest a mechanism by which the
presence of tumors might predispose neighboring cells to genomic
instability (33).

of colocalized c-H2AX/53BP1 foci (top left) or total nuclear c-H2AX intensity (bottom left) per cell for directly irradiated (black bars) and bystander (gray bars)
cells at various times post-exposure. Increases in c-H2AX foci numbers and intensity were statistically significant at 3 h and 1 day in directly exposed cells
and from 30 min to 3 days in bystander populations. (B) UVA protocol with HeLa cell cultures. Representative images (see panel A) of HeLa control (sham
exposed) and bystander cultures taken 3 and 5 days after exposure. Apoptotic nuclei are indicated by white arrows. Immunoblot analysis of control and bystander
HeLa cultures 3 days after exposure is shown in the middle inset. The graphs show values of colocalized c-H2AX/53BP1 foci (top left) or total nuclear c-H2AX
intensity (bottom left) per cell for bystander (gray bars) cells at various times post-exposure. Results were statistically significant for all time points with the
exception of 5 days post-exposure in the top left graph. (C) UVA protocol with PrEC cultures. Representative images of PrEC control and bystander cultures taken
3 days post-exposure stained for c-H2AX and 53BP1 (top) or senescence-associated beta-galactosidase, a marker of cellular senescence (bottom). The graphs
show values of colocalized c-H2AX/53BP1 foci (top left) or total nuclear c-H2AX intensity (bottom left) per cell for bystander (gray bars) cells at various times
post-exposure. Results were statistically significant at all time points in intensity measurements and at the 5 min, 3 h, 1 day and 5 day time points in focal counting.
Error bars in all graphs indicate the SEM for at least 100 cells.
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Fig. 2. UVC-induced DNA damage generatesbystander responses. (A) Schematic: cells were exposed to UVC with half shielded with foil. After incubation, DNA DSBs
were assessed in control, irradiated and bystander (BS) cell populations as above. Images are representative of NHF cell cultures 3 h after sham treatment (left column,
control), direct exposure to 100 J/m2 UVC (middle column) or shielding (right column). Cultures were stained for c-H2AX (red, top row) and 53BP1 (green, second
row). Merged images (third row) exhibit yellow foci where the two proteins colocalize. The bottom row images show cells stained for thymine dimers (green) and DNA
(red, propidium iodide). UVC-induced photo products are present only in exposed cells. (B) Quantification of c-H2AX induced in NHF bystander cell populations 3 h
after various doses of UVC. Colocalized c-H2AX and 53BP1 fpc (left) and c-H2AX intensity (right) are shown. Differences in c-H2AX foci numbers were statistically
significant at all doses tested, whereas differences in intensity were significant at the 20 and 50 J/m2 doses. (C) Quantification of c-H2AX induced in bystander
HeLa cell populations various times after 6000 J/m2 UVC exposure. Colocalized c-H2AX and 53BP1 fpc (left) and c-H2AX intensity (right) are shown. All time points
tested were significantly different from control levels in both systems. The inset shows immunoblot analysis of control and bystander populations 3 h after irradiation.
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Fig. 3. The role of cell cycle in the bystander effect. (A) Image of HeLa bystander cells 3 h after neighboring cell exposure to UVA in the presence of BrdU and
Hoechst. c-H2AX is green, PCNA is red and DNA is blue. Arrows: yellow, cells positive for both c-H2AX and PCNA; red, cells negative for c-H2AX and
positive for PCNA; white, cells positive for c-H2AX and negative for PCNA. (B) Percentage of bystander cells with .4 c-H2AX fpc (gray bars) and those cells
that were also PCNA positive (black bars) in HeLa (top) and NBF (bottom) cultures. Differences from controls in percentage of cells with .4 fpc were significant
at all time points, and differences in the ratio of PCNA-positive versus -negative cells that had .4 fpc were significant at the 3 day and 5 day time points.

Fig. 4. Cytokines and reactive oxygen species in the bystander effect. (A) Cytokines released by damaged cells. Protein levels are compared with the those present
in media conditioned on undamaged NHFs. Media-alone (white bars) samples were not conditioned on cells. UVC samples (dark gray) were exposed to 6000 J/m2

UVC, UVA samples (black bars) were exposed to 0.04 J/m2 UVA after sensitization with BrdU and Hoechst, 0.2 Gy samples (light gray) were exposed to 0.2 Gy
IR. All samples were collected 3 h after exposure. Error bars are the standard deviation for two independent experiments performed 1 week apart. (B) Effect of
reactive oxygen species and NO modulators on the bystander effect in UVC-irradiated NHFs by media transfer. Colocalized c-H2AX/53BP1 fpc were measured
for bystander (BS) cells in media from NHF cultures that received UVC alone (black), UVC and inhibitor (gray) and bystander cells that received inhibitor alone
(white). Inhibitors used were the nitric oxide synthase inhibitors 7-NI, AG and L-NMMA as well as the antioxidant tempol. (C) NO and TGF-b can each induce
c-H2AX in otherwise undamaged cells. Various concentrations of diethylamine NONOate, which produces NO (top) or TGF-b (bottom), were incubated with
NHFs for 3 h before cells were fixed and analyzed for changes in c-H2AX relative intensity. The image on the right depicts c-H2AX formation in undamaged
NHFs (top left), in NHF bystander cells 3 h after neighboring cells were exposed to 6000 J/m2 UVC (top right), NHFs 3 h after exposure to 10 ng/ml TGF-b
(bottom left) or 10 lM diethylamine NONOate (bottom right). (D, left) The relative c-H2AX intensity in NHF bystander cells 3 h after UVC exposure without
blocking antibody (UVC BS), with a TGF-b blocking antibody (BS þ TG) and with a non-specific BrdU antibody (BS þ BR). NC denotes normal control
NHFs (set to 1.0). (D, right) Normal control cells incubated alone (NC), with recombinant TGF-b protein (NC þ rTb) or with recombinant TGF-b protein plus
the blocking TGF-b antibody (NC þ rTb þ TG). Data are from at least 100 cells in at least three separate fields. Asterisks in A, C and D indicate significant
changes over control values. All compounds shown in (B) significantly reduced the numbers of fpc in bystander cells.
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Since cells undergoing senescence also harbor increased DNA
damage and genomic instability (16), we examined whether media
conditioned on late-passage NHFs could produce a bystander effect in
early-passage NHFs. Media conditioned on passage 28 (old, ‘O’) but
not on passage 19 (young, ‘Y’) NHFs generated a modest but signif-
icant increase in c-H2AX/53BP1 focal numbers in recipient passage
19 NHFs (Figure 5C). This increase was transient, peaking 3 h post-
media transfer and returning to control levels by 24 h post-transfer.
Thus, genetically unstable malignant and senescent cells are capable
of inducing a bystander DNA damage response in young, normal
primary cell cultures. Taken together, our results indicate the exis-
tence of a general cell stress-induced bystander effect. For com-
parison, we also examined the response of NHFs to a directly
administered common irritant, SDS (34). Interestingly, a low concen-
tration of SDS induced c-H2AX/53BP1 focal formation to an extent
similar to those found in some of the bystander protocols (Figure 5D).
Media conditioned on HeLa cell cultures also contained a spectrum of
elevated cytokine levels similar to that found in media conditioned on
damaged NHFs (Figure 5E). These results indicate that bystander
damage induced by tumor cells might be induced through similar
mechanisms to the RIBE.

Discussion

DNA DSB formation is a well-documented early event in the RIBE
[(5,7,35) reviewed in refs. 4,36]. IR causes a significant number of

DNA breaks in directly exposed cells, which in turn leads to DSB
induction and genomic instability in bystander populations. However,
whether this bystander effect is an IR-specific event remained an open
question. The results of the present study indicate that IR is not the
only signal capable of inducing a DNA damage bystander effect.
A substantial DNA DSB response is seen in bystander populations
of tumor as well as in primary cells of both epithelial and fibroblast
origin in response to non-ionizing DNA damage and cell stress. Other
bystander cell responses included apoptosis and senescence depend-
ing on cell type.

One relevant question that may arise in bystander studies is that the
effect is sometimes rather modest, about 2-fold. However, in stochas-
tic processes, such as damage induced by various types of radiation,
small increases in average amounts of DSB damage can lead to rel-
atively large increases in the fraction of cells with greater than
a threshold level of DNA damage. In a Poisson distribution model,
doubling the average number of fpc from 1 to 2 would lead to a .10-
fold increase in cells with .4 foci from 0.4 to 5.3%. Therefore, if
a particular adverse outcome is increased at a threshold number of
DSBs per cell, small increases in the average DSB frequency make
many more cells vulnerable.

Our data show that DSBs are just one type of cellular stressor that
can lead to the generation of bystander stress signals, indicating that
the bystander effect may be a general response to cell stress mediated,
like the RIBE, through the production of reactive oxygen species and
pro-inflammatory cytokines. Although this is the first demonstration

Fig. 5. Undamaged tumor and senescent cells generate a bystander response. Colocalized c-H2AX/53BP1 fpc were measured for NHFs incubated in media
transferred from T406 glioma (A) or HeLa cell cultures (B). (C) Colocalized c-H2AX/53BP1 fpc in early- (Y) and late-passage NHF cultures (O) and early-
passage NHFs incubated in media transferred from early- (Y to Y) or late-passage (O to Y) NHFs. (D) Colocalized c-H2AX/53BP1 fpc were measured for NHFs
incubated in the presence of 0.1 mg/ml SDS over time. Error bars in (A–D) represent the SEM for at least 100 cells. (E) Tumor cells release cytokines similar to
those from damaged primary cells. Media from NHFs exposed to 0.2 Gy IR was compared with that conditioned on undamaged HeLa cells. All media samples
were collected 3 h after damage or after 3 h of media conditioning. Error bars are the standard deviation for two independent experiments performed 1 week apart.
Asterisks in (A–E) represent statistically significant changes from control values.
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of DNA DSB induction in bystander cells to UVC damage, other
types of damage such as collagen degradation has been reported when
nearby skin cells were exposed to UVC (37,38). In these studies,
matrix metalloproteinase-1 was found to be secreted by UVC-
damaged keratinocytes. Additionally, matrix metalloproteinase-1
has been implicated in signaling between senescent and normal cells
(39). Future work might elucidate what role, if any, matrix metal-
loproteinase-1 plays in the induction of DSBs in bystander cells.
Similarly, this is the first demonstration of PAI-1 induction in dam-
aged normal cells, but its increased expression in cancer cells has also
been reported elsewhere (40). In fact, an increased serum level of
PAI-1 in cancer patients is an indication of enhanced cancer malig-
nancy. It will be interesting to determine in the future if PAI-1 plays an
integral role in bystander signaling. TGF-b has been implicated in the
RIBE and has also been shown to inhibit cancer development (30,41).
Understanding the interplay of these various factors in cell signaling
of DNA damage will provide vital insights into cancer risk and the
impact of tumorigenesis on the entire organism.

Interestingly, exposure of normal cells to medium from malignant
cultures is capable of giving a bystander response. These data indicate
that perhaps cells in communication with tumor cells could have
increased DNA damage that could lead to genomic instability (42).
This may be especially worrisome when the tumor arises around
replicating cells, such as in the gastrointestinal tract or in childhood
malignancies. Indeed, understanding the interplay between trans-
formed and non-transformed cells in response to DNA damage may
be an important signaling pathway for cancer prevention (43). Recent
work indicates, in fact, that senescent and genetically unstable cells
may also transmit DNA-damaging bystander signals (44,45). Future
studies should address the risk of bystander effects from tumor pres-
ence in proximal as well as in distal organs.

Overall, these data indicate that the endogenous levels of DNA
DSBs in a cellular population are a good indicator of cellular stress
and could serve as a diagnostic marker for alterations in the cellular
environment such as cancer and other forms of stress. The model
depicted in Figure 6 illustrates how cancers as well as stresses from

Fig. 6. Model of the bystander stress response. IR, UV rays and stress can all cause DNA damage in cells. This DNA damage or the genomic instability present in
tumors leads to the production of reactive oxygen species, NO and TGF-b. All of which could serve to induce a bystander effect in neighboring cell populations.
The vulnerable bystander cells display increases in genomic instability, which can be monitored with antibodies to c-H2AX and other DNA damage proteins.
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various other sources including IR, UV and DNA damage itself
induces a cell to produce signals that through a variety of pathways
(28,30) initiate a DNA damage response in susceptible cell targets.
The use of these vulnerable cell populations may be useful in mea-
suring organismal health.

These data also have other implications for the study of stress.
While it is well known that chronic inflammatory responses can be
pro-oncogenic and stress of various types can cause immune dysfunc-
tion leading to long-term health effects, previous work on stress
responses has focused on the immediately affected cells and on signal
passage through the immune cells (46–49). Perhaps, however, inflam-
matory stress signals are also passed through non-immune cells
(50,51). These non-immune stress signals could have important im-
plications in organismal well-being and in the study of the ability of
stress to impact cancer development and progression.

Supplementary material

Supplementary Figures S1 and S2 can be found at http://carcin.
oxfordjournals.org/
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