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Abstract

Background: The radiation-induced ‘‘bystander effect’’ (RIBE) was shown to occur in a number of experimental systems
both in vitro and in vivo as a result of exposure to ionizing radiation (IR). RIBE manifests itself by intercellular communication
from irradiated cells to non-irradiated cells which may cause DNA damage and eventual death in these bystander cells. It is
known that human stem cells (hSC) are ultimately involved in numerous crucial biological processes such as embryologic
development; maintenance of normal homeostasis; aging; and aging-related pathologies such as cancerogenesis and other
diseases. However, very little is known about radiation-induced bystander effect in hSC. To mechanistically interrogate RIBE
responses and to gain novel insights into RIBE specifically in hSC compartment, both medium transfer and cell co-culture
bystander protocols were employed.

Methodology/Principal Findings: Human bone-marrow mesenchymal stem cells (hMSC) and embryonic stem cells (hESC)
were irradiated with doses 0.2 Gy, 2 Gy and 10 Gy of X-rays, allowed to recover either for 1 hr or 24 hr. Then conditioned
medium was collected and transferred to non-irradiated hSC for time course studies. In addition, irradiated hMSC were
labeled with a vital CMRA dye and co-cultured with non-irradiated bystander hMSC. The medium transfer data showed no
evidence for RIBE either in hMSC and hESC by the criteria of induction of DNA damage and for apoptotic cell death
compared to non-irradiated cells (p.0.05). A lack of robust RIBE was also demonstrated in hMSC co-cultured with irradiated
cells (p.0.05).

Conclusions/Significance: These data indicate that hSC might not be susceptible to damaging effects of RIBE signaling
compared to differentiated adult human somatic cells as shown previously. This finding could have profound implications in
a field of radiation biology/oncology, in evaluating radiation risk of IR exposures, and for the safety and efficacy of hSC
regenerative-based therapies.
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Introduction

For many years one of the key concepts in radiation biology

research posits that the direct interaction of radiation, or radiation-

induced free radicals, with specific unique cellular targets (such as

DNA molecules) is a necessary prerequisite for manifestation of the

biological effects of ionizing radiation (IR) exposures [1].

However, about two decades ago the experimental evidence

started to accumulate showing that IR could elicit secondary

effects in non-irradiated cells [2]. These secondary effects, coined

radiation-induced bystander effects (RIBE), are critically depen-

dent on intercellular communication between the irradiated cells

and bystanders [3,4,5]. These reports, and others, demonstrated

that at least two independent and probably non-exclusive

mechanisms of communication are involved in bystander effects,

namely gap junction-mediated and secreted soluble factor-

dependent signaling [6]. The ever-growing number of candidate

mediators for cell culture medium-mediated bystander effects were

identified, among them transforming growth factor-b (TGF- b)

[7], tumor necrosis factor-a (TNF- a) [8], interleukin-6 (IL-6) [9],

interleukin-8 (IL-8) [10], reactive oxygen species (ROS) [11], and

reactive nitrogen species [12]. A number of bystander cell

responses were reported including, but not limited to, increased

yield of sister chromatid exchanges, mutations, micronucleus

formation, stress response gene expression induction, terminal

differentiation, apoptosis, genomic instability, transformation of

cells in vitro and tumorigenesis in vivo. Bystander effects were

studied in primary mammalian cell lines [5,13], tumor cell lines

[14], and, recently, in several model systems in vivo [15,16].

However a comprehensive understanding of the RIBE mecha-

nisms is still far from being complete.

Stem cell biology sparked enormous interest recently due to the

mounting evidence of the key roles these cells may play in

maintenance of normal tissue homeostasis, aging, and many aging-

related pathologies including cancer. However, the ionizing

radiation-induced bystander responses of these crucial cell

populations in humans have not been systematically examined

thus far. On the one hand, very little is known about RIBE in

human stem cells (hSC); on the other hand, the limited data

available in the literature on the bystander effect in hSC suffer
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from lack of consistency. For example, a recent report showed that

pluripotent Oct-4-positive human embryonic stem cells (hESC)

may be less susceptible to chemically-induced bystander signaling

compared to adult somatic cells and spontaneously differentiated

hESC [17]. Yet, human mesenchymal stem cells (hMSC) were

found to exhibit the RIBE in accord with differentiated cells using

intranuclear chromosomal repositioning as an endpoint [18]. In this

paper we set out to mechanistically determine if human stem cells

(hSC) in culture display the RIBE; and if so, what could be the

underlying mechanisms of such response. We employed both

medium-transfer and cell co-culture approaches to study the RIBE

in two types of hSC, that is, hESC and hMSC. To assess the RIBE

we looked both at the induction of DNA damage and programmed

cell death (apoptosis) in bystander hSC populations. In contrast to

many previous reports published thus far dealing with human adult

somatic cells, we found no robust RIBE in cultured hSC. We discuss

the possibilities as to why hSC might be less susceptible to RIBE

signaling compared to fully differentiated cells.

Results

DNA damage response in bystander human
mesenchymal stem cells assessed with medium transfer
protocol

We and others reported that the RIBE in human adult

differentiated somatic cells can be readily observed both with

medium transfer and cell co-culture protocols [5,13,14]. For

example, the magnitude of RIBE for DNA damage response

(DDR) activation in WI38 human fibroblasts was 2.5-fold with

medium transfer, about 3-fold with CMRA-staining cell co-culture

studies, and 3.7-fold with a-particle IR exposures [5]. In order to

examine RIBE in hSC grown in media collected from directly IR-

exposed hSC, we performed medium transfer studies as described

in the Materials and Methods section. The doses used for

irradiation, the duration of conditioning of culture medium on

directly IR-exposed cells, and the length of bystander incubation

were based on our previous studies and data from other groups

published elsewhere [5,19,20,21]. Induction of DDR was

determined by formation of ionizing radiation-induced foci (IRIF)

in bystander cell populations, as judged by 53BP1 [22,23] and

phospho-CHK2 analysis of hSC.

The fraction of nuclear IRIF-positive hMSC in bystander bulk

cell populations with a 1 hr conditioned media transfer protocol

showed statistically non-significant differences compared to

control, sham-exposed hMSC, up to 24 hr of continuous

bystander culture (Fig. 1, p.0.05). The nuclear IRIF-positive

cells were defined as cells bearing at least one IRIF (either 53BP1

or phospho-CHK2). The slight increase in the proportion of

bystander hMSC with activated DDR (up to 1.2 fold-change) was

detected following 30 min incubation of cells with bystander

media for all doses studied (Fig. 1, E). However, this effect was

transient, since continuous cell incubation for 24 hr, returned the

level of DDR-activated bystander hMSC to the non-irradiated

control levels. No dose-dependence was observed for changes in

the incidence of focus-positive hMSC over time. In our previous

studies with primary human fibroblasts, we showed that the

subpopulation of bystander cells bearing multiple ($4) IRIF is

significantly increased after IR exposures [5]. However, such cells

were very rare in hMSC; therefore, we chose not to analyze

multiple IRIF-containing hMSC as a separate subpopulation

within the bulk bystander hMSC. Irradiation of media in the

absence of cells and addition of these media to recipient hMSC

produced no effect (data not shown). In contrast, IR induced

robust DDR in hMSC and hESC, with the maximal IRIF yield

seen at 30 min post-IR exposures (Fig. S1, and data not shown).

The kinetics of disappearance of IRIF in hSC was typical to that

observed in fully differentiated human somatic cells; i.e. the

incidence of IRIF returned to near control values by 24 hr post-

exposures. Also, we have seen such kinetics of DDR in hESC

before in other experiments (manuscript submitted).

Since the duration of bystander medium conditioning was

reported to be one of the key factors affecting the bystander

signaling after IR exposures [24], we analyzed the activation of

DDR in bystander hMSC with 24 hr medium conditioning (Fig. 2).

No statistically significant differences between sham-exposed

control cultures and bystander hMSC were found for all doses

we used (p.0.05). A minor drop in the yield of IRIF-positive cells

occurred at 30 min of bystander culture, returning to control levels

at later time points (Fig. 2, E). An exception occurred at the 0.2 Gy

dose, for which some increase in DDR (1.2– fold) in bystander

hMSC was seen up to 24 hr; however, the effect observed was not

statistically significant (p.0.05).

DNA damage response in bystander human embryonic
stem cells assessed with medium transfer protocol

In the next step of our studies, we sought to evaluate whether

DDR is activated as a result of RIBE in hESC. Towards this end,

we irradiated hESC (H9 cell line) with either 0.2 Gy, 2 Gy or 10

Gy of X-rays, allowed the cells to incubate for either 1 hr or 24 hr,

and then harvested the conditioned medium and transferred it to

recipient bystander hESC. We observed no increases in DDR

induction in bystander hESC both after 1 hr or 24 hr of medium

conditioning for all doses and incubation times studied (Fig. 3 and

Fig. 4, p.0.05). Curiously, for some combinations of doses and

incubation times there was a drop in the fraction of IRIF-positive

cells in bystanders compared to control cell cultures (0.2 Gy and

30 min of bystander culture, Fig. 3; 0.2 Gy and 6 hr, 0.2 Gy and

24 hr of bystander culture, Fig. 4), although the observed effect

was subtle (0.8– fold change). Irradiation of media in the absence

of hESC demonstrated no effect in recipient hESC cultures (data

not shown).

Induction of DNA damage response in bystander human
mesenchymal stem cells co-cultured with directly
irradiated autologous cells

The results of our previous studies indicate that the magnitude

of the bystander effect is maximal under the conditions of

continuous co-cultivation of directly IR-exposed and bystander

cells [5]. Therefore, we evaluated the DDR activation in hMSC

co-cultured with CMRA-labeled IR-exposed hMSC (as described

in the Materials and methods section). hMSC labeling with

CMRA resulted in no statistically significant changes in IRIF as

compared to non-stained hMSC (data not shown). We found no

statistically significant changes in the proportion of IRIF-positive

bystander hMSC compared to sham-irradiated cell co-culture

control populations (Fig. 5, p.0.05). However, a modest transient

increase in the yield of bystander cells with activated DDR was

evident at 4 hr of co-culture following both 2 Gy and 10 Gy IR

exposures (about 1.5– fold over control). This effect was not

persistent; starting from 24 hr of co-culture the level of IRIF-

positive cells returned to control values in bystander hMSC

cultures (Fig. 5, E).

Induction of apoptotic cell death in bystander human
stem cells

It is widely accepted that one of the key hallmarks of the RIBE

signaling is the increase in the apoptotic cell death in exposed cell
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populations both in vitro and in vivo [25,26,27]. Hence, we set out to

determine whether the bystander medium harvested from directly

irradiated hSC elicits such a response. The apoptotic cell death

was negligible in directly IR-exposed hMSC (Fig. S2). No evidence

of induction of apoptotic cell death was seen in hMSC grown for

either 6 hr or 24 hr in bystander medium conditioned for either

1 hr or 24 hr (Fig. 6 and Fig. S3). In contrast, massive

programmed cell death occurred in hESC after both 2 Gy and

Figure 1. IRIF analysis of the DDR kinetics in bystander hMSC with 1 hr conditioning media transfer. (A) 0 Gy, (B) 0.2 Gy, (C) 2 Gy, and (D)
10 Gy. (E) Fraction of IRIF-positive cells in bystander hMSC population, ratios relative to sham-exposed hMSC. Legends show duration of hMSC
incubation in bystander medium. Scale bar in pink equals 50 mm, 406 objective.
doi:10.1371/journal.pone.0014195.g001
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10 Gy IR exposures (Fig. S4) that was evident at 6 hr post-IR.

Although these cells tend to easily undergo apoptosis as a result of

even slightly suboptimal cell culture conditions, we observed a

lack of robust apoptosis-inducing RIBE in hESC (Fig. 7, E-F,

p.0.05 and Fig. S5). Only 6 hr of cultivation of bystander hESC

in medium conditioned for 1 hr following irradiation of hESC

with 0.2 Gy revealed modest (1.5– fold change) increase in the

apoptotic cell death compared to sham-exposed cells (Fig. 7, E).

However, given that only about 1.5–2% of hESC in control, non-

irradiated cell populations underwent apoptosis at any given time

Figure 2. IRIF analysis of the DDR kinetics in bystander hMSC with 24 hr conditioning media transfer. (A) 0 Gy, (B) 0.2 Gy, (C) 2 Gy, and
(D) 10 Gy. (E) Fraction of IRIF positive cells in bystander hMSC population, ratios relative to sham-exposed hMSC. Legends show duration of hMSC
incubation in bystander medium. Scale bar in pink equals 50 mm, 406 objective.
doi:10.1371/journal.pone.0014195.g002
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Figure 3. IRIF analysis of the DDR kinetics in bystander hESC with 1 hr conditioning media transfer. (A) 0 Gy, (B) 0.2 Gy, (C) 2 Gy, and (D)
10 Gy. (E) Fraction of IRIF positive cells in bystander hESC population, ratios relative to sham-exposed hESC. Legends show duration of hESC
incubation in bystander medium. Scale bar in pink equals 50 mm, 406 objective.
doi:10.1371/journal.pone.0014195.g003
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Figure 4. IRIF analysis of the DDR kinetics in bystander hESC with 24 hr conditioning media transfer. (A) 0 Gy, (B) 0.2 Gy, (C) 2 Gy, and
(D) 10 Gy. (E) Fraction of IRIF positive cells in bystander hESC population, ratios relative to sham-exposed hESC. Legends show duration of hESC
incubation in bystander medium. Scale bar in pink equals 50 mm, 406 objective.
doi:10.1371/journal.pone.0014195.g004
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Figure 5. IRIF analysis of the DDR kinetics in bystander hMSC co-cultured with directly IR-exposed hMSC. (A) 0 Gy, (B) 0.2 Gy, (C) 2 Gy,
and (D) 10 Gy. (E) Fraction of IRIF positive cells in bystander hMSC population, ratios relative to sham-exposed hMSC. Shown in legends is the
duration of hMSC co-culture incubation. Scale bar in red equals 100 mm, 206 objective.
doi:10.1371/journal.pone.0014195.g005
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in our studies, the biological significance of such modest RIBE

affecting 2–3% of cells is questionable. Moreover, this effect was

not persistent since at 24 hr of incubation no increase in

apoptosis was observed for any of experimental conditions

examined.

DNA damage response in bystander human
mesenchymal stem cells grown in medium conditioned
on irradiated human somatic non-stem cells

Since it has been shown that human bone-marrow derived

MSC could migrate to the sites of injury [28], we set out to test if

Figure 6. Immunofluorescence analysis of the kinetics of apoptotic death in bystander hMSC with media transfer protocol. (A, B)
Bystander medium harvested from directly irradiated hMSC 1 hr post-exposure; (C, D) bystander medium harvested from directly irradiated hMSC
24 hr post-exposure. Bystander hMSC were cultured in conditioned medium either for 6 hr (A, C) or for 24 hr (B, D). Stained in red - cleaved caspase
3– positive apoptotic hMSC; in blue – hMSC nuclei (DAPI). Fraction of cleaved caspase 3 positive hMSC in cell populations grown in bystander
medium conditioned on IR-exposed cells for either 6 hrs (E) or 24 hrs (F), ratios relative to sham-exposed hMSC. Legends show duration of incubation
in bystander media. Scale bar in pink equals 50 mm, 406objective.
doi:10.1371/journal.pone.0014195.g006
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Figure 7. Immunofluorescence analysis of the kinetics of apoptotic death in bystander hESC with media transfer protocol. (A, B)
Bystander medium harvested from directly irradiated hESC 1 hr post-exposure; (C, D) bystander medium harvested from directly irradiated hESC
24 hr post-exposure. Bystander hESC were cultured in conditioned medium either for 6 hr (A, C) or for 24 hr (B, D). Stained in red - cleaved caspase 3
– positive apoptotic hESC; in blue – hESC nuclei (DAPI). Fraction of cleaved caspase 3 positive hESC in cell populations grown in bystander medium
conditioned on IR-exposed cells for either 6 hrs (E) or 24 hrs (F), ratios relative to sham-exposed hESC. Legends show duration of incubation in
bystander media. Scale bar in red equals 100 mm, 206objective.
doi:10.1371/journal.pone.0014195.g007
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irradiated human non-stem cells could elicit a RIBE in hMSC. We

examined the DDR activation in hMSC cultivated with media

conditioned on either IMR-90 normal human lung fibroblasts or

glioblastoma T98G cells exposed to 0.2 Gy or 2 Gy of X-rays

(Fig. 8). No significant increase in DDR induction was observed

for experimental conditions studied, except for one timepoint

(Fig. 8, G, p.0.05). Even after 24 hr of hMSC incubation in

bystander medium collected 1 hr after 2 Gy IR exposures of IMR-

90 cell cultures, the magnitude of RIBE was only about 1.5-fold

increase over sham-treated hMSC. In marked contrast, under the

same experimental condition, transfer of bystander medium from

2 Gy IR-exposed IMR-90 cultures to bystander IMR-90 cultures

for 24 hrs resulted in a profound RIBE with a magnitude about

4.5-fold increase over sham-treated IMR-90 cells (Fig. S6). This

finding is in concert with our previous work in which we observed

RIBE in human WI-38 fibroblasts for the same endpoint [5]. With

this positive control for RIBE in human non-stem cells, we

ascertained that our IRIF-based assay was sensitive enough to

detect RIBE in human cells, and that human SC might be less

susceptible to RIBE than human somatic differentiated cells.

Discussion

Human stem cells are thought to be the root of the hierarchical

organization of many, if not all, organs and tissues within the

organism; and, therefore, play a key role in maintenance of tissue

homeostasis thus critically contributing to human overall well-

being. At the same time hSC are considered to be particularly

vulnerable to deleterious effects of endogenous and exogenous

stress exposures [29]. In fact, many adult hSC reside in their

niches for prolonged time and might be susceptible to an increased

DNA mutation load as a result of accumulation of DNA damage

over time. Some reports imply that so-called tumor stem cell

(TSC) or tumor-initiating cells may arise from transformed normal

adult stem cells [30]. A growing body of evidence suggests that

DNA damage can be caused not only by exposure to genotoxins,

including IR, per se, but also as a result of non-targeted effects of IR

like RIBE [5,13,14]. An ever increasing number of studies points

to the fact that RIBE is a complex, multifaceted phenomena that is

observed both in vitro and in vivo; and, as such, might be of

importance not only to the broad field of radiation biology, but

also of relevance in implementation of novel therapeutic regimens

in radiation oncology to treat cancer patients [31]. However,

surprisingly little is known how crucial hSC compartment respond

to RIBE. To address this issue, we undertook the current study.

The goal of the work presented here was to mechanistically

interrogate RIBE in hSC, and to determine the possible

mechanisms underpinning this phenomenon. The non-targeted

effects of IR (including RIBE) are generally considered to be low-

dose phenomena; however, recent reports suggest that doses of IR

exposures up to 10 Gy can elicit RIBE in human cells [20,21].

Therefore, we set out to comprehensively evaluate RIBE in hSC

using relatively low (0.2 Gy), clinically relevant single fraction (2

Gy) and high dose (10 Gy) IR exposures. Timings of medium

conditioning and bystander incubation were chosen based on our

previous data and the results of other groups published elsewhere

[5,14,20].

We and others reported that the RIBE in human adult

differentiated somatic cells can be readily observed both with

medium transfer and cell co-culture protocols [5,13,14]. For

example, the magnitude of RIBE for DDR activation in WI38

human fibroblasts was 2.5-fold with medium transfer, about 3-fold

with CMRA-staining cell co-culture studies, and 3.7-fold with a-

particle IR exposures [5]. With the other types of human cells, we

observed the magnitude of RIBE to be no less than 2-fold over

sham-exposed cells with bystander medium transfer technique

[14]. Moreover, in the artificial human 3-D tissue models, the

magnitude of a-particle induced-RIBE was a 4- to 6-fold increase

over control values [32]. In previous studies, the RIBE usually

peaked at 1–2 days after IR exposures [5], then gradually

decreased over a 7-day time course [32]. However, cultured hSC

in our present work fail to exhibit such robust RIBE for both DDR

activation and cell death endpoints to an extent observed with

human differentiated cells. Only the subtle changes such as 1.2-

fold increase in DDR for hMSC with bystander media transfer,

and 1.5-fold increase in DDR in hMSC co-cultured with directly

IR-exposed hMSC at the earliest timepoints studied (30 min and

4 hr, respectively) suggest there is very little RIBE in hSC. RIBE is

thought to be detrimental to cells; hence, one of the possible

explanations for our findings is that hSC possess enhanced ability

to cope with stressful conditions [33]. In fact, several lines of

research imply that the antioxidant system and DNA repair ability

of normal hSC and TSC are superior to that found in more

differentiated progeny of hSC [34,35,36]. It may be argued that

hSC are not vulnerable to non-targeted effects of IR exposures

based on the concept of RIBE as being a part of a more

generalized cellular stress response; a view which is gaining

momentum recently [14,37]. Other possibility is that hSC are

merely not competent to receive RIBE signals, or, alternatively,

hSC are not producing RIBE signals. We tested this possibility by

examining the RIBE in hMSC receiving the bystander medium

collected from IR-exposed human somatic non-stem cells, that is,

IMR-90 and T98G cell lines reported in the literature being

producers of strong bystander signals [10,38,39,40,41]. Whereas

bystander IMR-90 showed a robust RIBE in medium transfer

experiments, hMSC exposed to bystander IMR-90 medium failed

to do so. The absence of RIBE, at least in some well-defined

experimental system models, is becoming increasingly appreciated

by scientific community [42,43,44,45]. One of the most recent

observations suggest that bystander signals could potentially be

sensitive to light exposure during cell culture handling, and serum

batch may play a significant role in manifestation of RIBE [46].

However, this factor is unlikely involved in our present study, since

we performed cell culture media transfer manipulations in dim

light. Moreover, the same batch of serum gave a strong RIBE

signal in experiments with IMR-90 cell cultures, but failed to do so

in hMSC populations. Why in some cases RIBE is so robust, while

in others including our current study in hSC, it is virtually absent,

is still not clear and definitely merits further investigations. It is

highly unlikely that the lack of detrimental outcomes of RIBE we

found in our hSC experiments was due to non-adequate endpoints

chosen for our analyses, since cell killing and DDR activation are

among the most extensively used parameters to assess RIBE by

others. A single published study demonstrating RIBE in hMSC

was based upon a different endpoint for evaluation of this

phenomenon; i.e., the intranuclear movement of pericentromeric

loci of 1q12 chromosomes from the nuclear membrane towards

the nuclear center [18]. The biological significance of this

translocation, and how it affects the ultimate fate of bystander

hMSC, is unclear from that work. Interestingly, the involvement of

some unanticipated molecules practically absent from the vast

majority of human somatic cells, such as telomerase, was shown

recently to be important in mediating the susceptibility to non-

targeted intercellular communication effects under stressful

conditions. Pluripotent hESC expressing high levels of telomerase

were non-responsive to chemically induced bystander signaling,

but hESC undergoing differentiation showing increased vulnera-

bility to such signaling [17]. In our studies, pluripotent hESC
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positive for telomerase showed no evidence for RIBE; however,

the same was true for multipotent hMSC which are expressing

telomerase at very low levels (data not shown). Accordingly, there

is currently no strong evidence to suggest any particular

importance of telomerase mediating resistance to RIBE in hSC.

But, it will be of interest to elucidate whether the hSC undergoing

directed differentiation along a specific lineage remain tolerant to

RIBE; and, if not, what the underlying mechanisms responsible for

such a possible shift may be.

Human stem cells in vivo reside in a specific microenvironments

or niches which interact with hSC to ultimately regulate cell fate.

Stem cell niches are generally thought to maintain hSC in a

quiescent state somewhat outside regular tissue control to maintain

their genomic stability, pluripotency and/or help to evade

proliferation/differentiation signals that may emanate from the

bulk tissue [47]. Cell-cell interactions between hSC within the

niche are one of the key factors involved in the body homeostasis

[48], therefore, in the present study we set out to address the issue

of how irradiated hSC could potentially affect bystander hSC. The

other factor maintaining stem cell identity and considered to be

important for hSC regulation is interaction of hSC and non-stem

cells. This aspect of hSC biology is especially interesting since

hMSC are known to actively migrate to compartments comprised

of non-stem cells and interact with them upon injury [28] and/or

diseased states, such as cancer [49]. We interrogated these

interactions using bystander media transfer technique with hMSC

and irradiated non-stem normal and cancerous cells. The

interactions between hSC and extracellular matrix components,

growth factors, hormones, physiochemical properties of microen-

vironment are adding to a complexity of mutual interplay within

hSC and their niches within the human body. An issue that

remains to be explored is the translation of our findings using

cultured hSC in vitro to the situation in vivo. If hSC within their

niches in the body turn out to be not susceptible to RIBE, it can

provide some additional flexibility in administration of radiation

therapies that may potentially affect normal tissues producing

unwanted side-effects of a treatment. Hence, the RIBE in general

[50], and the finding of a lack of RIBE in hSC, in particular, might

be of a direct relevance to cancer therapy. An additional layer of

complexity is added by the studies arguing that RIBE is potentially

genotype-dependent [51,52,53]. The selection of experimental

tissue specimens from people with different genomic backgrounds

might help to clarify this point in further studies. The RIBE is

known to be triggered by both high-LET and low-LET IR

exposures; however, there are reports showing that in some cases

RIBE can be observed only under very specific conditions of IR

exposures, and as such, appears to be highly variable [44]. Even

taking into account these limitations and uncertainties associated

with RIBE in hSC, the findings emerging from our present work

provide a conceptual framework to study RIBE in hSC. However,

it is presently unclear if the data on RIBE in hSC would

significantly affect evaluation of radiation risks stemming from

human IR exposures since the risk estimates are mostly based on

epidemiology data which presumably includes the contribution of

the RIBE to risk. Future studies will need to address these issues in

more detail.

Materials and Methods

Human mesenchymal stem cells
Human bone-marrow derived human mesenchymal stem cells

(Lonza, Poietics Stem Cells, PT-2501) were used between passages

4–5. According to manufacturer’s, these cells were positive for

CD105, CD166, CD29, and CD44; cells tested negative for

CD14, CD34 and CD45 at the initiation of cell culture. The cells

were grown in Mesenchymal Stem Cell Growth Medium

(MSCGM, Lonza, PT-3001, with added L-glutamine and

mesenchymal cell growth supplement) that was specifically

formulated for growing large numbers of mesenchymal stem cells

without inducing differentiation. Cell cultures were fed with fresh

growth media every 3–4 days, grown to 70%–80% confluence,

and then subcultured with Trypsin-EDTA (Lonza), per supplier’s

protocol. A total of 56103 cells were routinely plated per each cm2

of cell culture vessel surface upon passaging.

Human embryonic stem cells
Human embryonic stem cells (H9, WiCell) were used between

passages 32–36. They were routinely cultured in mTeSR-1

medium (Stemcell Technologies) on a BD Matrigel hESC-

qualified matrix (BD Biosciences) at 37uC and 5% CO2. Cell

cultures were maintained and propagated following supplier’s

protocol. Cells were passaged every 5–7 days using collagenase IV

(Invitrogen). The medium was changed every day, per suppliers’

protocol.

Human somatic non-stem cells
Human IMR-90 normal lung fibroblast cells (Coriell Cell

Repositories, Camden, NJ) were used between passages 8–11. The

cell cultures were maintained in Eagle Minimum Essential

Medium with Earle’s Balanced Salt Solution (EMEM, ATCC,

Manassas, VA) and subcultured with Trypsin-EDTA (Invitrogen,

Carlsbad, CA). Human glioblastoma T98G cells were obtained

from ATCC and cultured in RPMI1640 (Invitrogen, Carlsbad,

CA).

Bystander treatment - medium transfer
Cell cultures grown to about 70% confluence were either

exposed to X-ray radiation with X-RAD 320 Biological Irradiator

unit (Precision X-Ray, Inc.; dose rate about 1 Gy/min; 320 kV,

12.5 mA), or were sham-irradiated. Doses of irradiation used were

0.2 Gy, 2 Gy or 10 Gy. Then cell cultures were allowed to recover

in CO2 incubator for either 1 h or 24 h. The conditioned medium

(CM) samples were harvested, passed through 0.22 mm MILLEX

GP filters (Millipore) and transferred to bystander cell cultures for

30 min, 6 h or 24 h for analysis of RIBE using various endpoints.

The manipulations were performed in dim light. Media trans-

ferred from sham-exposed cultures and media irradiated in the

absence of cells were used as controls.

Bystander treatment – cell co-culture protocol
Human MSC cultures were seeded in Labtek II four-well glass

slides (Nalge Nunc International) at 16104 cells per well. After

Figure 8. IRIF analysis of the DDR kinetics in bystander hMSC with 1 hr conditioning media transfer using IR-exposed human non-
stem cell cultures. (A–C) IMR-90 cell cultures were exposed to (A) 0 Gy, (B) 0.2 Gy, and (C) 2 Gy. (D–F) T98G cell cultures were exposed to (D) 0 Gy,
(E) 0.2 Gy, and (F) 2 Gy. The medium was conditioned for 1 hr post-IR exposures, then harvested, filtered as described in Materials and Methods, and
transferred to bystander hMSC for the indicated time points. (G) Fraction of IRIF-positive cells in bystander hMSC population grown in IMR-90
conditioned medium, ratios relative to sham-exposed hMSC. (H) Fraction of IRIF-positive cells in bystander hMSC population grown in T98G
conditioned medium, ratios relative to sham-exposed hMSC. Legends (G–H) show duration of hMSC incubation in bystander medium. Scale bar in
pink equals 50 mm, 406 objective.
doi:10.1371/journal.pone.0014195.g008
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overnight growth, 5 mM CMRA dye (Invitrogen) was added to

selected subsets of cell cultures grown on multiwell slides for

30 min, per the manufacturer’s protocol. The cells were then

incubated for 30 min in freshly added regular media. On a same

day, the cultures on multiwell slides were exposed to 0.2 Gy, 2 Gy

or 10 Gy of X-ray radiation (X-RAD 320 Biological Irradiator

unit, Precision X-Ray, Inc.; dose rate about 1 Gy/min; 320 kV,

12.5 mA), or were sham-irradiated at ambient temperature. In

parallel, hMSC were grown in T175 flasks, so that cell cultures

reached about 70% confluence on a day of experiment. The T175

cultures were trypsinized and 16103 cells were added to the

irradiated cultures immediately after IR exposures. The mixed cell

cultures (co-cultures) were incubated for 4 h, 24 h or 48 h before

downstream analysis.

Immunocytochemistry— IR-induced focus formation
assay

The IR-induced focus (IRIF) formation assay was carried out

using a protocol described previously [5,14]. The cell cultures were

fixed and blocked with 3% bovine serum albumin (Sigma). Fixed

cells were incubated for 1 h at room temperature with primary

antibodies, rabbit polyclonal to human 53BP1 (1:250) (Santa Cruz

Biotechnology) or with rabbit polyclonal to human phospho-

Thr68-CHK2 (Calbiochem). The cells were overlaid with

secondary Alexa555-conjugated antibodies (1:500) (Invitrogen).

After several washes, nuclei were counterstained with DAPI,

coverslips were mounted using mounting medium with antifade

(VectaShield, Vector Labs). The samples were examined by

Axioplan2 Zeiss fluorescence microscope (Carl Zeiss) with the

camera image acquisition parameters set constant throughout

experiments. Filter settings were set as follows: DAPI channel - 18,

TRITC channel –500 (406objective). In cases images were taken

using 206 objective, the filter settings were as below: DAPI

channel - 100, TRITC channel –2200. A few hundred cells were

scored for each datapoint; the bystander cells containing at least

one readily discernable by eye IRIF were enumerated, and were

considered to be IRIF-positive.

Annexin V assay
The bystander cell populations were assessed for the incidence

of apoptotic cells. To this end, Annexin V assay identifying the

translocation of phosphatidylserines from the inner surface to the

outer leaflet of the cell plasma membrane during the early stages of

apoptosis was used (Annexin V-EGFP Apoptosis Detection kit,

Genscript), per manufacturer protocol. Briefly, the bystander cell

cultures were washed twice with PBS. Then, 5 ml Annexin V-

EGFP and 5 ml propidium iodide (PI) were added to 500 ml

Binding Buffer, mixed and incubated with cell cultures for 5 min,

in the dark.

The cultures were observed under Axiovert 200M Zeiss

fluorescence microscope (Carl Zeiss) using a dual filter for FITC

and rhodamine. Cells bound by annexin V-EGFP appeared to

have green plasma membranes (early apoptotic cells). Cells that

lost membrane integrity were observed to have nuclei stained in

red (PI) and a halo of green on the cell plasma membrane (late

apoptotic cells).

The caspase-3 assay
The cleavage of one of the major executioner caspases, namely,

caspase-3 in apoptotic cells is known to represent a point-of-no-

return in a chain of intracellular events leading to programmed

cell death. The evaluation of this relatively late event in apoptotic

signaling pathway was done using immunocytochemical staining

in bystander stem cells with cleaved caspase-3 specific monoclonal

antibody (Cell Signaling, Inc.). The protocol was followed as

described in [54].

Statistical analysis
Data from at least three independent experiments/measure-

ments were calculated and presented in paper’s Figures as means

and standard errors of the mean. The Students’ t-tests were used to

compare the results from irradiated and mock-treated cell cultures.

The differences between groups were considered significant if the

p-value was less or equal to 0.05.

Supporting Information

Figure S1 IRIF analysis of the DDR kinetics in hMSC

irradiated with (A) 0 Gy, (B) 0.2 Gy, (C) 2 Gy, and (D) 10 Gy.

DAPI-stained cell nuclei are in blue, and 53BP1 staining is in red.

Scale bar in pink equals 50 mm, 406 objective.

Found at: doi:10.1371/journal.pone.0014195.s001 (0.89 MB TIF)

Figure S2 Live cell analysis of the kinetics of apoptotic cell death

in directly IR-exposed hMSC. Irradiated hMSC were cultured

either for 6 hr (A) or for 24 hr (B) post-IR. Shown in green are

Annexin V-positive (apoptotic) hMSC, in red - apoptotic hMSC

nuclei stained with PI. Scale bar in white equals 100 mm, 106
objective.

Found at: doi:10.1371/journal.pone.0014195.s002 (0.55 MB TIF)

Figure S3 Analysis of the kinetics of apoptotic death in

bystander hMSC with media transfer protocol. (A, B) Bystander

medium harvested from directly irradiated hMSC 1 hr post-

exposure; (C, D) bystander medium harvested from directly

irradiated hMSC 24 hr post-exposure. Bystander hMSC were

cultured in conditioned medium either for 6 hr (A, C) or for 24 hr

(B, D). Stained in green are Annexin V-positive apoptotic hMSC;

in red - PI-stained nuclei of apoptotic hMSC. Scale bar in white

equals 100 mm, 106 objective.

Found at: doi:10.1371/journal.pone.0014195.s003 (0.94 MB TIF)

Figure S4 Live cell analysis of the kinetics of apoptotic cell death

in directly IR-exposed hESC. Irradiated hESC were cultured

either for 6 hr (A) or for 24 hr (B) post-IR. Shown in green are

Annexin V-positive (apoptotic) hESC, in red - apoptotic hESC

nuclei stained with PI. Scale bar in white equals 100 mm, 106
objective.

Found at: doi:10.1371/journal.pone.0014195.s004 (0.55 MB TIF)

Figure S5 Analysis of the kinetics of apoptotic cell death in

bystander hESC with media transfer. (A, B) Bystander medium

harvested from directly irradiated hESC 1 hr post-exposure; (C)

bystander medium harvested from directly irradiated hESC 24 hr

post-exposure. Bystander hESC were cultured in conditioned

medium either for 6 hr (A, C) or for 24 hr (B). Shown in green are

Annexin V-positive (apoptotic) hESC, in red - apoptotic hESC

nuclei stained with PI. Scale bar in white equals 100 mm, 106
objective.

Found at: doi:10.1371/journal.pone.0014195.s005 (0.82 MB TIF)

Figure S6 IRIF analysis of the DDR activation in bystander

IMR-90 cells receiving medium conditioned for 1 hr on IMR-90

irradiated with either (A) 0 Gy, or (B) 2 Gy. Shown is the

magnitude of RIBE (fraction of cells with no less than 4 IRIF per

nucleus) relative to sham-irradiation, expressed as mean value 6

SEM. DAPI-stained cell nuclei are in blue, and 53BP1 staining is

in red. Scale bar in pink equals 50 mm, 406 objective.

Found at: doi:10.1371/journal.pone.0014195.s006 (0.60 MB TIF)

Bystander Effect in Stem Cells

PLoS ONE | www.plosone.org 13 December 2010 | Volume 5 | Issue 12 | e14195



Acknowledgments

We wish to thank Bill DeGraff for his invaluable help with cell culture

irradiation, and Dr. Igor G. Panyutin for his critical reading of the

manuscript.

Author Contributions

Conceived and designed the experiments: MS. Performed the experiments:

MS. Analyzed the data: MS. Wrote the paper: MS RDN. Approved of the

final manuscript: RDN.

References

1. Elkind MM, Whitmore GF, American Institute of Biological Sciences. (1967)
The radiobiology of cultured mammalian cells. New York: Gordon and Breach.

pp xvi, 615.

2. Nagasawa H, Little JB (1992) Induction of sister chromatid exchanges by

extremely low doses of alpha-particles. Cancer Res 52: 6394–6396.

3. Mothersill C, Seymour C (1997) Medium from irradiated human epithelial cells
but not human fibroblasts reduces the clonogenic survival of unirradiated cells.

Int J Radiat Biol 71: 421–427.

4. Azzam EI, de Toledo SM, Little JB (2001) Direct evidence for the participation

of gap junction-mediated intercellular communication in the transmission of

damage signals from alpha -particle irradiated to nonirradiated cells. Proc Natl

Acad Sci U S A 98: 473–478.

5. Sokolov MV, Smilenov LB, Hall EJ, Panyutin IG, Bonner WM, et al. (2005)

Ionizing radiation induces DNA double-strand breaks in bystander primary

human fibroblasts. Oncogene 24: 7257–7265.

6. Hamada N, Matsumoto H, Hara T, Kobayashi Y (2007) Intercellular and

intracellular signaling pathways mediating ionizing radiation-induced bystander

effects. J Radiat Res (Tokyo) 48: 87–95.

7. Iyer R, Lehnert BE, Svensson R (2000) Factors underlying the cell growth-

related bystander responses to alpha particles. Cancer Res 60: 1290–1298.

8. Shareef MM, Cui N, Burikhanov R, Gupta S, Satishkumar S, et al. (2007) Role

of tumor necrosis factor-alpha and TRAIL in high-dose radiation-induced

bystander signaling in lung adenocarcinoma. Cancer Res 67: 11811–11820.

9. Chou CH, Chen PJ, Lee PH, Cheng AL, Hsu HC, et al. (2007) Radiation-

induced hepatitis B virus reactivation in liver mediated by the bystander effect

from irradiated endothelial cells. Clin Cancer Res 13: 851–857.

10. Facoetti A, Ballarini F, Cherubini R, Gerardi S, Nano R, et al. (2006) Gamma

ray-induced bystander effect in tumour glioblastoma cells: a specific study on cell

survival, cytokine release and cytokine receptors. Radiat Prot Dosimetry 122:
271–274.

11. Shao C, Furusawa Y, Kobayashi Y, Funayama T, Wada S (2003) Bystander

effect induced by counted high-LET particles in confluent human fibroblasts: a

mechanistic study. FASEB J 17: 1422–1427.

12. Matsumoto H, Hayashi S, Hatashita M, Ohnishi K, Shioura H, et al. (2001)
Induction of radioresistance by a nitric oxide-mediated bystander effect. Radiat

Res 155: 387–396.

13. Yang H, Asaad N, Held KD (2005) Medium-mediated intercellular communi-

cation is involved in bystander responses of X-ray-irradiated normal human

fibroblasts. Oncogene 24: 2096–2103.

14. Dickey JS, Baird BJ, Redon CE, Sokolov MV, Sedelnikova OA, et al. (2009)

Intercellular communication of cellular stress monitored by gamma-H2AX

induction. Carcinogenesis 30: 1686–1695.

15. Koturbash I, Rugo RE, Hendricks CA, Loree J, Thibault B, et al. (2006)

Irradiation induces DNA damage and modulates epigenetic effectors in distant

bystander tissue in vivo. Oncogene 25: 4267–4275.

16. Bertucci A, Pocock RD, Randers-Pehrson G, Brenner DJ (2009) Microbeam

irradiation of the C. elegans nematode. J Radiat Res (Tokyo) 50(Suppl A):

A49–54.

17. Cogan N, Baird DM, Phillips R, Crompton LA, Caldwell MA, et al. (2010)

DNA damaging bystander signalling from stem cells, cancer cells and fibroblasts

after Cr(VI) exposure and its dependence on telomerase. Mutat Res 683: 1–8.

18. Ermakov AV, Kon’kova MS, Kostiuk SV, Smirnova TD, Kameneva LV, et al.

(2010) [Bystander effect development in human mesenchymal stem cells after

exposure to adaptive dose of X-radiation]. Radiats Biol Radioecol 50: 42–51.

19. Kashino G, Suzuki K, Matsuda N, Kodama S, Ono K, et al. (2007) Radiation

induced bystander signals are independent of DNA damage and DNA repair

capacity of the irradiated cells. Mutat Res 619: 134–138.

20. Kanasugi Y, Hamada N, Wada S, Funayama T, Sakashita T, et al. (2007) Role

of DNA-PKcs in the bystander effect after low- or high-LET irradiation.

Int J Radiat Biol 83: 73–80.

21. Mackonis EC, Suchowerska N, Zhang M, Ebert M, McKenzie DR, et al. (2007)

Cellular response to modulated radiation fields. Phys Med Biol 52: 5469–5482.

22. Tartier L, Gilchrist S, Burdak-Rothkamm S, Folkard M, Prise KM (2007)

Cytoplasmic irradiation induces mitochondrial-dependent 53BP1 protein

relocalization in irradiated and bystander cells. Cancer Res 67: 5872–5879.

23. Han W, Wu L, Chen S, Yu KN (2010) Exogenous carbon monoxide protects the

bystander Chinese hamster ovary cells in mixed coculture system after alpha-
particle irradiation. Carcinogenesis 31: 275–280.

24. Zhang Y, Zhou J, Baldwin J, Held KD, Prise KM, et al. (2009) Ionizing

radiation-induced bystander mutagenesis and adaptation: quantitative and

temporal aspects. Mutat Res 671: 20–25.

25. Asur R, Balasubramaniam M, Marples B, Thomas RA, Tucker JD (2010)
Involvement of MAPK proteins in bystander effects induced by chemicals and

ionizing radiation. Mutat Res 686: 15–29.

26. Koturbash I, Loree J, Kutanzi K, Koganow C, Pogribny I, et al. (2008) In vivo

bystander effect: cranial X-irradiation leads to elevated DNA damage, altered
cellular proliferation and apoptosis, and increased p53 levels in shielded spleen.

Int J Radiat Oncol Biol Phys 70: 554–562.

27. Hamada N, Ni M, Funayama T, Sakashita T, Kobayashi Y (2008) Temporally

distinct response of irradiated normal human fibroblasts and their bystander cells
to energetic heavy ions. Mutat Res 639: 35–44.

28. Mauney J, Olsen BR, Volloch V (2010) Matrix remodeling stem cell
recruitment: A novel in vitro model for homing of human bone marrow

stromal cells to the site of injury shows crucial role of extracellular collagen

matrix. Matrix Biol.

29. Momcilovic O, Choi S, Varum S, Bakkenist C, Schatten G, et al. (2009) Ionizing

radiation induces ataxia telangiectasia mutated-dependent checkpoint signaling
and G(2) but not G(1) cell cycle arrest in pluripotent human embryonic stem

cells. Stem Cells 27: 1822–1835.

30. Visvader JE, Lindeman GJ (2008) Cancer stem cells in solid tumours:

accumulating evidence and unresolved questions. Nat Rev Cancer 8: 755–768.

31. Prise KM, O’Sullivan JM (2009) Radiation-induced bystander signalling in

cancer therapy. Nat Rev Cancer 9: 351–360.

32. Sedelnikova OA, Nakamura A, Kovalchuk O, Koturbash I, Mitchell SA, et al.

(2007) DNA double-strand breaks form in bystander cells after microbeam

irradiation of three-dimensional human tissue models. Cancer Res 67:
4295–4302.

33. Valle-Prieto A, Conget PA (2010) Human Mesenchymal Stem Cells efficiently
manage oxidative stress. Stem Cells Dev.

34. Saretzki G, Walter T, Atkinson S, Passos JF, Bareth B, et al. (2008)
Downregulation of multiple stress defense mechanisms during differentiation

of human embryonic stem cells. Stem Cells 26: 455–464.

35. Maynard S, Swistowska AM, Lee JW, Liu Y, Liu ST, et al. (2008) Human

embryonic stem cells have enhanced repair of multiple forms of DNA damage.

Stem Cells 26: 2266–2274.

36. Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, et al. (2009) Association of

reactive oxygen species levels and radioresistance in cancer stem cells. Nature
458: 780–783.

37. Sokolov MV, Dickey JS, Bonner WM, Sedelnikova OA (2007) gamma-H2AX in
bystander cells: not just a radiation-triggered event, a cellular response to stress

mediated by intercellular communication. Cell Cycle 6: 2210–2212.

38. Burdak-Rothkamm S, Short SC, Folkard M, Rothkamm K, Prise KM (2007)

ATR-dependent radiation-induced gamma H2AX foci in bystander primary
human astrocytes and glioma cells. Oncogene 26: 993–1002.

39. Ghandhi SA, Ming L, Ivanov VN, Hei TK, Amundson SA (2010) Regulation of

early signaling and gene expression in the alpha-particle and bystander response
of IMR-90 human fibroblasts. BMC Med Genomics 3: 31.

40. Shao C, Folkard M, Prise KM (2008) Role of TGF-beta1 and nitric oxide in the
bystander response of irradiated glioma cells. Oncogene 27: 434–440.

41. Shao C, Lyng FM, Folkard M, Prise KM (2006) Calcium fluxes modulate the
radiation-induced bystander responses in targeted glioma and fibroblast cells.

Radiat Res 166: 479–487.

42. Groesser T, Cooper B, Rydberg B (2008) Lack of bystander effects from high-

LET radiation for early cytogenetic end points. Radiat Res 170: 794–802.

43. Fournier C, Barberet P, Pouthier T, Ritter S, Fischer B, et al. (2009) No

evidence for DNA and early cytogenetic damage in bystander cells after heavy-

ion microirradiation at two facilities. Radiat Res 171: 530–540.

44. Sowa MB, Goetz W, Baulch JE, Pyles DN, Dziegielewski J, et al. (2010) Lack of

evidence for low-LET radiation induced bystander response in normal human
fibroblasts and colon carcinoma cells. Int J Radiat Biol 86: 102–113.

45. Terzoudi GI, Donta-Bakoyianni C, Iliakis G, Pantelias GE (2010) Investigation
of bystander effects in hybrid cells by means of cell fusion and premature

chromosome condensation induction. Radiat Res 173: 789–801.

46. Mothersill C, Saroya R, Smith RW, Singh H, Seymour CB (2010) Serum

serotonin levels determine the magnitude and type of bystander effects in
medium transfer experiments. Radiat Res 174: 119–123.

47. Voog J, Jones DL (2010) Stem cells and the niche: a dynamic duo. Cell Stem

Cell 6: 103–115.

48. Mendez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, Macarthur BD, et

al. (2010) Mesenchymal and haematopoietic stem cells form a unique bone
marrow niche. Nature 466: 829–834.

49. Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, et al. (2007)
Mesenchymal stem cells within tumour stroma promote breast cancer

metastasis. Nature 449: 557–563.

50. Rzeszowska-Wolny J, Przybyszewski WM, Widel M (2009) Ionizing radiation-

induced bystander effects, potential targets for modulation of radiotherapy.
Eur J Pharmacol 625: 156–164.

51. Kadhim MA, Lee R, Moore SR, Macdonald DA, Chapman KL, et al. (2010)

Genomic instability after targeted irradiation of human lymphocytes: Evidence

Bystander Effect in Stem Cells

PLoS ONE | www.plosone.org 14 December 2010 | Volume 5 | Issue 12 | e14195



for inter-individual differences under bystander conditions. Mutat Res 688:

91–94.
52. Kadhim MA, Lorimore SA, Hepburn MD, Goodhead DT, Buckle VJ, et al.

(1994) Alpha-particle-induced chromosomal instability in human bone marrow

cells. Lancet 344: 987–988.
53. Mothersill C, Rea D, Wright EG, Lorimore SA, Murphy D, et al. (2001)

Individual variation in the production of a ‘bystander signal’ following

irradiation of primary cultures of normal human urothelium. Carcinogenesis

22: 1465–1471.

54. Sokolov MV, Panyutin IV, Onyshchenko MI, Panyutin IG, Neumann RD

(2010) Expression of pluripotency-associated genes in the surviving fraction of

cultured human embryonic stem cells is not significantly affected by ionizing

radiation. Gene 455: 8–15.

Bystander Effect in Stem Cells

PLoS ONE | www.plosone.org 15 December 2010 | Volume 5 | Issue 12 | e14195


