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Abstract

Purpose: i) To examine the time window during which intercellular signaling though gap
junctions mediates non-targeted (bystander) effects induced by moderate doses of ionizing
radiation. ii) To investigate the impact of gap junction communication on genomic instability
in distant progeny of bystander cells.

Materials and Methods: A layered cell culture system was developed to investigate the
propagation of harmful effects from irradiated normal or tumor cells that express specific
connexins to contiguous bystander normal human fibroblasts. Irradiated cells were exposed to
moderate mean absorbed doses from 3.7 MeV a particle, 1000 MeV/u iron ions, 600 MeV/u
silicon ions, or 137Cs v rays. Following 5 h of co-culture, pure populations of bystander cells,
unexposed to secondary radiation, were isolated and DNA damage and oxidative stress was
assessed in them and in their distant progeny (20-25 population doublings).

Results: Increased frequency of micronucleus formation and enhanced oxidative changes were
observed in bystander cells co-cultured with confluent cells exposed to either sparsely ionizing
(137Cs v rays) or densely ionizing (a particles, energetic iron or silicon ions) radiations. The
irradiated cells propagated signals leading to biological changes in bystander cells within one
hour of irradiation, and the effect required cellular coupling by gap junctions. Notably, the distant
progeny of isolated bystander cells also exhibited increased levels of spontaneous micronuclei.
This effect was dependent on the type of junctional channels that coupled the irradiated donor
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cells with the bystander cells. Previous work showed that gap junctions composed of connexin26
(Cx26) or connexin43 (Cx43) mediate toxic bystander effects within 5 h of co-culture, whereas
gap junctions composed of connexin32 (Cx32) mediate protective effects. In contrast, the long-
term progeny of bystander cells expressing Cx26 or Cx43 did not display elevated DNA damage,
whereas those coupled by Cx32 had enhanced DNA damage.

Conclusions: In response to moderate doses from either sparsely or densely ionizing radiations,
toxic and protective effects are rapidly communicated to bystander cells through gap junctions.
We infer that bystander cells damaged by the initial co-culture (expressing Cx26 or Cx43) die or
undergo proliferative arrest, but that the bystander cells that were initially protected (expressing
Cx32) express DNA damage upon sequential passaging. Together, the results inform the roles that
intercellular communication play under stress conditions, and aid assessment of the health risks
of exposure to ionizing radiation. Identification of the communicated molecules may enhance the
efficacy of radiotherapy and help attenuate its debilitating side-effects.

Keywords

Bystander effects; Genomic instability; Non-targeted effects; Gap junctions; Channel
permeability; Radiation quality

INTRODUCTION

The expression of non-targeted biological responses in living systems exposed to ionizing
radiation is thought to contribute to cancer and non-cancer effects (Morgan and Sowa 2015).
The study of these responses, specifically biological changes induced in non-irradiated cells
that respond to signal(s) communicated by irradiated cells (i.e. bystander effects), or effects
occurring in the progeny of an irradiated cell generations after the parental cell has been
irradiated (i.e. genomic instability), was a central theme in the research of William Francis
Morgan and his reflections on the risk of detrimental health effects linked to exposure to
radiation (Morgan and Bair 2013). William Morgan, or Bill as he is known by his friends
and colleagues, championed and promoted research in this topic at the onset (Marder and
Morgan 1993, Morgan 2003a, Morgan 2003b, Morgan 2003c) due to its immense impact on
issues related to occupational and environmental radiation protection when a small fraction
of cells in tissues receive any direct exposure, or to high dose radiotherapy conditions

in which a significant portion of the healthy tissue is not directly targeted by radiation
(Coates et al. 2004, Hamada et al. 2007, Hei et al. 2011, Held 2009, Little 2003, Morgan
2003a, Mothersill and Seymour 2004, Prise and O’Sullivan 2009). A discussion of these
effects between one of the authors of this manuscript (EIA), while still a student, and Bill
occurred for the first time in May 1993, during a road trip from Whistler to Vancouver in
British Columbia, Canada, following a symposium on the molecular, cellular and genetic
basis of radio-sensitivity at low doses. Shortly before that time, the late Sheldon Wolf, a
mentor of Bill, was presented with the ‘Failla Award’ of the Radiation Research Society

for his pioneering work on radiation-induced adaptive protection (Wolff 1992), a low dose
phenomenon. Furthermore, two seminal papers were also published describing non-targeted
effects of cellular exposure to low fluences of particulate radiation (Kadhim et al. 1992,
Nagasawa and Little 1992). Inspired by these influential discoveries and the discussions that

Int J Radiat Biol. Author manuscript; available in PMC 2022 June 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Toledo et al.

Page 3

took place at the symposium in Whistler, our dialogue continued and was enriched over time
with collaborations (Sowa et al. 2011) that lasted until the second week in November 2015
when suddenly Bill left us physically (Brooks 2015, Hamada et al. 2016, Schwartz 2016).
This article is merely a continuation of these discussions and a joyful memory of having
known an altruistic stalwart of the radiation sciences, one who will continue to inspire future
generations of researchers.

Whereas our previous work examined bystander responses induced following in vitroand in
vivo exposures to low mean absorbed doses of a particles or high atomic number (Z) and
high energy (E) (HZE) particles (Azzam et al. 1998, Azzam et al. 2001, Azzam et al. 2002,
Buonanno, De Toledo, Pain, et al. 2011, Gaillard et al. 2009, Gonon et al. 2013, Jain et al.
2011), this study examines in parallel the role of gap junction intercellular communication
in mediating bystander effects induced by moderate doses of sparsely and densely ionizing
radiations, which differ in their biophysical characteristics (i.e. quality).

Firm evidence for the participation of junctional communication in radiation-induced
bystander effects (Azzam, de Toledo, Gooding and Little 1998, Azzam, de Toledo and Little
2001, Desai et al. 2014, Gaillard, Pusset, de Toledo, Fromm and Azzam 2009, Mancuso

et al. 2008, Shao, Furusawa, et al. 2003, Zhou et al. 2001) was generated soon after the
landmark report of Nagasawa and Little indicating that genetic changes occurred in a greater
number of cells than were exposed to low fluences of a particles (Nagasawa and Little
1992). Further, we have described, in previous studies, the effects of different connexins

that form junctional channels with specific permeability properties in responses of human
cells to ionizing radiation when all the cells in an exposed culture were directly traversed

by the impacting radiation (Autsavapromporn, de Toledo, et al. 2013, Autsavapromporn, de
Toledo, Little, et al. 2011). Here, we extend these studies and report novel findings on the
permeability aspects of junctional channels in modulating the spread of stressful effects from
irradiated cells to the bystander cells with which they are coupled. We also characterize the
impact of bystander effects propagated in the first few hours after irradiation on ensuing
biological alterations in distant progeny of the bystanders.

Gap junctions are critical for diverse physiological functions (Mehta et al. 1986). They are
dynamic structures that allow direct intercellular transfer of cytoplasmic molecules, thereby
providing a powerful and rapid pathway for molecular signaling between cells, which is
essential for the coordination of normal tissue functions (Bruzzone and Meda 1988). Gap
junctions are formed by two apposed subunits called Aemichannels or connexons, one
contributed by each cell. Each hemichannel is a fexamer of connexin proteins, and can

be composed of more than one connexin isoform (Saez and Leybaert 2014). In general,
connexin pores are considered to allow permeation by molecules up to ~1000 Da, well
above the size of most second messengers (Harris 2001). However, recent evidence has
indicated that molecules as large as microRNA can also permeate using gap junctions (Hong
et al. 2015, Lim et al. 2011). In mammals, there are ~ 20 known connexins encoded by

a multi-gene family, and each connexin isoform has a particular set of unique properties
that are essential for specific functions and developmental processes (Willecke et al. 2002).
Notably, junctional channels formed of different connexins (Cx) are highly selective among
molecular permeants (Harris 2001, Harris 2007, Harris and Contreras 2014). For example,
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ATP, ADP, AMP, glutamate and glutathione are significantly more permeable through
junctional Cx43 channels than Cx32 channels. Conversely, adenosine and IP3 are more
permeable through Cx32 channels than Cx43 channels. Depending on their composition,
connexin channels can discriminate between highly similar second messengers (e.g. CAMP
and cGMP, and among inositol triphosphates (Ayad et al. 2006, Bevans et al. 1998, Elsayed
and Harris 2004, Elsayed et al. 2004, Locke et al. 2004). Therefore, it is not surprising

that functional deletion of a particular connexin isoform produces a specific and distinct
pathology (Brisset et al. 2009).

Evidence for the involvement of gap junctions in propagation of radiation-induced bystander
effects has been derived by several approaches (reviewed in (Azzam et al. 2013)). Up-

or down-regulation of connexin expression/gap-junction gating by chemical agents, forced
connexin expression by transfection, and connexin gene knockout studies have uniformly
generated strong evidence for the participation of gap junctions in radiation-induced
bystander effects (Azzam et al. 2003b). This is supported by stabilization and up-regulation
of connexin MRNA and protein by ionizing radiation (Azzam et al. 2003a). Disruption

of cholesterol rich areas of the plasma membrane where gap-junction channels partition
(Schubert et al. 2002) attenuated the propagation to bystander cells of harmful effects
resulting from direct traversal of other cells by radiation (Nagasawa et al. 2002, Shao

et al. 2004). However, the role of junctional permeability in the short- and long-term
consequences of the propagation of bystander effects remains unclear (Buonanno, de Toledo
and Azzam 2011, Buonanno, De Toledo, Pain and Azzam 2011, Gonon, Groetz., detoledo,
Howell, Fromm and Azzam 2013, Zhao et al. 2014).

In this report, we describe the effectiveness of a layered cell culture system (Domoguaer

et al. 2016) in shedding light on the permeability properties of junctional channels in

the nature of long-term outcomes of the radiation-induced bystander effect. By using this
system, confounding factors in interpreting results attributed to bystander responses, due

to scattering or fragmentation of the incident radiation as it crosses the culture vessel

and the biological material, is eliminated. This is particularly important in the case of
experiments involving HZE particles (Gonon, Groetz., detoledo, Howell, Fromm and Azzam
2013, Nikjoo et al. 2001, Ponomarev and Cucinotta 2006). Secondary radiations arising
from interactions of the target material with an incident HZE particle may include energetic
electrons (& rays), photons, protons, neutrons, a particles and other heavier ions with
different Linear Energy Transfer (LET). The range of § rays produced following HZE
particle-traversals can extend up to several cell diameters (Cucinotta et al. 1998), thereby
potentially irradiating and contributing to biochemical changes in cells that are near those
targeted by the primary particle track. In particular, protective mechanisms induced by low
LET secondary radiations may mitigate stressful effects propagated from cells traversed by
the primary particle (Elmore et al. 2009). Therefore, cells that were thought to be bystanders
may be significantly irradiated by secondaries. Using our cell culture system, we show

that isolated bystander cells that have been in coculture with cells exposed to moderate or
high mean absorbed doses from either high LET a or HZE particles, or low LET 137Cs
rays, experience significant stress as measured by increased micronucleus formation, protein
carbonylation and an altered pattern of proteins conjugated with 4-hydroxynonenal (4-
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HNE), a product of lipid peroxidation. Furthermore, we show that the expressed connexins
determine the nature of biological changes in the distant progeny of bystander cells.

MATERIAL AND METHODS

Cell culture

Apparently normal AG1522 human diploid skin fibroblasts were obtained from the Genetic
Cell Repository at the Coriell Institute for Medical Research. These cells express Cx26,
Cx32 and Cx43, and functionally communicate with other normal or tumor human cells

by gap junctions and secreted factors (Autsavapromporn, de Toledo, Jay-Gerin, Harris

and Azzam 2013, Azzam, de Toledo and Little 2003a, Zhao, De Toledo, Hu, Hei and
Azzam 2014). Stock cultures were routinely maintained in 37 °C humidified incubators in
an atmosphere of 5 % CO, (vol/vol) in air. The cells were grown in Eagles’ Minimum
Essential Medium (MEM) (CellGro) containing 12.5 % (vol/vol) heat inactivated (30 min at
56 °C) fetal bovine serum (FBS) (Sigma), supplemented with 4 mM L-alanyl-L-glutamine
(CellGro), 100 U/mL penicillin and 100 pg/mL streptomycin (CellGro).

In experiments, cells at passage 10 were used. The cells destined for irradiation with
HZE-particles or 137Cs -y rays were grown in 12.5 cm? polystyrene flasks (Greiner). Cells
destined for a-particle-irradiation were seeded in stainless steel dishes with a circular
36-mm-diameter growing surface that consists of 1.5 pm-thick replaceable polyethylene
terephthalate (PET). To facilitate cell attachment, the PET surface was pre-coated with FNC
solution comprising fibronectin and collagen (AthenaES™), overlaid with 2 mL of MEM
and incubated at 37 °C. After 30 min, the medium was aspirated and the cells were seeded
at a density of ~ 1.5x10° cells/culture vessel, and fed twice every other day after reaching
the confluent, density-inhibited state (usually within 4-5 days). They were irradiated 48 h
after the last feeding. Under these conditions, 95-98 % of the cells were in G¢/G; phase of
the cell cycle. The synchronization of cells in Go/G; phase, by density-inhibition of growth,
eliminates complications in interpretation of results that arise from changes in responses to
ionizing radiation at different phases of the cell cycle (Terasima and Tolmach 1961).

Cells destined to be bystanders were cultured onto inverted Transwell inserts containing 10
um-thick polyester permeable microporous membranes with 1 um pores (Costar #3452) as
we have recently described in detail (Domoguaer, De Toledo and Azzam 2016). Briefly,
the cells destined to be bystanders were seeded at ~ 1.5x10° cells in 50 uL of MEM
supplemented with 25% FCS on one side of the insert. After 40-50 min, the inserts
containing adherent cells were inverted (i.e. with the cells now growing on the bottom
side) and placed into 6-well plates containing 1 mL of growth medium, and were fed

daily with MEM supplemented with 12.5% FCS. Experiments were carried 2—4 days after
a confluent monolayer of cells was formed across the bottom side of the inserts. For
co-culture, irradiated (donor) cells were gently trypsinized, and 2-3x10° cells were seeded
in 1 mL of growth medium on the top side of the insert (see scheme in Figure 1A). An
additional 1 mL of growth medium was added to the bottom of the wells. The irradiated
and bystander cells established coupling via gap junctions within 1-2 h of co-culture as
described below. In all experiments, control cells were sham-treated and handled in parallel
with the test cells.
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Cells were exposed at 37°C to -y rays (LET ~0.9 keV/um in liquid water) from a 137Cs
source (J.L. Shepherd Mark I, San Fernando, CA) at a dose rate of 1.3 Gy/min. The culture
flasks were placed on a rotating platform to ensure uniform exposure, and control cultures
were handled in parallel but were sham treated.

For a-particle-irradiation, the cell cultures were exposed at 37°C to a 7.4 MBq 2**Am-
collimated source housed in a helium-filled plexiglass box at a mean absorbed dose rate

of 2 cGy/min. Irradiation was carried out from below, through the PET growing surface.
At the growing surface, measurements using a Canberra (Meridien, CT) CAM300 passive
implanted planar silicon (PIPS) detector showed that the a particles had a mean energy

of 3.7 MeV (0.92 MeV/u) with Full Width at Half Maximum (FWHM) of 0.5 MeV (Neti
et al. 2004). The LET corresponding to a mean energy of 3.7 MeV is ~109 keV/um in
liquid water (ICRU 1993). The 241Am source was fitted with a photographic shutter to allow
accurate delivery of the specific radiation dose. Microscopic examination of pits etched

in CR-39 plastic after a 1 min-exposure showed no source hot-or cold spots (Neti, de
Toledo, Perumal, Azzam and Howell 2004). The a particle irradiator system was housed in
a chamber (BioSpherix) maintained at 37°C and 5 % CO, (vol/vol), and the cell incubators
housing the cell cultures destined for irradiation are an integral part of the chamber.

Experiments with 1000 MeV/u 36Fe26* or 600 MeV/u 28Si14* jons were performed at the
NASA Space Radiation Laboratory (NSRL) located at Brookhaven National Laboratory,
Upton NY. Description of the facility and radiation beam characteristics can be found at
http://www.bnl.gov/medical/nasa/LTSF.asp. The tissue culture flasks, with adherent cells,
were placed in the plateau region of the Bragg curve and irradiated at a dose-rate of 0.5
Gy/min. They were positioned orthogonal to the beam such that the irradiating particles
impacted first the plastic of the culture vessel, followed by the adherent cells and then the
growth medium. At the place where they were positioned, the LET in liquid water of 1000
MeV/u iron ions (°6Fe26*) is ~151 keV/um, and of 600 MeV/u silicon ions (28Si14%) is
~51 keV/um. Three to six hours before the radiation exposure, the flasks were filled to
capacity with 37 °C growth medium supplemented with 0.5% FBS that was equilibrated at
pH 7.4. This ensured that during the irradiation, temperature fluctuations were attenuated
and the cells were immersed in medium when in the vertical position, which alleviates
changes in osmolarity and partial oxygen tension that affect their responses to ionizing
radiation (Gray et al. 1953, Raaphorst et al. 1984, Rueckert and Mueller 1960). In all cases,
control cells were handled in parallel but were sham-irradiated. A detailed description of
the fraction of cells whose nuclei were traversed by an average of one or more particle
tracks according to the method given by Charlton and Sephton (Charlton and Sephton 1991)
is found in our earlier publication (Gonon, Groetz., detoledo, Howell, Fromm and Azzam
2013). At mean absorbed doses of 0.8 or 1.0 Gy from 3.7 MeV a particles or 1000 MeV/u
iron ions or 600 MeV/u silicon ions, respectively, 95-100% of the cells in the exposed
populations would be traversed through the nucleus by an average of one or more particle
tracks (Autsavapromporn, de Toledo, Buonanno, et al. 2011, Autsavapromporn, de Toledo,
Little, Jay-Gerin, Harris and Azzam 2011, Gonon, Groetz., detoledo, Howell, Fromm and
Azzam 2013). In case of confluent cultures exposed to 4 Gy of 137Cs v rays, every cell
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in the population is uniformly traversed by thousands of electron tracks resulting from
y-irradiation.

Calcein dye transfer

AG1522 donor cells were loaded with Calcein AM (gap junction permeable) and
CellTracker Orange (gap junction impermeable) dyes. They were irradiated or sham-treated
and immediately trypsinized and seeded on the top side of the insert with bystander cells
growing on the bottom side of the insert. Within 1.5 to 2 h after co-culture, transfer of
Calcein to bystander cells can be observed (Figure 1B) indicating that donor AG1522 cells
(green and red labeled) are able to establish gap junction communication through the insert
pores with the lower layer of bystander cells (green labeled).

Inhibitors

The cells were incubated 30 min before co-culture with 50 uM of 18-a-glycyrrhetinic acid
(AGA), a reversible inhibitor of connexin channels and hemi-channels, or 100 uM LaClj (La
3%), an inhibitor of hemi-channels (Sigma, St. Louis, MO). The inhibitors were also present
during the coculture period of 5 h. Under these conditions, the inhibitors resulted in minimal
toxicity to AG1522 cells as verified by clonogenic survival.

Metabolic labeling

To generate additional evidence for junctional communication between irradiated and
contiguous bystander cells cultured on the inserts (Figure 1) we performed metabolic
labeling experiments. To this end, AG1522 donor cells were incubated for 20 h in growth
medium containing MEM deficient in glucose but containing 37 MBg/mL D-[14C(U)]-
glucose (NEN, Boston, MA, 100MBg/nmol). The cells were then chased in non-radioactive
medium for 4 h. and were exposed to 4 Gy from 137Cs v rays, trypsinized shortly thereafter
and seeded on the top side of the insert described in Figure 1, with bystander cells cultured
on the bottom side of the insert. Following 3 h of co-culture, the bystander cells were
harvested, and the incorporated radioactivity was measured as cpm/ug protein. Co-culture in
the presence of the gap-junction inhibitor AGA attenuated the transfer of labeled metabolites
(p< 0.003). In contrast, inhibition of hemi-channels with lanthanum ions (La3*) had no
effect on transfer of radioactivity (Figure 2), showing that junctional communication was
involved in the transfer.

Studies in progeny cells

For studies in progeny cells, bystander cells that were in co-culture with control or irradiated
cells were isolated with 99.8% purity and maintained in cell culture for additional twenty to
twenty five population doublings. The cells were then submitted for analyses of long-term
effects on chromosomal damage using micronucleus formation as an endpoint.

Micronucleus formation

The frequency of micronuclei (a surrogate form of DNA damage that results mainly from
DNA double strand breaks) was measured by the cytokinesis-block technique (Fenech and
Morley 1985). After trypsinization, cells were seeded in chamber flaskettes (Nunc) in the
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presence of 2 pg/ml cytochalasin B (Sigma Aldrich) and incubated at 37°C. After 72 hours,
the cells were rinsed in phosphate buffered solution (PBS), fixed in ethanol, stained with
Hoechst 33342 solution (1 pug/ml) and viewed under a fluorescent microscope (Azzam,

de Toledo and Little 2001). One thousand to 2000 binucleated cells were examined, and
micronuclei in the binucleate cells only were considered for analysis. At the concentration
used, cytochalasin B was non-toxic to AG1522 cells. Chi-Square analysis was used to
determine whether the frequency of micronucleus formation in test cells was different from
that in control sham-treated cells.

Western Blot Analysis of Proteins with 4-Hydroxynonenal (4-HNE) Adducts

The cells were lysed in chilled radio-immuno-precipitation assay (RIPA) buffer
supplemented with inhibitor cocktails (P8340, P2850 and P5726, Sigma Aldrich) (Azzam,
de Toledo and Little 2001) and equal amount of protein were analyzed by SDS-PAGE

gels followed by immunoblotting as per standard procedures. The primary antibody to
4-HNE (#AB5605, Millipore) was used to detect lipid peroxidation. Secondary antibodies
conjugated with horseradish peroxidase (Bio-Rad and Santa Cruz Biotechnology, Inc)

and the enhanced chemiluminescence system from GE Healthcare was used for protein
detection. Luminescence was determined by exposure to X-ray film, and densitometry was
performed with an EPSON scanner and National Institutes of Health Image J software (NIH
Research Services Branch, Bethesda, MD). Staining of the nitrocellulose membranes with
Ponceau S Red was used to verify equal loading of samples. Hydroxyalkenals, such as
4-HNE, are among the major products of lipid peroxidation (Moulgaridou et al. 2011).

Protein oxidation

When proteins are oxidized by reactive oxygen species (ROS), some amino acids are
modified generating carbonyl groups. These carbonyl groups, specifically of aldehydes or
ketones, can react with 2,4-dinitrophenyl hydrazine (DNPH), which may be recognized by
anti-2,4 dinitrophenol (DNP) antibodies on immunoblots (Stadtman 1993). For experiments,
the OxyBlot Protein Oxidation Detection Kit (Millipore) was used. Protein samples

were denaturated with 6 % (wt/vol) SDS and derivatized with DNPH. Negative controls
were derivatized with a Derivatization-Control solution. After 15 min incubation at room
temperature, neutralization solution (2 M Tris/30 % glycerol; vol/vol) was added and
samples were immunoblotted. The DNPH-bound proteins were detected with rabbit anti-2,4-
dinitrophenyl 1gG (Millipore).

The role of different connexins

To investigate the role of specific connexins in propagation of the radiation induced
bystander effects, HeLa adenocarcinoma cells that lack endogenous connexins were stably
transfected with either empty vector (henceforth called HeLa parental) or inducible vectors
containing rat Cx26, Cx32 or Cx43 cDNA (henceforth called HeLa Cx26, HeLa Cx32

or HeLa Cx43). In the transfected cells, the expressed connexins localize in the plasma
membrane, and form functional gap junctions that discriminate among communicated
signaling molecules (Koreen et al. 2004). To induce the connexins, the cells were incubated
with 1 ug/mL doxycycline (BD Biosciences, San Jose, CA) 16 h before irradiation. We have
shown that HeL a cells expressing Cx26 or Cx32 communicate via junctional channels with
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cocultured AG1522 cells grown on Transwell inserts (Autsavapromporn, de Toledo, Jay-
Gerin, Harris and Azzam 2013). We have also shown that junctional communication occurs
between Hela Cx43 cells and AG1522 cells (Zhao, De Toledo, Hu, Hei and Azzam 2014).
Hela cells transfected with different connexins were selected as an experimental system as
they have been well characterized in basic studies of intercellular communication and its
involvement in propagation of non-targeted effects of ionizing radiation (Autsavapromporn,
de Toledo, Jay-Gerin, Harris and Azzam 2013, Elfgang et al. 1995, Koreen, Elsayed, Liu and
Harris 2004, Manthey et al. 1999, Zhao, De Toledo, Hu, Hei and Azzam 2014). Whereas
transfection of these cells with rat cDNA was conducive to the study of the role of specific
connexins in propagation of radiation induced bystander effects (Zhao, De Toledo, Hu, Hei
and Azzam 2014), this does not preclude that transfection with human connexin cDNA
may alter the extent of propagation of bystander effects. Nonetheless, junctional channels
consisting of mouse, rat or human connexins were shown to mediate radiation bystander
effects (Autsavapromporn, Suzuki, et al. 2013, Azzam, de Toledo and L.ittle 2001, Azzam,
de Toledo and Little 2003a).

Propagation of the harmful effects of ionizing radiation: The time window and the role of
intercellular communication by connexin channels and hemi-channels in bystander effects

Different strategies utilizing high precision microbeams (Braby 1992, Hei et al. 1997), low
fluence broad beam irradiators (Azzam, de Toledo, Gooding and Little 1998, Lehnert and
Goodwin 1997, Nagasawa and Little 1992), transfer of growth medium from irradiated to
non-irradiated cell cultures (Lorimore et al. 2008, Mothersill and Seymour 1997), and co-
culture of irradiated and non-irradiated cell populations (Bishayee et al. 1999, Gerashchenko
and Howell 2003) have been used to study radiation-induced bystander effects. Whereas
medium transfer strategies allow simple and non-stressful isolation of pure bystander cells
for the study of short- and long-term biological changes, this is not the case when the
bystander cells are growing alongside irradiated cells in the same culture flask/plate. As
described in Methods and elsewhere (Domoguaer, De Toledo and Azzam 2016), the layered
cell culture system is highly effective at generating pure populations of either irradiated or
bystander cells following prolonged co-cultures when the choice of the insert’s pore size and
the length of the co-culture period is well characterized (Domoguaer, De Toledo and Azzam
2016). Notably, the layered cell culture strategy is conducive to the study of mechanisms
underlying non-targeted effects mediated by direct communication via junctional channels
or secreted factors. However, by using this co-culture system, it is important to determine
the window of time during which the irradiated cells continue to transmit factors/signals
capable of inducing biological changes in the bystander cells. The results shown in Figure

3 (panel A) indicate that confluent AG1522 normal human fibroblasts exposed to a mean
absorbed dose of 80 cGy from 3.7 MeV a particles and harvested up 1 h after irradiation,
and then seeded on the top side of the insert, induce significant increase in the level of
micronuclei in bystander AG1522 cells growing on the bottom side of the insert. A 3-fold
increase (n=2, p<0.002) in micronuclei, a surrogate form of chromosomal damage, was
detected in bystander cells that were co-cultured with the irradiated cells. If the irradiated
cells were harvested by trypsinization from their vessel 3 h after irradiation and then seeded
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for co-culture, the bystander effect measured by the endpoint of micronucleus formation was
insignificant.

To eliminate the possibility that the increase in the fraction of micronucleated cells in the
bystander population may be due to irradiated cells that have crawled through the 1 pm
pore of the insert, we labeled the irradiated AG1522 donor cells with CellTracker green,
harvested them and seeded them on the top side of the insert with bystander AG1522 cells
growing on the bottom side of the insert. At different times after initiation of the culture

(6 and 24 h), bystander cells were collected and analyzed to determine if fluorescent green
labeled donor cells were present in the population. Microscopic examination indicated no
contamination occurred. Furthermore, flow cytometry analyses (n=4) performed following 5
h of co-culture of CellTracker Orange labeled irradiated cells and bystander cells confirmed
the microscopic results and indicated a 99.8% purity of the bystander population (Figure 3,
panel B), hence ruling out cross-contamination with irradiated cells.

To verify that gap junction intercellular communication was involved in the induction of
micronuclei in the bystander cells, donor AG1522 cell monolayers destined for irradiation
(80 cGy of 3.7 MeV a particles that result in 10% clonogenic survival) were treated

either with 18-a-glycyrrhetinic acid (AGA), a reversible inhibitor of connexin channels and
hemi-channels, or 100 pM LaCls (La 3*), an inhibitor of hemi-channels 30 min before
irradiation. Within 2-5 min after irradiation, they were trypsinized and co-cultured with

the bystander AG1522 cells for 5 h in the presence of either of the inhibitors. The results

in Figure 3 C indicate that the increase of micronuclei frequency in bystander cells (n=4,
p<0.001) was inhibited by AGA but not La3* ions indicating that the signals leading to the
DNA damaging effects were transmitted primarily through gap junctions. Therefore, these
results further support the role of junctional communication in the propagation of radiation
induced bystander effects. They also indicate that in spite of the experimental manipulations
of rinsing irradiated cells with PBS followed by trypsinization and resuspension in growth
medium, a significant bystander effect is still expressed: donor irradiated cells continue to
propagate signals leading to bystander effects for at least 1 h after irradiation.

Radiation quality and the propagation of bystander effects

In previous studies, we have shown that bystander AG1522 normal human fibroblasts

or RKO36 human colon carcinoma incubated in medium harvested from their respective
counterparts following exposure to low LET X rays (250 kVp), 137Cs -y rays or 50 keV
electrons, or high LET 1000 MeV/u Fe ions failed to show a significant increase in
micronucleus formation or decrease in clonogenic survival (Sowa et al. 2010). In contrast,
bystander AG1522 cells recipient of growth medium from a particle irradiated counterparts
experienced a significant decrease in clonogenic survival (Sowa, Goetz, Baulch, Pyles,
Dziegielewski, Yovino, Snyder, de Toledo, Azzam and Morgan 2010). Here, we extend these
studies using the layered cell culture strategy where the irradiated and bystander cells are
growing in the same culture vessel and are coupled by gap junctions, rather than using a
protocol where growth medium is transferred from one culture vessel to another culture
vessel (Lorimore, Chrystal, Robinson, Coates and Wright 2008, Mothersill and Seymour
1998).
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Exposure of AG1522 confluent density-inhibited fibroblasts to mean absorbed doses of 80
cGy of 3.7 MeV «a particles (LET ~ 109 keV/um), 200 cGy of 1000 MeV/u 36Fe26* jons
(LET ~ 151 keV/um), or 400 cGy of 137Cs y rays (LET ~ 0.9 keV/um) that result in
clonogenic survival levels of ~ 10% caused, in all cases, the propagation of events leading
to a significant increase in micronuclei formation in the contiguous AG1522 bystander cells
(n=5, p<0.03 in case of 3.7 MeV a particles; n=4, p<0.003 in case of 1 GeV/u Fe ions;

n=2, p<0.003 in case of 137Cs vy rays) (Figure 4A). Therefore, following exposures to such
toxic doses of radiation (10% survival dose), significant increases in micronucleus formation
are induced in the coupled bystander cells. As was the case for a particles, the spread of
harmful effects propagated from cells exposed to 1000 MeV/u 56Fe26* jons to bystander
cells is gap junction dependent (n=4, p<0.05) and not hemi-channel dependent (Figure 4B).
Therefore, both low and high LET radiations propagate harmful effects following cellular
exposures to moderate/high mean absorbed doses.

The layered cell culture strategy reveals that cultures exposed to low doses of a particles
also propagate signals leading to oxidative effects in bystander cells

At a mean absorbed dose of 80 cGy of a particles, most of the cells in the exposed

culture are traversed by multiple tracks of radiation (Gonon, Groetz., detoledo, Howell,
Fromm and Azzam 2013). To test if cellular exposure to lower mean absorbed doses would
still result in propagation of harmful bystander effects by using the layered cell culture
strategy, donor AG1522 cells were irradiated with mean doses of 5 or 10 cGy of 3.7

MeV a particles and were co-cultured with AG1522 bystander cells within 5 min after the
exposure. In contrast to earlier studies where DNA damaging events were detected /n situ
in bystander AG1522 cells in cultures exposed to doses as low as 0.2 cGy of a particles

but no trypsinization or co-culture was involved (Azzam, de Toledo and Little 2001, Gonon,
Groetz., detoledo, Howell, Fromm and Azzam 2013), we were not able to detect significant
increases in the frequency of micronuclei formation in the isolated bystander cells following
5 h of co-culture. However, an altered pattern of expression of carbonylated proteins and
proteins conjugated to 4-hydroxynonenal (4-HNE) was observed. The representative results
in Figure 5A show that the overall level of protein carbonylation was increased (1.4-1.9
fold) reinforcing the observation that the bystander cells have experienced oxidative stress,
which can lead to DNA damage (Cadet et al. 2012). Interestingly, lipid peroxidation (Figure
5 B) showed a mixed pattern of 4-HNE conjugation in the bystander cells. Some proteins
were more conjugated (A) and others were less conjugated (B). These results show that the
layered cell culture system is a sensitive strategy for detecting bystander effects resulting

in oxidative stress even under conditions when only 30 or 50 % of donor cells have
experienced a nuclear traversal. Notably, the results are consistent with earlier /n vitro and
in vivo studies showing extensive protein carbonylation and lipid peroxidation long after
exposure to very low fluences of or HZE particles (Buonanno, De Toledo, Pain and Azzam
2011, Gonon, Groetz., detoledo, Howell, Fromm and Azzam 2013, Li et al. 2014)
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Increased levels of spontaneous DNA damage in distant progeny of bystander cells is
dependent on early signaling events propagated by irradiated parental cells through gap

junctions

In previous studies, we reported that the progeny of bystander AG1522 cells that were
co-cultured with AG1522 cells exposed to 1000 MeV/u, 36Fe26* or 600 MeV/u 28Si14+
exhibited after twenty population doublings, reduced cloning efficiency, increased frequency
of micronuclei, higher levels of protein oxidation and lipid peroxidation, decreased activity
of antioxidant enzymes, inactivation of aconitase enzyme and altered translation of proteins
encoded by mitochondrial DNA (Buonanno, De Toledo, Pain and Azzam 2011). In those
studies, the irradiated cells were co-cultured with bystander cells within 5-10 min after
irradiation. Here, we test whether such long-term stressful effects also occur after exposure
to a particles and whether gap junction intercellular communication between the parental
cells impacts changes in distant progeny of the bystander cells. To this end, bystander
AG1522 cells were co-cultured with donor AG1522 cells that were derived from cultures
exposed to 80 cGy of 3.7 MeV a particles and harvested for co-culture with bystander cells
within 5 minutes of exposure or 3 h later. Consistent with the results in Figure 3A, initial
experiments revealed an increase (p<0.02) in the frequency of spontaneous micronucleus
formation in progeny cells (25 population doublings later) when the parental cells were co-
cultured with cells harvested within 5 min after irradiation and not 3 h later, indicating that
the signaling events leading to persistent DNA damage in progeny of bystander cells decay
with time after irradiation (Figure 6A). Subsequent experiments (Figure 6B), confirmed
(n=9) the results described in Figure 6A, and also showed similar persistent harmful effects
when bystander cells were initially co-cultured within minutes after irradiation with donor
cells derived from density-inhibited AG1522 cells exposed to a mean dose of 200 cGy of
1000 MeV/u Fe ions (n=4, p<0.005), 50 cGy of 600 MeV/u Si ions (n=3, p<0.005), or 400
cGy of 137Cs -y rays (n=2, p<0.04) (Figure 6B).

To test the role of gap-junction communication in the persistence of stressful effects in
progeny of bystander cells, irradiated AG1522 cells were harvested within 5 min after
exposure to a mean dose of 80 cGy from a particles, and the 5 h co-culture between these
parental irradiated cells and bystander AG1522 cells occurred in the presence or absence

of AGA or La3* ions. Twenty five populations later, an enhanced level of micronucleus
formation (n=3, p<0.001) was observed in progeny of the bystander cells (Figure 6C), which
is consistent with the oxidative stress observed by Buonanno et a/. (Buonanno, De Toledo,
Pain and Azzam 2011). This increase in chromosomal damage (n=3, p<0.001) was also
observed in progeny cells whose parental cells were derived from La3*-treated co-cultures,
but not AGA-treated co-cultures (Figure 6C), indicating that this persistent harmful effect
was gap junction dependent. Together, these results indicate that gap junction intercellular
communication is not only a major pathway for the propagation of signaling events leading
to induction of early harmful effects in bystander cells, but also for their persistence in their
distant progeny.
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Connexins forming channels with different permeability properties induce differential long-
term biological changes in distant progeny of bystander cells

In previous studies, we have shown that intercellular communication between irradiated and
bystander normal human fibroblasts through Cx43 junctional channels plays a major role in
the spread of radiation-induced bystander effects (Azzam, De Toledo, Harris, Ivanov, Zhou,
Amundson, lieberman and Hei 2013). Furthermore, gap junctions consisting of Cx26, but
not Cx32, promoted the expression of stressful radiation induced bystander effects assessed
6-26 h after co-culture (Zhao, De Toledo, Hu, Hei and Azzam 2014). To investigate the
role of intercellular communication through connexin channels with specific permeability
properties in events that may modulate the induction of DNA damage in distant progeny

of AG1522 fibroblasts, we used irradiated HeLa cells as a model system (Koreen, Elsayed,
Liu and Harris 2004). HeLa cells, which lack endogenous functional connexins (Mesnil

et al. 1995), were stably transfected with either empty vector (henceforth called HeLa
parental) or inducible vectors containing Cx26, Cx32 or Cx43 cDNA (henceforth called
HelLa Cx26, HeLa Cx32 or HeLa Cx43). In the transfected cells, the expressed connexins
localize in the plasma membrane, and form functional gap junctions (Koreen, Elsayed, Liu
and Harris 2004). The HeLa cells were exposed to a mean absorbed dose of 50 cGy from
3.7 MeV a particles that results in ~50% clonogenic survival (Autsavapromporn, de Toledo,
Jay-Gerin, Harris and Azzam 2013), and within 5 min after exposure, the irradiated cells
were intimately co-cultured with bystander AG1522 cells using the layered cell culture
system. Bystander AG1522 cells co-cultured with a-particle-irradiated AG1522 cells were
maintained in parallel. After 6 h, the bystander cells were isolated with high purity and
propagated for 24 population doublings.

Similar to the results in Figure 6, a significant increase in the fraction of progeny cells
harboring micronuclei occurred when parental bystander AG1522 cells were co-cultured
with AG1522 cells originating from cultures exposed to 50 cGy of a particles (n=5,
p<0.05). In contrast, co-culture of bystander AG1522 cells with irradiated HeL a parental
cells (lacking endogenous connexins) resulted in no significant change in the fraction of
bystander AG1522 progeny with micronuclei (n=5, p=0.6), which is consistent with the
absence of an effect when AG1522 bystanders were assessed for micronucleus formation at
6 h following co-culture with irradiated HelLa cells (Zhao, De Toledo, Hu, Hei and Azzam
2014).

In initial studies examining early bystander effects, inducible expression of gap junctions
composed of Cx26 in irradiated HelLa cells enhanced the induction of micronuclei in
bystander cells (p<0.01) and reduced the co-culture time necessary for manifestation of

the effect. In contrast, expression of Cx32 conferred protective effects (Zhao, De Toledo,
Hu, Hei and Azzam 2014). Further, the role of Cx43 channels in mediating bystander
effects within hours of traversal of a small fraction of cells in a culture by a particles
delivered by broad beam or microbeam irradiators was described in reports from several
laboratories (Azzam, De Toledo, Harris, Ivanov, Zhou, Amundson, lieberman and Hei 2013).
To investigate the long-term outcome of the bystander effect mediated by different connexin
channels, we evaluated spontaneous micronucleus formation in progeny of bystander cells
AG1522 cells that were co-cultured with irradiated or sham-treated HeLa Cx26, HeLa
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Cx32 or HeLa Cx43. The bystanders were isolated following 6 h of co-culture, they were
propagated for 24 population doublings and then examined for micronucleus formation.
There was no difference in micronucleus formation in progeny of AG1522 bystanders that
were co-cultured with irradiated or sham-treated HeLa Cx26 cells (n=5, p=0.2) or HelLa
Cx43 cells (n=5, p=0.8) (Figure 7). In contrast, progeny of bystander cells that were co-
cultured with irradiated HeLa Cx32 cells, which did not show an increase in micronucleus
formation within 6 h following coculture (Zhao, De Toledo, Hu, Hei and Azzam 2014),
exhibited an enhanced genomic instability reflected in a greater fraction of cells harboring
micronuclei (n=5, p<0.03) (Figure 7). Together, these results support a critical role for gap
junction permeability in determining the nature and magnitude of induced early bystander
effects and their persistence in progeny cells.

DISCUSSION

In vitroand in vivo observations made over the last 25 years have provided strong evidence
indicating that molecular events leading to various biological effects, including genetic
damage, can be transmitted from irradiated to non-irradiated cells. The phenomenon occurs
in a variety of cell types of human and rodent origin and involves gap junction intercellular
communication, oxidative metabolism, secreted factors and DNA repair (Azzam, De Toledo,
Harris, Ivanov, Zhou, Amundson, lieberman and Hei 2013, Hamada, Matsumoto, Hara

and Kobayashi 2007, Hei, Zhou, Chai, Ponnaiya and Ivanov 2011, Held 2009, Little

2003, Lorimore et al. 2003, Morgan 2003a, Mothersill and Seymour 2004, Prise and
O’Sullivan 2009). Here the focus has been on further characterizing the impact of junctional
communication between irradiated cells and contiguous bystander cells in the first few
hours after irradiation on the long term consequences of this direct type of communication.
Specifically, we have examined the impact of intercellular communication by connexin
channels formed by Cx26, Cx32 or Cx43 on DNA damage in distant progeny of the
bystander cells (20-25 population doublings). In addition, we have investigated the effect

of radiation quality on bystander effects induced following exposures to low or high LET
radiations at doses that result in significant cell killing. To this end, we used a layered

cell culture strategy that facilitates the understanding of intercellular communication, while
permitting a simplified approach that permits metabolic coupling of cells and offering the
advantage of separation of two heterotypic cell populations (adenocarcinoma Hel a cells
and normal human AG1522 fibroblasts) grown on either side of a permeable microporous
membrane insert in the same environmental conditions. The protocol offers the added
advantage of allowing various modes of intercellular communication to operate through

the membrane pores. Though physically separated, the two cell populations used in the
studies were metabolically coupled through gap-junctional channels (Figures 1 and 2), while
communication via secreted elements was not excluded. Notably, using our strategy, the two
cell populations (irradiated or bystander) can be easily isolated with high purity (99.8%),
without fluorescent tagging and/or the stress of cell sorting (Figure 3B).

Our use of the layered cell culture strategy has shown that the effects of signals capable of
causing chromosomal damage in recipient bystander cells can be detected for at least one

hour after irradiation of the donor cells (Figure 3A). Although by 3 h, we were not able to
observe increased micronuclei frequency in the bystander cells, it is possible that for other
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endpoints, biological changes can still be detected. The increased micronuclei frequency
that we observed in the bystander cells when irradiated and bystander normal AG1522 cells
were co-cultured together for 5 hours was dependent on the presence of functional gap
junctional communication (Figure 3C). Incubation of the co-culture with the gap junction
inhibitor AGA (Davidson et al. 1986) inhibited the effect, whereas incubation with an
inhibitor of hemi-channels (La3*) (John et al. 1999) was ineffective in its prevention (Figure
3C). Hemi-channels contribute to intercellular communication by allowing interchange of
metabolites between cells via their surrounding medium. Additional experiments where the
donor irradiated cells and bystander cells are incubated with the same concentration of La3*
used here but for longer periods of time, or with higher concentrations of the drug (Wang

et al. 2013) may vyield different outcome; however, interpretations of the results may be
complicated due to toxic effects.

The results reported here strongly indicate that bystander effects are not solely a low dose
phenomenon as was originally thought (Azzam, de Toledo and Little 2001, Mothersill et al.
2000, Nagasawa and Little 1992, Seymour and Mothersill 2000, Shao, Stewart, et al. 2003,
Zhou et al. 2000). Our study shows that harmful bystander effects are induced following
exposures to both low (Figure 5) as well as moderate/high doses of radiations that differ

in their quality (Figure 4). Cellular exposure to either low LET (137Cs vy rays) or high

LET radiations (3.7 MeV a particles, 600 MeV/u 28Sj ions, and 1000 MeV/u %Fe ions)
resulted in generation of signals that induce DNA damage in bystander cells (Figure 4).
Clearly, these results have relevance to both radiotherapy with external beam radiation or
radionuclide therapies and to issues related to space exploration. Although, in the latter
case, astronauts are likely to be exposed during space travel to very low fluences of HZE
particles received at very low dose rate rather than to high mean absorbed doses (Norbury
et al. 2016). Notably, the bystander effects observed following exposure to low LET -y rays
are consistent with /n vivo effects observed by others (Chai et al. 2013, Desai et al. 2016,
Mancuso, Pasquali, Leonardi, Tanori, Rebessi, Di Majo, Pazzaglia, Toni, Pimpinella, Covelli
and Saran 2008).

Since genomic instability is considered a predisposition factor for carcinogenesis (Sigurdson
and Jones 2003), the persistence of DNA damage in progeny of bystander cells following
exposure to radio-therapeutic doses (Figures 6-7) is likely to have a role in the emergence
of second primary cancers or to the proliferation of dormant tumor cells in radiotherapy
patients. Importantly, expression of this genomic instability is strongly dependent on the
type of junctional communication between the irradiated and bystander cells in the first few
hours after exposure to radiation (Figure 6).

In earlier studies, we have shown that expression of Cx26 or Cx43 channels propagated
radiation effects that resulted in excess DNA damage in bystander cells when assayed
within 24 h after irradiation (Azzam, de Toledo and Little 2001, Zhao, De Toledo, Hu, Hei
and Azzam 2014). In contrast, intercellular communication through Cx32 channel helped
prevent the expression of such effect in the bystander cells (Zhao, De Toledo, Hu, Hei and
Azzam 2014). Here, we show that in the distant progeny of the bystanders (24 population
doublings later), opposing results to the early effects were observed (Figure 7). Likely, the
harmful effects propagated by Cx26 or Cx43 channels resulted through passaging of the
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bystander cells in elimination of damaged cells, perhaps though cell death or permanent cell
cycle arrest. In contrast, bystander cells coupled with irradiated cells through Cx32 channels,
which appeared to be protected during early time, must have harbored a perturbation (e.g.,
in oxidative metabolism) that resulted in enhanced damaging effects with serial passaging.
Analyses of DNA damage as a function of passaging of bystander cells whose parental

cells were coupled with cells expressing either Cx26, Cx32 or Cx43 would be informative.
Together with analyses of the epigenome, oxidative metabolism and different modes of cell
death, these studies will enhance understanding of the mechanisms involved. Furthermore,
experiments wherein HeLa Cx26 cells, HeLa Cx32 or HeL.a Cx43 cells are co-cultured with
AG1522 cells in which Cx26, Cx32, or Cx43 are knocked down would shed light on the
specificity of these connexins in short- and long-term outcomes of bystander effects and the
ways by which they mediate their effects.

Gap junctions exist between different types of normal cells and in tumor cells, particularly
at the metastatic stage (Cronier et al. 2009), and specific connexins exist in certain cells

in tissues and not in others (Bruzzone and Meda 1988). Therefore, understanding the role
of junctional permeability in propagation of bystander effects has profound implications

to both radioprotection and radiotherapy. ldentifying the molecules communicated through
the various connexin channels under radiation stress conditions would be informative for
counteracting adverse health effects caused by exposure to ionizing radiation. Primarily,
such knowledge is basic to the understanding of intercellular communication under various
stress conditions.
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“* Recipient
cells

Figure 1. AG1522 normal human fibroblasts establish gap-junction intercellular communication
in alayered cell co-culture system.

(A) Schematic representation of the layered cell co-culture system. (B) AG1522 cells labeled
with CellTracker Orange and Calcein were seeded on the top side of permeable microporous
membrane inserts with 1 m-pores. By 2 h, Calcein permeated to bystander cells grown on
the bottom side of the insert.
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Figure 2. Transfer of 14C_|abeled metabolites from irradiated to bystander cellsthrough gap-
junctions.

AG1522 cells labeled with D[**C-U]-glucose for 24 h were chased in non-radioactive
medium for 4 h. They were then exposed to 4 Gy from 137Cs y rays, harvested by
trypsinization, and seeded on the top side of permeable microporous membrane inserts
containing a monolayer of bystander cells growing on the bottom side of the insert.
Following 4 h of co-culture in the absence or presence of 50 yM AGA or 100 uM La3*,
bystander cells were harvested and incorporated radioactivity was measured as cpm/ug of
protein.

Int J Radiat Biol. Author manuscript; available in PMC 2022 June 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

de Toledo et al.

Page 24

-
»
S (0) [08] Gy
@
2@ o
G 6 ;¢ * p=0.0025
E‘E ** p<0.001
o 2
w E 3
ES
g3
o
ks) 0
(&)
R Smin 1h 3h

Time after irradiation

Bystander cells Donor cells

99.8% | 0.02%

{ i
f*’..,_l..__' ik 4 E .1*

10* 10 10" 10°
FL2-Height

06% | 99.4%

B

FL&-H

0

=
*
%

p=0.001

with micronuclei
LW )

[008] [008] [008] Gy
Dose to iradiated donor cells

% of binucleate bystander cells

Figure 3. Biological changesin AG1522 bystander cellswhen co-cultured with irradiated cells.
Donor control or irradiated AG1522 cells exposed to mean absorbed dose of 80 cGy from

3.7 MeV a particles were seeded on the top side of permeable microporous membrane
inserts with bystander AG1522 cells growing on their underside. After 5 h of co-culture, the
bystander cells were collected. [A] Effect of elapsed time between irradiation of donor cells
and co-culture with bystander cells on formation of micronuclei in bystander cells. [B] Flow
cytometric analyses of non-dyed bystander cells co-cultured with dyed donor cells. AG1522
donor cells labeled with CellTracker Orange and Calcein were seeded on the top side of
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the inserts containing non-dyed bystander cells on the bottom side. After 5 h of co-culture,
the cells were collected and submitted to Flow Cytometry to determine purity. [C] Effect
of inhibitors of connexin channels and hemi channels (50 uM AGA) and hemi channels
(100 pM La3*) during 5 h co-culture of bystander cells with irradiated donor cells on the
induction of micronuclei in bystander cells.
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Figure 4. Micronucleus formation in AG1522 bystander cells co-cultured with AG1522 cells
exposed to different types of radiation that differ in their LET.

[A] Donor control or irradiated cells exposed to 3.7 MeV a particles (80 cGy), 1000 MeV/u
iron ions (2 Gy) or 137Cs -y rays (4 Gy) were seeded, immediately after irradiation, on

the top side of permeable microporous membrane inserts with bystander AG1522 cells
growing on their underside. Following 5 h of co-culture, the bystander cells were harvested
and assayed for micronuclei formation. [B] Effect of inhibitors of connexin channels and
hemi channels (50 pM AGA) and hemi channels (100 pM La3*) during 5 h co-culture of

Int J Radiat Biol. Author manuscript; available in PMC 2022 June 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

de Toledo et al.

Page 27

bystander cells with irradiated (2 Gy of 1 GeV/u %6Fe ions) donor cells on induction of
micronuclei in bystander cells.
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Figure5. Oxidative stressin AG1522 bystander cells.
[A] Protein carbonylation, and [B] lipid peroxidation (i.e. 4-HNE protein adduct

accumulation) as revealed by immunoblotting in confluent bystander cells that had been

in co-culture for 5 h with cell populations exposed to mean doses of 0, 5 or 10 cGy of 3.7
MeV a particles using the layered cell culture strategy. Relative to controls, bystander cells
exhibited different levels of protein cabonylation and lipid peroxidation.
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Figure 6. Micronucleus formation in distant progeny of bystander cells.
Control or irradiated donor AG1522 cells were seeded on the top side of permeable

microporous membrane inserts with bystander AG1522 cells growing on the bottom side

of the inserts. Following 5 h of co-culture, bystander cells were harvested, sub-cultured for
25 population doublings and assayed for micronuclei formation. [A] Effect of elapsed time
between irradiation of donor cells (80 cGy from 3.7 MeV a particles) and co-culture with
bystander cells. [B] Genomic instability induced in distant progeny of bystander cells whose
parental cells were co-cultured with cells from cultures exposed to 3.7 MeV a particles (80
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cGy), 1000 MeV/u Fe ions (200 cGy), 600 MeV/u Si ions (50 cGy), or 137Cs +y rays (400
cGy). [C] Effect of inhibitors of intercellular communication: 50 4 M AGA or 100 u M
La3*,
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Figure 7. The effect of the connexin expressed in irradiated cells on genomic instability in distant
progeny of bystander cells.

Micronucleus formation in the progeny of bystander AG1522 cells that were co-cultured
with either AG1522 cells, HeLa cells devoid of functional connexins, or HeLa cells
expressing either Cx26, Cx32 or Cx43 within minutes following exposure to mean absorbed
doses of 0 or 50 cGy of 3.7 MeV a particles. Micronuclei formation was assayed in progeny
cells that underwent 24 population doublings.
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