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Over the past several years, investigations in both low-dose
hyper-radiosensitivity and increased radioresistance have been
a focus of radiation oncology and biology research, since both
conditions occur primarily in tumor cell lines. There has been
significant progress in elucidating their signaling pathways,
however uncertainties exist when they are studied together with
radiation-induced bystander effects. Therefore, the aim of this
work was to further investigate this relationship using the
T98G glioma and HaCaT cell lines. T98G glioma cells have
demonstrated a strong transition from hyper-radiosensitivity to
induced radioresistance, and HaCaT cells do not show low-dose
hypersensitivity. Both cell lines were paired using a mix-and-
match protocol, which involved growing nonirradiated cells in
culture media from irradiated cells and covering all possible
combinations between them. The end points analyzed were
clonogenic cell survival and live calcium measurements
through the cellular membrane. Our data demonstrated that
T98G cells produced bystander signals that decreased the
survival of both reporter T98G and HaCaT cells. The
bystander effect occurred only when T98G cells were exposed
to doses below 1 Gy, which was corroborated by the induction
of calcium fluxes. However, when bystander signals originated
from HaCaT cells, the survival fraction increased in reporter
T98G cells while it decreased in HaCaT cells. Moreover, the
corresponding calcium data showed no calcium fluxes in T98G
cells, while HaCaT cells displayed a biphasic calcium profile. In
conclusion, our findings indicate a possible link between low-
dose hyper-radiosensitivity and bystander effects. This rela-
tionship varies depending on which cell line functions as the
source of bystander signals. This further suggests that the
bystander mechanisms are more complex than previously
expected and caution should be taken when extrapolating
bystander results across all cell lines and all radiation
doses. � 2016 by Radiation Research Society

INTRODUCTION

The inter-relationship between low-dose hyper-radiosen-
sitivity (HRS), increased radioresistance (IRR) and bystand-
er effects has been studied for several years. Extensive
research involving more than 10 different cell lines has
revealed that populations displaying HRS did not generate
bystander effects after exposure to radiation doses above 0.5
Gy. In fact, it was concluded that HRS and bystander effects
were mutually exclusive (1, 2). However, new research in
the area (3, 4) has expanded those conclusions, thus
requiring a re-examination of the interaction between
HRS/IRR and bystander effects.

In the published literature, HRS and IRR have been
described as two linked mechanisms, with HRS, cell death
occurs due to a greater than expected sensitivity to low-dose
radiation (,0.5 Gy), while with IRR, those cells show a
more radioresistant response as the dose increases to about 1
Gy (5–7). Investigators agree that the increase in cell kill
observed in HRS derive from a protective mechanism that
evolved to prevent cells from developing genomic instabil-
ity and mutations (8). These responses were first identified
in the late 1980s (9), with continued studies into several
normal cell lines (10–13), malignant cell lines (13–16) and
human tissue explants (9, 17, 18). There is also clinical
evidence of hyper-radiosensitivity of skin after low-dose
fractions during radiotherapy (19). Similar biphasic survival
responses, albeit at much higher doses, have also been
reported previously in protozoa (20) and in insect cell lines
(21). To improve cancer treatments (22) and to enable us to
exploit HRS/IRR mechanisms to sensitize tumors (23),
current studies are focusing on elucidating the mechanisms
that govern the expression of HRS. Up to now, research has
shown that the most likely causes appear to be defective
DNA repair systems (24–29) and impaired cell cycle
regulation (8, 16, 30). However, the data shown here
focuses on the association between bystander signaling and
HRS in the low-dose range.

Bystander effects are radiation-like responses observed in
cells that have never been exposed to radiation but that are
in direct contact with or have received signals from
irradiated cells (31, 32). Research has identified a large
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number of cellular processes that occur during bystander
responses (33–38), and calcium fluxes have been associated
with the initiation of the signaling process (39). However,
new research indicates that ultraviolet (UV) photon
emission (40, 41) and exosomes containing long noncoding
RNA (42, 43) are also bystander candidates.

Bystander effects and HRS/IRR are currently well-
accepted phenomena. However, their inter-relationship has
been mostly studied in the dose ranges between 0.5 to 5 Gy.
Mothersill et al. developed the first study examining their
interaction, and showed that out of 13 cell lines exposed, the
ones displaying the highest HRS were unable to induce
bystander effects (1). Ryan et al. later developed studies,
which examined the relationship among HRS/IRR, bystand-
er effects and adaptive responses after 0.5, 2 and 5 Gy (2),
and not only confirmed that HRS/IRR and bystander effects
were mutually exclusive but also showed that adaptive
responses were only seen in cell lines with high HRS.
Interestingly, recent studies conducted by Nuta and Darroudi
(4) have shown that HRS might be related to bystander
effects after exposing fibroblasts to photons at doses below 1
Gy. Moreover, work developed by Heuskin et al. (3)
revealed that HRS and bystander effects were able to coexist
after A549 lung carcinoma cells were irradiated with low-
and high-LET-charged particles. In fact, their research
revealed that bystander effects were the most likely cause
of cell kill during HRS. Moreover, the dose at which HRS
transitioned to IRR decreased with increasing LET. The
conclusions of the above researchers prompted us to further
explore the extent to which HRS and bystander effects are
related and whether HRS-positive cells are able to induce
bystander effects in HRS-negative cell lines. Therefore, the
goal of this research was to further elucidate the inter-
relationship between HRS/IRR and bystander effects.

MATERIALS AND METHODS

Cell Lines

The T98G is an immortal and anchorage-independent human
glioma cell line that arrests in G1 under stationary phase conditions
(44) and displays high HRS (16). The T98G cells were obtained as a
gift from Prof. Brian Marples, (Department of Radiation Oncology,
William Beaumont Hospital, Royal Oak, MI). The cell line was
routinely maintained with Dulbecco’s modified Eagle medium F12
(DMEM/F12) þ L-glutamine þ HEPES (Gibcot, Oakville, Canada),
supplemented with 10% fetal bovine serum (FBS; Gibco).

The HaCaT cell line is a spontaneously immortalized human
epithelial cell line that was derived from normal human skin from a
patient with melanoma (45). HaCaT cells have been extensively used
by our laboratory and others because they exhibit strong radiation-
induced bystander effects in response to the addition of autologous
irradiated cell-conditioned media (ICCM) (32). HaCaT cells were
originally given as a kind gift from Dr. Petra Boukamp [German
Cancer Research Center (DKFZ), Heidelberg, Germany (46)] to
Mothersill at the Dublin Institute of Technology (DIT; Dublin,
Ireland) in 1996. The cell line was adapted to grow in DMEM/F12 þ
L-glutamine þ HEPES (Gibco), supplemented with 10% FBS (Gibco),
1 lg/ml hydrocortisone (Sigma-Aldricht, Oakville, Canada) and 5 ml
of L-glutamine (Gibco).

Both cell lines tested negative for mycoplasma before the
experiments.

Cell Culture Technique

Several 75 cm2 flasks were seeded with T98G and HaCaT cells.
Flasks containing asynchronous nonconfluent cells were gently rinsed
with 10 ml of calcium and magnesium-free DPBS, and the cells were
detached using a 0.3% (v/v) trypsin-0.53 mM EDTA solution (Gibco).
Trypsin was neutralized using fresh culture media, and the cell
solution was centrifuged at 125g for 5 min. The pellet was
resuspended and cells were counted using an automatic cell counter
model Z2 (model Ze 2; Beckman Coulter Inc., Fullerton, CA). Flasks
were seeded according to their purpose (Fig. 1). A set of 25 cm2 flasks
was seeded with 500 T98G or HaCaT cells to study their response to
radiation using the clonogenic technique developed by Puck and
Markus (47). A second set of 25 cm2 flasks was seeded with 500 T98G
or HaCaT cells to function as recipients of ICC. And a third set of
flasks was seeded with 200,000 T98G or HaCaT cells to serve as
ICCM donors to study the induction of bystander effects in the
previously described recipient cells. All flasks were placed in a 378C,
5% CO2 in air, 95% humidity incubator.

Irradiations

T98G cells were irradiated 60–90 min after seeding based on the
recommendation of Dr. Marples and published protocols (16), while
HaCaT were irradiated 6 h after seeding based on established protocols by
Mothersill and Seymour (48) (Fig. 1). Cells were exposed to 0–3 Gy
gamma-ray doses using a cesium-137 (137Cs) source. Flasks were placed at
27 cm from the radiation source, irradiated at a dose rate of 0.289 Gy/min
and the room temperature was around 268C. All flasks were placed back in
the incubator immediately after irradiation. Donor flasks containing
200,000 cells were incubated for 90 min (or 6 h) prior to media harvest
while reporter flasks containing 500 cells remained undisturbed for 9 days
after receiving donor media to allow for colony formation.

Media Transfer Technique and Bystander Protocol

Since reporter T98G and HaCaT cells were not irradiated but
received the harvested ICCM from donors, the time between seeding
and media transfer was kept constant across both cell lines based on
bystander experiments developed by Mothersill and Seymour (32)
(Fig. 1). To accomplish this, reporter flasks were seeded with T98G or
HaCaT cells at clonogenic densities and allowed to attach in an
incubator prior to media transfer. Six hours later, the media from a
reporter T98G or HaCaT flask was discarded and replaced by ICCM
from a donor flask, which had been previously harvested and filtered
using a 0.22 lm filter with HT Turffrynt Membrane (Pall Canada
Direct Ltd., Mississauga, Canada). Then, the empty donor flasks were
discarded and the reporter flasks were placed back into an incubator
and left undisturbed for 9 days to allow for colony formation. The
colonies were then stained using a 1:4 (v/v) dilution of Fuchsin-Carbol
(Ricca Chemical Co., Arlington, TX) in water, and colonies with more
than 50 cells were scored as survivors.

Ratiometric Calcium Measurements

Our protocol is an adaptation of the one developed by Dr. Fiona
Lyng (DIT) and was employed in consultation with her. For this assay
100,000 T98G or HaCaT cells were seeded in glass bottom dishes
(MatTek Corp., Bratislava, Slovak Republic) containing 2 ml of cell
culture media DMEM/F12 (Gibco,) supplemented with 10% FBS, and
placed in an incubator at 378C, 5% CO2 in air for 24 h. For calcium
measurements, the culture media were discarded and the cells were
gently washed three times with Hanks’ balanced salt solution (HBSS)
with calcium and magnesium (cat no. 14025-092; Gibco), supple-
mented with 25 mM of HEPES (Gibco). The HBSS was discarded and
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cells were loaded with 200 ll of 8.4 lM of Fura 2-AM (Sigma-
Aldricht, Milwaukee, WI), for 1 h at room temperature in the dark.
Loading the Fura 2-AM into the cells at room temperature prevented
the compartmentalization of the dye within the cellular organelles,
which was a problem encountered when cells were placed in an
incubator at 378C. Cell loading at room temperature allowed a better
distribution of the fluorescent dye across the cytoplasm. At the end of
the loading time, the Fura 2-AM was discarded, the cells were washed
three times with HBSS and 300 ll of the same buffer was added to the
dish. Cells were observed with a 403 oil objective on an Olympus
inverted fluorescent microscope (Olympus Canada Inc., Richmond
Hill, Canada) and images were captured with a CCD CoolSNAP HQ
camera (Photometrics, Tucson, AZ). Fura 2-AM emits light at 510 nm
when excited at 380 nm and 340 nm. The ratio of emissions between
those wavelengths is correlated with the flux of calcium through the
cellular membrane. Once the calcium values were obtained, the data
from each cell was analyzed and the area under the curve was
calculated. The value between the maximum peak and the baseline
was selected and then plotted as a function of the dose.

Data Analysis

Colony cell survival is shown as mean survival fraction with
standard error of the mean (SEM). Experiments were performed in
triplicate and repeated as 3 independent studies unless otherwise
indicated by the n value.

Survival fractions were fitted with the linear-quadratic and induced-
repair equations using the nonlinear least squares fit regression. The
calcium data were fitted only to the induced-repair model. The
algorithm used for the iterations was the Marquardt and Levenberg
method (GraphPad Prism 6 software; GraphPad Software Inc.,

LaJolla, CA). The linear-quadratic model describes the cell survival
(S) as a function of the dose (D), by:

S ¼ expð�aD� bD2Þ

where a is the slope of the linear component of the curve and b is the
slope of the quadratic component. The induced-repair equation used
here was taken from the model described by Lambin et al. (14):

S ¼ exp �ar 1þ as

ar
� 1

� �
e�D=Dc

� �
d � bD2

� �

where, ar is a extrapolated from the conventional linear-quadratic
dose-response model, thus it represents the slope of the resistant part
of the linear component. While as is a new a derived from the
response at very low doses and it represents the slope of the sensitive
part of the linear component.

RESULTS

Low-Dose Hyper-Radiosensitivity

Figure 2 shows the clonogenic survival of T98G and

HaCaT cell lines after direct exposure to gamma rays from a
137Cs source. The linear-quadratic model was fitted to both

data sets and shows the different survival responses to the

same radiation doses. The induced-repair model was also

fitted to both data sets to better describe the effect at doses

below 1 Gy, which are underestimated by the linear-

quadratic model. T98G cells (Fig. 2A) showed a sharp

FIG. 1. Schematic figure representing the different experimental setting. Flasks seeded with 2 3 105 cells are shown in blue. Flasks seeded with
500 cells are shown in green. Irradiated flasks are shown in red. Panel A: Experimental setting when the both T98G and HaCaT cell lines served as
irradiated controls. Panel B: Experimental setting when the T98G cell line served as donor of ICCM. Panel C: Experimental setting when the
HaCaT cell line served as donor of ICCM.
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decrease in survival after exposure to doses below 1 Gy.

This is a characteristic of hyper-radiosensitive cells, which

is better represented by the induced-repair model (r2 ¼
0.6336). Conversely, HaCaT cells (Fig. 2B) showed a clear

shoulder region at doses below 1 Gy, which is better

represented by the linear-quadratic model (r2¼ 0.79).

The values of the best-fit parameters are shown in Table

1. The a/b value indicate the dose where the linear and

quadratic contributions to cell killing are equal, which for

T98G and HaCaT cells varies widely. For instance, T98G

cells showed an a/b ¼ 85.19, while HaCaT cells displayed

an a/b ¼ 0.11. The dc parameter is another key indicator

because it indicates the dose at which cells switch from

being sensitive to resistant. In other words, dc indicates the

dose at which cell kill is higher due to HRS. For these

experiments T98G cells showed the highest HRS cell kill at

;0.12 Gy, while the value for HaCaT cells becomes

irrelevant because they did not show HRS. Nevertheless, it
was decided to include these numbers for completeness.

Low-Dose Hypersensitivity and Bystander Effects

Figure 3 shows the clonogenic survival of reporter
(bystander) cells grown in ICCM. By experimentally fitting
the data to both linear-quadratic and induced-repair models,
we were able to show the survival patterns. The induced-
repair model gave a better fit, and was therefore selected as
our standard modeling tool for bystander cell survival. The
best-fit parameters of the induced-repair model for bystand-
er T98G and HaCaT cells are shown in Table 2.

Reporter T98G cells displayed opposite bystander
responses depending on whether the ICCM originated from
donor T98G or donor HaCaT cells. ICCM from donor
T98G cells decreased the survival of reporter T98G cells
after doses below 1 Gy (Fig. 3A), achieving the highest cell

FIG. 2. Clonogenic survival of T98G (panel A) and HaCaT (panel B) cell lines after irradiation with a 137Cs
gamma source. The linear-quadratic model was fitted using the data point from 1 Gy and above. R2 indicates
goodness of fit. n ¼ number of flasks; error bars ¼ SEM.

TABLE 1
Best-Fit Values for the Linear-Quadratic and Induced-Repair Models on

T98G and HaCaT Cells Irradiated with a 137Cs Source

Parameters T98G Confidence limits (95%) HaCaT Confidence limits (95%)

Linear-quadratic model
a/b 85.19 0.11
a 0.23 0.17–0.30 0.010 –0.053–0.072
b 0.003 �0.028–0.033 0.091 0.062–0.120

Induced-repair model
as/ar 11.15 –6.28
ar 0.25 0.18–0.32 0.010 –0.062–0.09
as 2.78 1.38–4.18 –0.09 –1.15–0.97
dc 0.12 0.062–0.18 0.11 –0.65–0.87
b 0.02 �0.088–0.13 –6.36 –43.20–0.49

Note. The linear-quadratic model was fitted using the data point from 1 Gy and above.
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kill at ;0.16 Gy (Table 2). However, ICCM from donor

HaCaT cells increased the survival of reporter T98G cells at

doses below 1 Gy (Fig. 3B), producing the highest survival

at ;0.16 Gy.

Reporter HaCaT cells, however, always showed de-

creased survival when exposed to ICCM. But the extent of

the cell kill was also dependent on the donor cell line.

ICCM from donor T98G cells decreased the survival of

reporter HaCaT cells at HRS/IRR doses only (Fig. 3C);

showing the highest cell kill at ;0.16 Gy. While ICCM

from donor HaCaT cells decreased the survival of reporter

HaCaT cells across all doses (Fig. 3D).

TABLE 2
Best-Fit Parameters for the Induced-Repair Model on Bystander Cells

Reporter cell line
Induced-repair

parameters
ICCM from

T98G
Confidence
limits (95%)

ICCM from
HaCaT

Confidence
limits (95%)

T98G as/ar 1,060.23 –938.54
ar 0.00 –0.002–0.003 0.00 –0.018–0.021
as 0.16 –2.120–2.450 –1.53 –4.31–1.25
dc 0.16 0.063–0.250 0.16 –0.15–0.46
b –56.77 –959.4–845.8 –2.40 –34.74–29.93

HaCaT as/ar 358.97 26.26
ar 0.01 –0.021–0.032 0.12 0.013–0.22
as 1.92 0.160–3.680 3.03 0.52–5.55
dc 0.16 0.0310–0.300 0.13 0.034–0.23
b –2.39 –16.210–11.430 0.27 0.15–0.40

FIG. 3. Mix-match survival fraction of reporter (bystander) cells exposed to ICCM from T98G and HaCaT
cell lines. The x-axis indicates the dose delivered to donor cells before their media was harvested and transferred
onto the nonirradiated reporter cells. Clonogenic survival of reporter T98G cells grown in ICCM from T98G
(panel A) and HaCaT (panel B) cell lines. Clonogenic survival of reporter HaCaT cells grown in ICCM from
T98G (panel C) and HaCaT (panel D) cell lines. The solid line represents the best fit for the induced-repair
model for each plot. R2 indicates goodness of fit. n ¼ number of flasks; error bars ¼ SEM.
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Low-Dose Hypersensitivity and Calcium Fluxes in
Bystander Cells

Figure 4 shows the induction of calcium flux through the

cellular membrane in bystander T98G and HaCaT cells. The

data were plotted as total peak area for each dose and fitted

to the induced-repair model.

The calcium flux profile of reporter T98G cells varied

depending on the origin of the ICCM. When bystander

T98G cells were exposed to ICCM from donor T98G (Fig.

4A), there was an intense increase in calcium flux in the

HRS region, which reached maximum intensity at ;0.34

Gy (Table 3). This rapidly decreased to background levels

as the doses approached 1 Gy. However, when ICCM

originated from the HaCaT cell line, the calcium fluxes in

T98G cells were very low (Fig. 4B). On the other hand,

when ICCM from irradiated T98G cells was applied to
reporter HaCaT cells (Fig. 4C), there was rapid increase in
calcium ions that reached a maximum concentration at
;0.17 Gy (Table 2), and then rapidly returned to
background levels as the dose approached 1 Gy. This
response resembles the one observed in T98G reporter cells
(Fig. 4A). Finally, when HaCaT cells were exposed to
ICCM originating from HaCaT cells (Fig. 4D), there was a
rapid and constant increase in calcium fluxes that was
sustained at all doses. This calcium profile, however,
appeared to have two peaks. The first peak occurred in the
HRS region and the second appeared in the high-dose
region. While the first peak was estimated at ;0.1 Gy, the
induced-repair model cannot provide a value for the second
peak. After visual examination of the data we estimated it to
be at ;2 Gy.

TABLE 3
Best-Fit Parameters for the Calcium Data According to the Induced-Repair Model

Reporter cell line
Induced-repair

parameters
ICCM from

T98G
Confidence
limits (95%)

ICCM from
HaCaT

Confidence
limits (95%)

T98G as/ar –130.87 51.81
ar 0.04 –0.24–0.32 –0.01 –0.22–0.19
as –5.47 –8.37– �2.57 –0.70 –2.19–0.80
dc 0.34 –0.21–0.89 0.60 –1.83–1.00
b 0.73 –1.92–3.38 –0.39 –13.14–12.35

HaCaT as/ar –472.48 13.86
ar 0.02 –0.32–0.36 –0.92 –1.12– �0.72
as –9.67 –14.39– �4.95 –12.74 –21.18– �4.31
dc 0.17 –0.22–0.55 0.10 0.032–0.18
b –0.67 –18.12–16.77 0.26 0.22–0.30

FIG. 4. Calcium flux on reporter (bystander) cells induced by ICCM from T98G or HaCaT cell lines. Fura 2/
AM was used to perform ratiometric calcium measurements on T98G and HaCaT cells using ICCM as a
triggering agent. The data show the influx of calcium ions through the cellular membrane for both bystander
T98G cells (panels A and B) and bystander HaCat cells (panels C and D). Data plotted corresponds to the value
of the peak y-axis minus the baseline ‘‘1’’ for each dose. Data were fitted to the induced-repair model, thus R2

indicates goodness of fit. Data were normalized to the control group (0 Gy) of each plot. Error bars ¼ SEM.
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DISCUSSION

Hyper-radiosensitivity and increased radioresistance are
two phenomena that occur at low doses of radiation in a
number of cancer cell lines. Understanding the mechanisms
behind these two events may provide an opportunity to
emulate and increase the cell-killing effect to improve
radiotherapy treatments. While some laboratories have
focused on elucidating the signaling pathways, others have
focused on understanding the inter-relationship between
HRS/IRR, adaptive responses and bystander effects. For
instance, Ryan et al. (2) reported that cell lines exhibiting
adaptive responses were also HRS/IRR-positive but lacked
the ability to produce bystander effects. Although their work
provided great insight into the mechanism of action of these
three phenomena, bystander effects were not studied at
doses below 0.5 Gy, which is where HRS dominates. Thus,
we postulated that bystander effects might only occur in the
HRS region of the survival curve, and might be lost as the
dose increased to levels where IRR mechanisms predom-
inated. To examine this hypothesis we sought a direct link
between bystander effects and cell lines showing HRS at
low doses. We performed a mix-and-match bystander
protocol focusing on the doses that produce HRS responses
in the T98G cell line.

The data show that T98G cells exposed to HRS doses
produced and responded to bystander signals. The results
demonstrate that bystander effects can occur at doses below
1 Gy in a cell line with strong HRS/IRR transition (T98G),
while strong bystander effects are displayed across all doses
in a cell line that is not hyper-radiosensitive (HaCaT). The
data therefore support our hypothesis and clarify previously
published work by Ryan et al. (2) and earlier work by
Mothersill et al. (1) where it was suggested that bystander
effects and HRS/IRR were mutually exclusive, which
applied only after irradiation with doses of 1 Gy and above.

In the current experiments we studied six doses below 1
Gy (0.025, 0.05, 0.1, 0.25, 0.5 and 0.75 Gy) and four above
it (1.5, 2, 2.5 and 3 Gy). This allowed us to replicate the
HRS/IRR response (Fig. 2A) and to study whether any of
those doses, if not all, would induce bystander effects. We
showed that bystander effects in T98G cells reached
maximum strength at approximately 0.16 Gy; they then
gradually weakened as IRR took place, until they finally
disappeared at around 1 Gy (Fig. 3A). Our results are in
accordance with work developed by Heuskin et al. (3) in
which A549 lung carcinoma was exposed to protons and
alpha particles and bystander effects and HRS were found to
coexist in that particular cell line.

To further confirm our bystander clonogenic assay results,
we performed live calcium measurements in the reporter
cells. Calcium fluxes through the cellular membrane have
been extensively linked to bystander effects (37, 39, 49, 50).
During our experiments we were able to create a profile of
calcium changes for the reporter cells. The calcium flux
profile of T98G cells showed an inverse relationship with

the bystander cell death, which is evident at the HRS/IRR
dose levels (Fig. 4A). These data are supported by previous
work from our laboratory (51–54) and colleagues (37, 39,
49, 50), which demonstrate that transient calcium fluxes are
related to bystander effects. Moreover, work developed by
Shao et al. revealed that bystander responses in T98G cells
were eliminated when cells were treated with the calcium
channel blocker calcicludine (49), which further supports
our findings.

T98G cells were also able to induce bystander effects on
reporter HaCaT cells. This was shown using a mix-and-
match protocol, which aims to isolate the signal component
and the response component of bystander effects. The
clonogenic survival reported that the media from T98G cells
is able induce bystander effects on reporter HaCaT cells.
The HaCaT cell line has been extensively studied due to its
ability to produce and respond in a stable way to bystander
signals (2, 32, 43, 48, 54, 55). It has been previously
reported that HaCaT cells responded to bystander signals
originating from human (2, 41, 43, 48), fish (55) and rat
(54) cell lines. Thus, discovering that HaCaT cells also
respond to signals from T98G cells confirm them as
universal reporters if a bystander signal has been produced.

Bystander effects in HaCaT reporter cells occurred only
when the media originated from T98G cells exposed to
HRS doses and not to doses in the IRR region (Fig. 3C).
Reporter HaCaT cells exposed to media from irradiated
HaCaT cells showed a decrease in survival across all doses
(Fig. 3D). This ‘‘partial’’ bystander response by HaCaT
cells suggests that irradiated T98G cells can produce
bystander signals only at HRS doses. This hypothesis is
supported by our calcium results where media from T98G
cells exposed to HRS doses were capable of triggering
transient calcium fluxes in HaCaT cells, whereas media
from T98G cells exposed to doses in the IRR region of the
dose-response curve did not trigger calcium fluxes in the
HaCaT reporter cells (Fig. 4C). Therefore, our results
further confirm that T98G cells produce bystander signals
only when exposed to HRS doses and that HaCaT cells are
able respond to them.

Reporter T98G cells showed an increase in survival when
they were grown in media from donor HaCaT cells (Fig.
3B), while calcium fluxes were absent (Fig. 4B). Increases
in cell proliferation due to bystander effects, although rare,
have been described in the literature. In a recently published
study by our group, synchrotron-irradiated Fisher rats
harboring F98 tumors induced an increase in survival in
the reporter HaCaT cells compared to tumor-free rats (54).
This increase in survival was attributed to the presence of
the F98 tumor, which seemed to counteract the cell-kill
effects of bystander signals. Also, work developed by Iyer
and Lehnert (34) showed an increase in survival when
human lung fibroblasts were treated with supernatants from
alpha-irradiated cells. Moreover, work developed by Shao
et al. (56) shows that the plating efficiency of bystander
neoplastic human salivary glands (NSGs) cells was
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increased when co-cultured with irradiated NGSs. Our
current calcium data suggest that HaCaT cells have the
ability to induce an increase in survival on the reporter
T98G by means of independent calcium fluxes. These
results, together with the published literature, further
suggest that bystander effects involve complex mechanisms
where the response of one cell type is not necessarily the
same as that of others.

Reporter HaCaT cells receiving media from donor HaCaT
cells showed clear bystander effects (Fig. 3D), which were
accompanied by a broad biphasic calcium flux profile (Fig.
4D). The clonogenic survival results are in accordance with
a large number of published studies by Mothersill, Lyng,
Ryan and others, where reporter HaCaT cells showed a
marked decrease in survival as a consequence of bystander
effects (1, 2, 43, 57). The current study focused on the
bystander calcium profile across a wide range of doses from
0.05 to 4 Gy. The results show a biphasic calcium flux
profile in the HaCaT cells, one related to the HRS dose
levels and another related to higher doses. We identify the
bystander calcium profile as a biphasic curve, where the
first phase (from 0.05–0.5 Gy) resembles the calcium
response observed when T98G cells were donors (Fig. 4A
and C), while the second phase is much more intense. A
possible explanation is that two different mechanisms
govern the response of cells to radiation. One predominates
in the low-dose region and the other at high doses. It would
be interesting to focus future studies on whether other HRS/
IRR-negative cells can produce similar biphasic calcium
responses.

Bystander cell killing due to ICCM from donor T98G
cells exposed to doses in the HRS region, i.e., doses that
induce HRS, decreased the clonogenic survival of the
reporter cells to nearly 88% for T98G (Fig. 3A) and to 85%
for HaCaT cells (Fig. 3C). Those values were close to the
87% survival observed in the direct irradiated T98G (Fig.
2A). This suggests that the cell death produced in the HRS
region might somehow be related to bystander effects.
Similar results were first reported by Mothersill et al. (1)
after observing that the cell killing in the human colon
adenocarcinoma SW48 cell line was linked to the bystander
effect at low doses of X rays (0.01–1 Gy). In other
published studies involving human keratinocytes, it was
reported that very low doses of low-LET photons (0.01–
0.05 Gy) induced clonogenic cell death that was linked to
bystander effects only (58). Those results are supported
further by data from Nuta and Darroui (4), who suggested
that HRS might be causally related to bystander signals.
Moreover, Dr. Gibin Powathil from Swansea University
(UK), modeled the radiation effectiveness and bystander
response using a hybrid type model. He and his team found
that bystander effects appeared to play a role in increasing
cell kill at low doses (0.25 Gy), which further supports our
claim (59). Therefore, we propose that the role of bystander
effects during HRS cell killing should be further investi-
gated.

Regarding the transition from HRS to IRR, our results
show that the largest bystander cell killing occurred at this
‘‘transition’’ dose level. Upregulation of the ataxia telangi-
ectasia-mutated (ATM) protein has been shown to partic-
ipate during the HRS/IRR transition by triggering IRR (60).
Therefore, the reduction of bystander cell killing could be
linked with the activation of ATM. Data published by
Burdak-Rothkamm et al. shows that bystander-induced c-
H2AX foci is ATR-dependent (61), but ATM-independent
(62). This suggests that the bystander cell killing observed
during our experiments could be the result of bystander c-
H2AX foci, which are later repaired by the upregulation of
ATM during IRR. Further investigations are needed to
confirm this hypothesis.

It is likely that cell cycle phase and cell cycle regulation
are critical in both these processes (HRS/IRR and bystander
effects), however, while the cell cycle has been extensively
studied in the field of HRS/IRR, not much is known about
bystander effects and cell cycle. This is clearly an area that
requires further investigation to clarify the mechanisms, if
any, that are common to HRS/IRR and bystander effects.

In conclusion, we have shown that T98G cells exposed to
ionizing radiation in the range associated with HRS
response produce bystander signals detectable in HaCaT
and T98G reporter cells. The signals are not produced by
T98G cells exposed to higher doses where IRR response
predominates. Mix-and-match protocols showed that the
bystander responses vary depending on which cell line was
the donor and which was the reporter. It is unclear why
donor HaCaT cells induce a HRS response in reporter
HaCaT cells. However, we hypothesize that these HRS-
negative cells induced an apparent bystander hypersensitive
response because of the absence of radiation-induced DNA
damage, i.e., since radiation is not present IRR is not
triggered, leaving room for bystander effects to play their
part. Whereas if radiation were present the mechanism
responsible for IRR may be triggered at all donor doses,
which would counteract the bystander HRS response. Taken
together with previous work by this group and others, the
data suggest that bystander mechanisms need to be studied
carefully and that responses in particular cell lines or at
specific doses cannot not be generalized. Our results do
however suggest that cell killing in the HRS region may
possibly be linked with bystander signaling and that the
transition to IRR may be associated with loss of signal
production in the T98G cells.

The results of this work may be important in radiotherapy
where increasing use of imaging techniques exposes both
tumor cells and associated normal tissue to radiation doses
in the range where HRS occurs.
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