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Abstract

We investigated the effects of continuous low-dose radiation on proliferation, clonogenicity, radiosensitivity, and repair of DNA
double-strand breaks (DSBs) in human salivary gland (HSG) tumor cells. Human salivary gland cells were cultured on acrylic
boards above very-low-dose (4.3 nSv/h) or low-dose (27 puSv/h) radiation-emitting sheets or without sheets. Total cell numbers
and plating efficiencies were compared among the 3 groups every | or 2 weeks until 6 weeks after starting culture. At 2, 4, and
6 weeks, surviving fractions of HSG cells after irradiation at 2 to 8 Gy cultured on the very-low-dose or low-dose sheets were
compared to those of the control. At 4 weeks, HSG cells irradiated at 2 Gy were assessed for phosphorylated histone (YH2AX)
foci formation, and DSBs were evaluated. No significant differences were observed in total cell number or plating efficiencies with
or without low-dose-emitting sheets. The surviving fractions after irradiation of the very-low-dose group at 2 to 6 weeks and
those of the low-dose group at 2 to 4 weeks were higher than those of the control (P <.0l). Thus, a radioadaptive response was
clearly demonstrated. From the YH2AX foci quantification, the adaptive responses were considered to be associated with the
efficient repair of DSB, especially slow repair, in this cell line.
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have been investigating the effects of the low-dose-emitting
sheets on the growth, clonogenicity, and radiosensitivity of
cultured cells. One of the purposes of this in vitro study was
to investigate whether the promotion of proliferation similarly
occurs in cultured cells, and herein, we report the results of our
in vitro studies. To investigate the relationship between DNA

Introduction

High-dose radiation is harmful and can induce cancer, whereas
the effects of low-dose radiation (< 200 mGy) remain contro-
versial. The linear no-threshold (LNT) theory has been applied
to the dose response of radiation effects, but some investigators
have questioned the reliability of this hypothesis.'™ It is now
known that low-dose irradiation can induce the radiation horm-
esis phenomenon first described by Luckey et al® in 1982 and
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the adaptive response first reported by Olivieri et al® in 1984. In
support of these initial observations, many recent investiga-
tions revealed the beneficial effects of low-dose radiation.”*

Our group has investigated the effects of low-dose,
radiation-emitting sheets on the growth of silkworm (Bombyx
mori) larvae and young mice and tumor transplantability in
mice.'""!? Silkworms grown on low-dose-emitting sheets
became larger than those grown on control sheets, and the time
to tumor development was prolonged in mice bred on the
radiation-emitting sheets. Along with these investigations, we
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repair and the radioadaptive response, DNA double-strand
breaks (DSBs) after X-ray irradiation were also investigated
in cells cultured with or without the sheets.

Materials and Methods
Low-Dose Radiation-Emitting Sheets

The sheets were manufactured at Aoyama Stein Co, Ltd (Kobe,
Japan). Details of the sheets were described in detail previ-
ously.'"'? Briefly, monozites containing **Ac and "’Br were
rubbed into sheets made of polyvinyl chloride materials. Two
kinds of sheets containing different amounts of isotopes were
made (a “very-low-dose” sheet and a “low-dose” sheet). The
radiation dose rates emitted from the sheets were measured
with a Geiger-Mueller (GM) counter Inspector USB (for a,
B, and vy rays; Measure Works, Tokyo, Japan). The dose rates
were approximately 4.3 puSv/h on the “very-low-dose-rate”
sheet and 27 uSv/h on the “low-dose-rate” sheet at a point
5 mm above the sheet, simulating the cell position and includ-
ing an acrylic board of 2-mm thickness and the bottom of a
culture dish. Under these conditions, o-rays did not contribute
to the dose, and the contribution of B-rays was also small.

Human Salivary Gland Tumor Cells

Human salivary gland (HSG; JCRB1070: HSGc-C5) cells were
used. Characteristics of the cell line were previously described. '
These cells are contaminated with HeLa S3 cells, and differen-
tiation from HeLa cells is difficult.'*'® The cells were cultured
in Eagle minimum essential medium (Sigma-Aldrich, Inc,
Merck KGaA, Darmstadt, Germany) supplemented with 10%
fetal bovine serum and antibiotics (100 U/mL penicillin and
100 pg/mL streptomycin) and were incubated under a humidi-
fied atmosphere with 5% CO, and 95% air at 37°C.

Cell Number Determination and Colony Assay

A frozen stock of HSG cells was thawed, and the cells were
divided into 3 groups; 5 x 10* HSG cells were plated onto
10-cm plastic dishes in each group. During cell culture, the
dishes were placed on 2-mm-thick acrylic boards above the
very-low-dose or low-dose sheets or on the acrylic boards with-
out the sheet. The acrylic boards were used to stabilize the cell
culture. The total numbers of HSG cells cultured with or with-
out the radiation-emitting sheets were counted using a Coulter
counter and compared once a week for 6 weeks. After counting,
10* cells were plated onto new dishes, and culture was contin-
ued thereafter. The medium was changed once between the
subcultures. In addition, the colony-forming ability (plating
efficiency) was compared every other week for 6 weeks.
Radiation dose—survival curves were obtained at 2, 4, and
6 weeks of culture for all 3 groups of cells cultured with or
without the sheets. The cells were trypsinized to single cells,
plated onto 6-cm culture dishes in appropriate numbers,
and irradiated at doses of 2, 4, 6, and 8 Gy at a dose rate of
1.6 Gy/min using an X-ray machine CAX-210 (Chubu Medical

Co., Ltd., Yokkaichi, Japan; 210 kVp, 10 mA, 2-mm Al filter)
as described previously.'® Plating efficiencies and surviving
cell fractions were determined by the standard colony assay,
as described previously.'® Colonies containing 50 or more cells
were stained and counted 7 days later.

Quantification of Phosphorylated Histone Foci
per Nucleus

After HSG cells had been cultured for 4 weeks with subcultur-
ing at 1-week intervals, 3 groups of cells cultured on the very-
low-dose sheet, on the low-dose sheet, and without the sheet
were trypsinized to single cells and plated onto 96-well plates.
The plates were incubated on the very-low-dose or low-dose
sheet or without the sheet for 24 hours, and then the plates were
irradiated at a dose of 2 Gy using the same machine as men-
tioned above. At 1, 6, and 24 hours after 2-Gy irradiation or
without irradiation, the 3 groups of cells were fixed in 3.7%
formaldehyde, permeabilized in 90% methanol, and blocked in
1% blocking/antibody incubation buffer (1% bovine serum
albumin/phosphate-buffered saline). All groups of cells were
stained and mounted with 4’,6-diamidino-2-phenylindole
(DAPI; Thermo Scientific, Waltham, Massachusetts), and
phosphorylated histone (YH2AX) foci were detected with the
primary antibody anti-phospho-histone H2AX (x 100, Ser 139,
OxiSelect DNA DSB Staining Kit; Cell Biolabs, Inc, San
Diego, California) and the secondary antibody fluorescein
isothiocyanate-conjugated goat antimouse IgG antibody
(x100, OxiSelect DNA DSB Staining Kit). The y-H2AX foci
in each group were scored in at least 100 cells with In Cell
Analyzer 6000 (GE Healthcare UK Ltd, Little Chalfont, United
Kingdom).

Statistical Analysis

Total numbers of HSG cells, surviving fractions, and y-H2AX
foci/nucleus scores were compared among the 3 groups using
factorial analysis of variance followed by Dunnett post hoc test.
Plating efficiencies were compared using Student ¢ test. The
relative surviving fractions of the very-low-dose and low-dose
groups compared to those of the control groups were calculated
at each point, and then the relative surviving fractions were
compared between the very-low-dose and the low-dose groups
and also among the different periods of culture on the sheet
(2 vs 4 vs 6 weeks) at the same radiation doses using the ¢ test or
factorial analysis of variance followed by the Bonferroni-Dunn
post hoc test. All statistical analyses were performed using
StatView 5.0 (SAS Institute Inc, Cary, North Carolina).

Results

Figure 1 shows relative total numbers of HSG cells cultured for
up to 6 weeks on the very-low-dose and low-dose sheets com-
pared to those of the control groups. In the very-low-dose sheet
experiments, the mean total cell numbers (standard deviation,
SD) in the control groups were 5.88 (3.10) x 10° at 1 week,
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Figure I. Relative total numbers of human salivary gland (HSG) cells
when compared to the control group cultured for up to 6 weeks on
very-low-dose (4.3 pSv/h) and low-dose sheets (27 pSv/hour). Data
represent the mean and standard deviation of 3 experiments.
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Figure 2. Relative plating efficiencies of human salivary gland (HSG)
cells when compared to the control group cultured for 2, 4, and 6
weeks on the very-low-dose and low-dose sheets. Data represent the
mean and standard deviation of 3 experiments.

1.01 (0.13) x 10° at 2 weeks, 0.72 (0.09) x 10° at 3 weeks, 0.91
(0.08) x 10° at 4 weeks, 0.77 (0.11) x 10° at 5 weeks, and 1.03
(0.14) x 10° at 6 weeks. In the low-dose sheet experiments, the
total cell numbers in the control groups were 2.61 (1.82), 1.20
(0.26), 1.02 (0.10), 1.24 (0.29), 1.12 (0.19), and 1.22 (0.24) x
10° at 1 to 6 weeks, respectively. No significant differences
were observed in the total number of HSG cells cultured for up
to 6 weeks on the very-low-dose sheets, on the low-dose sheets,
or without the sheets.

Figure 2 shows relative plating efficiencies of HSG cells
cultured for up to 6 weeks on the very-low-dose and low-
dose sheets, compared to those of the control groups. In the
very-low-dose sheet experiments, the mean plating efficiencies
(SD) in the control groups were 73% (16%) at 2 weeks, 74%
(18%) at 4 weeks, and 71% (17%) at 6 weeks. In the low-dose
sheet experiments, the plating efficiencies in the control groups
were 75% (9%), 79% (11%), and 75% (8%) at 2, 4, and 6 weeks,
respectively. No significant differences were noted in control

Figure 3. Surviving fractions after irradiation at 2 to 8 Gy of human
salivary gland (HSG) cells cultured for 2, 4, and 6 weeks on the very-
low-dose sheets or without the sheets. Data represent the mean and
standard deviation of 3 experiments.
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Figure 4. Surviving fractions after irradiation at 2 to 8 Gy of human
salivary gland (HSG) cells cultured for 2, 4, and 6 weeks on the low-
dose sheets or without the sheets. Data represent the mean and
standard deviation of 3 experiments.

plating efficiencies among HSG cells cultured for 2, 4, and
6 weeks on the very-low-dose sheets, on the low-dose sheets,
or without the sheets (Figure. 2).

Figure 3 shows the surviving fractions after irradiation of
HSG cells cultured for 2, 4, and 6 weeks on the very-low-dose
sheets or without the sheets. All cell survival curves of the
very-low-dose group were above those of the cells cultured
without the sheets (P < .01). Figure 4 shows the surviving
fractions after irradiation of HSG cells cultured on the low-
dose sheets for 2 to 6 weeks or without the sheets. The cell
survival curves of the cells cultured for 2 and 4 weeks on the
low-dose sheets were above those of the cells cultured without
the sheets (P < .01).

The experiments shown in Figures 3 and 4 were carried out
separately, and so the relative surviving fractions of the very-
low-dose and low-dose groups compared to the control groups
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Table I. Relative Surviving Fractions Compared to Controls in Radioadaptive Response Experiments.

Type of Sheet Very Low Dose Low Dose
Culture duration, weeks 2 4 6 2 4 6
Radiation dose, Gy
2 .14 (0.20) 1.06 (0.11) 1.08 (0.08) 1.12 (0.18) 1.12 (0.13) 0.95 (0.14)
4 126 (0.19) 1.02 (0.18) 1.14 (0.16) 1.13 (0.21) 111 (0.21) 0.94 (0.10)*
6 1.24 (0.17) 1.08 (0.34) 1.29 (0.18)° 1.14 (0.20) 111 (0.17)¢ 0.83 (0.15)><¢
8 .46 (0.53) 1.37 (0.57) 1.56 (0.48) 1.08 (0.18) 1.04 (0.18) 0.94 (0.36)*
P = .01, by t-test.
PP — .0001, by t-test.
P = .01, by factorial analysis of variance followed by the Bonferroni-Dunn post hoc test.
9P = .02, by factorial analysis of variance followed by the Bonferroni-Dunn post hoc test.
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Figure 5. Phosphorylated histone (YH2AX) foci/nucleus fixed at 1, 6,
and 24 hours after irradiation at 2 Gy of human salivary gland (HSG)
cells cultured on the radiation-emitting sheets for 4 weeks. Data rep-
resent the mean and standard deviation of 6 determinations.

were calculated at each point (Table 1). As a result, the cells
cultured for 6 weeks on the very-low-dose sheets had higher
relative surviving fractions than those cultured on the low-
dose sheets for 6 weeks at doses of 4 to 8 Gy. The cells
cultured for 2 or 4 weeks on the low-dose sheets had higher
relative surviving fractions than those cultured for 6 weeks on
the low-dose sheets at 6 Gy.

Figure 5 shows the results of y-H2AX foci/nucleus quanti-
fication. Without irradiation, there were no differences in the
v-H2AX foci/nucleus scores among the 3 groups. At 1 and
6 hours after 2-Gy irradiation, the score was significantly
higher in the low-dose group than in the control group (P <.05).
At 24 hours, however, there were no differences in the y-H2AX
foci/nucleus score among the 3 groups, and the score in the
low-dose group was significantly lower than that without 2-Gy
irradiation in the same group (P < .05). Figure 6 shows represen-
tative photomicrographic images of DAPI and YH2AX staining
in each cell group; the trends in Figure 5 can be noted.

Discussion

In our previous study, we observed enhanced growth of silk-
worm larvae bred on low-dose-emitting sheets, but the mechan-
ism was unclear. Growth promotion in other living organisms
by low-dose radiation has also been reported.'®!” Stimulation

by low-dose radiation at a cellular level cannot be ruled out,
but other in vivo mechanisms to stimulate growth may be more
likely. We also did not detect an increase in the clonogenicity
of HSG cells by low-dose radiation, but more studies under
various conditions are needed.

Previously, we did not observe a radioadaptive response
after a single radiation dose of 50 mGy in 4 cell lines cultured
in vitro.'® One of the cell lines was HeLa S3; HSG cells are
contaminated with HeLa S3 cells and are considered to be the
same as HeLa.'*'> We observed a radioadaptive response
after continuous low-dose irradiation, and the total dose dur-
ing the 2- to 6-week culture was 1.4 to 4.3 mGy on the very-
low-dose sheet and 9.1 to 27 mGy on the low-dose sheet,
which was lower than 50 mGy used in our previous single-
shot radiation study. Thus, continuous low-dose radiation
may be more likely to induce an adaptive response than single
low-dose irradiation. Culture on the very-low-dose sheets for
6 weeks appeared to be a more suitable condition for inducing
an adaptive response than culture on the low-dose sheets for 6
weeks, and culture on the low-dose sheets for 2 or 4 weeks
appeared to be more suitable than culture on the low-dose
sheets for 6 weeks (Table 1). Detecting the adaptive and hor-
metic responses depends on various conditions of the cells
and environment,'”?° and absence of such effects does not
suggest the absence of beneficial effects of low-dose radia-
tion. Subtle positive responses at cellular levels may not result
in an adaptive or hormetic response.'”

To investigate the possible mechanism of the radioadaptive
response in HSG cells, we quantified DNA DSBs with the -
H2AX foci/nucleus score. Because phosphorylation of the
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Figure 6. Representative photomicrographs of 4’,6-diamidino-2-phenylindole (DAPI) and phosphorylated histone (YH2AX) staining in human
salivary gland (HSG) cells cultured without the radiation-emitting sheets (control, Ctrl: left 2 panels) on the very-low-dose sheets (VL: center 2
panels) and on the low-dose sheets (L: right 2 panels). The bar corresponds to 25 pm. The YH2AX index in the cells cultured on the low-dose
sheets was lower at 24 hours after 2-Gy irradiation (bottom right corner) than without 2-Gy irradiation (top right corner).

H2AX protein occurs at an early step in the DSB repair path-
way,?’?! y-H2AX foci scoring is frequently used to assess
DSB. At 1 and 6 hours after 2-Gy irradiation, the y-H2AX
foci/nucleus score was higher in the low-dose-sheet group than
in the control group (Figure. 5). It was reported that low-dose
radiation around 10 mGy increased DSB,?* and the transient
increase in the score may result from conditioning low doses
from the low-dose sheet (18 mGy over 4 weeks). Double-strand
break repair was delayed in the low-dose group, but the score
markedly decreased at 24 hours after 2-Gy irradiation, and the
score at 24 hours in the low-dose group was lower than the
score without irradiation. Since this reduction at 24 hours in
the y-H2AX score was not observed in the very-low-dose
group, we could not clearly state that continuous low-dose
radiation decreased the DSB, but it was suggested that DSBs
were efficiently repaired after 6 hours in the cells cultured on
the radiation-emitting sheets. When DSB and chromosome
damage are evaluated immediately or shortly after low-dose
(<100 mQGy) radiation, increases in the indices may be
observed,”>?* but the damage may be efficiently repaired
thereafter or damaged cells may be eliminated by apoptosis
and replaced with new cells by the effect of low-dose radiation.
Overall, low-dose radiation may enhance the DNA repair

capacity and contribute to repair of DSB following subsequent
exposure to a high dose of radiation.>*%¢

Thus, the adaptive response observed in our HSG cells may
be in part related to the efficient repair of DSB after 6 hours of
irradiation. A previous study showed that DSBs were quickly
repaired (at around 2 hours) by non-homologous end-joining
(NHEJ) and slowly repaired (at around 12 hours) by homolo-
gous recombination (HR).?® In our study, therefore, the adap-
tive responses induced by low-dose radiation were considered
to be mainly derived from enhancement of the slow repair of
DSB observed after 6 to 24 hours by HR. Also, in another
study, marked enhancement of DSB repair from HR and weak
enhancement of DSB repair from NHEJ were observed after
low-dose irradiation.”” However, these results including ours
contradict those reported by Zhao et al.?® In their study,
v-H2AX foci were fewer in the group preirradiated at 25 to
100 mGy when assessed at 0.5 to 1 hour after 2-Gy irradiation,
so fast repair by NHEJ might have been enhanced in their cell
lines. These results suggest that the mechanisms of adaptive
responses are not uniform and can vary with the cell lines.
Further studies on this issue may be warranted.

The limitations of this study include not investigating the
mechanisms of the adaptive response further except for
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v-H2AX foci staining. Another limitation is that we only used 2
types of sheets, and an optimal dose rate could not be deter-
mined. The total dose from the low-dose sheet was 27 mGy
over 6 weeks. Therefore, the mechanisms of low-dose radiation
effects and the effects of higher dose rates should be investi-
gated in future studies because similar sheets with higher dose
rates are now available.'?

In conclusion, the adaptive response by continuous low-
dose radiation was demonstrated using low-dose-radiation-
emitting sheets. One reason for the adaptive response may be
efficient DSB repair through HR.
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