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SUMMARY

I. Title of Project

Biological Responses to Combined Action of Radiation

II. Objectives and Necessity of Research

Korea Atomic Energy Research Institute, Advanced Radiation Technology
Institute has a national mission of Research and Development of Nuclear Technology.
Especially Advanced Radiation Technology Institute plays a pivotal role for research
and development in radiation technology. This study focused on development of
fundamentals for radiation applications based on the existing radiation technology,
development of fundamental technology for protection of human beings and
non-human biota, as well. For that purpose, analyses of radiomodification and
establishment of biodosimetry techniques have been carried our in this study.
Furthermore, studying the combined action of ionizing radiation with another physical
and chemical factor on the biological systems could provide a clue for enhancing

efficacy of radiation utilization in various fields of research and industries.

III. Work Scopes of Research

The research consisted of the following work scopes.

O Dose estimation with chromosomal aberration (dicentrics) analysis

O Study on the molecular dosimetry with radiation induced y-H2AX foci

O Cell signals and cell death after exposure to ionizing radiation

O Evaluation of cell viability after irradiation with different assays

- viii -



O Radiomodification of curcumin - radioprotective effects

O Cell responses to combined action of low and high LET radiations

IV. Results of Research

1. Dose estimation with chromosomal aberration (dicentrics) analysis

The dicentric chromosome assay is very sensitive and a reliable bio—indicator in
cases of accidental overexposure. The purpose of the present experiment was to
provide data on the dose—-dependent production of chromosome aberrations such as
dicentrics, centric rings, and excess acentrics. To establish the control dose response
curve that is appropriate for our laboratory, external gamma radiation was provided by
a “Co source (42.6TBq of capacity; AECL, Canada at Korea Atomic Energy Research
Institute). The healthy five donors were recruited to establish the dose-response
calibration curve for unstable chromosomal aberrations by ionizing radiation exposure.
The metaphases of human peripheral blood lymphocytes were analysed, after /n wvitro
irradiated with gamma rays. In a total of 21,683 analyzed metaphase spreads, 10,969
dicentric chromosomes, 563 centric rings and 11,364 acentric chromosomes were found.
The number of metaphase cells decreased with increasing radiation dose. The centric
rings were not found at a O Gy dose, futhermore, there was not related with dose
variation. The dose response curves were fitted to a linear quadratic model: y = ¢ + a
D + BD? where vy is the frequency of dicenrics, ¢ is the background frequency, a is
the linear component of the curve, B is the quadratic portion of the curve and D is the
dose. The resulting dose-response calibration curve pooled from the five donors showed
a classical linear—quadratic shape. The curve was fitted to the observed frequencies of
dicentrics, in the doses range from O to 5 Gy. The fitted coefficients were Y =
(0.012340.0578) + (0.210640.05449)D + (0.024910.0104)D* (*=0.99). The chromosomal
aberrations such as dicentric, centric ring and acentric fragment were not founded in

non-irradiated lymphocyte. The dose-related increase of the number of chromosomal
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aberrations was observed. In particular, 5 dicentrics and the tricentric chromosomes
were found in cells irradiated with 5 Gy. This study demonstrated that the production
of dicentrics in human lymphocytes was intimately related with the irradiation dose.
Therefore, these cytogenetic analyses will be helpful to a dose estimation after radiation

exposure.

2. Study on the molecular dosimetry with radiation induced y-HZ2AX foci

Upon DNA double-strand breaks (DSBs) induction, HZ2AX becomes rapidly
phosphorylated at serine 139. This modified form, termed y-HZAX, is easily identified
with antibodies and serves as a sensitive indicator of DNA DSBs formation. The
purpose of this study was to investigate the responses of human breast cancer cells to
ionizing radiation by detecting y-HZ2AX foci. Human MCF-7 breast carcinoma cells
were irradiated with O, 1, 5 and 10 Gy of y-rays. Immunofluorescence staining was
performed to score the number of radiation—-induced y-HZAX foci in the cells after
irradiation. The foci were analyzed 0, 0.25, 1, 2 and 24 h after irradiation. The number
of foci per cell 15 min after irradiation increased linearly with radiation dose; 12.4, 24.0,
41.2 and 56.0 for O, 1, 5 and 10 Gy, respectively. The linear dose-response relationship
was established from the result. In case of 1 Gy exposure, the number of foci
gradually increased with time until 2 hours after irradiation. However, the number
decreased down to the control background value 24 hour after irradiation. The result
indicated that the response of MCF7 to ionizing radiation as measured by y-HZAX
formation were similar to human peripheral blood mononuclear cells. Conclusions: The
number of y-HZAX foci increases with exposure dose. Measurement of the foci is a
possible approach to monitor DSBs or DSB repair in cancer patients during treatment

with radiotherapy as a way to personalize the dosing.

3. Cell signals and cell death after exposure to ionizing radiation



Cells respond to stress with repair, or are diverted into irreversible cell cycle exit
(senescence) or are eliminated through programmed cell death (apoptosis). Here those
cellular responses induced by lonizing Radiation were analyzed. MCF-7 and HelLa cells
were used to evaluate cellular responses after y-irradiation. pb3 expression level was
increased in a dose-dependent manner in both cells. IR induced a drastic increase in
expression of p2l in MCF-7 compared to HelLa cells. Cell cycle analysis using flow
cytometry showed a significant accumulation in G2/M phase after treatment of MCF-7
with IR. Induction of p21 and G2 arrest by IR impeded apoptosis in MCF-7. Instead,
irradiated MCF-7 cells displayed cellular senescence as measured by staining of
senescence-associated B-galactosidase (SA-B-gal) activity. These data suggest that
senescence—associated increase in p2l function in regulating cell fate decision of MCF-7
cells. However, the role of p2l in G2/M arrest induced by either DNA damage or pb3
alone remains to be elucidated. In addition to apoptosis, there exists a type II
programmed cell death (PCD), autophagy. Detecting LC3 is a reliable method for
monitoring autophagy. Western blots for the conversion of LC3-1 to LC3-II and
monodansylcadaverine (MDC) staining were conducted in Hela cells since apoptotic
features as well as SA—-3—-gal activity were not detected under our irradiation condition.
Autophagy in Hela cells may play an important role in cell protection and can result
in cell survival. Immunofluorescence of y—H2AX, a marker for double strand breaks
(DSBs), was evaluated to check whether the initiation of DNA damage response after y
-irradiation was intact in MCF-7 cells. Cellular responses following IR were different
depending on cell type and extent of genomic injury. The understanding of an

appropriate cellular stress response i1s of crucial importance in foreseeing the cell fate.

4. Evaluation of cell viability after irradiation with different assays

Cell viability is an important factor in radiation therapy and thus is a method to

quantify the effect of the therapy. Materials and Methods: The viability of human

hepatoma (HepG2) cells exposed to radiation was evaluated by both the MTT and

_Xi_



Trypan blue assays. The cells were seeded on 96 well-plates at a density of 1 x 104
cells/well, incubated overnight, and irradiated with 1-100 Gy. Results: The cell
viability was decreased in a dose-and time- dependent manner when using the
Trypan blue assay, but no significant changes in the response to dose could be
detected using the MTT assay. It indicated that the MTT assay was not efficient at
a cell density of 1 x 104 cells/well on 96 well-plates to determine cell viability.
Subsequently, the relationship between cell viability and lower cell density (1 x 103,
3 x 103, and 5 x 103 cells/well) was investigated. A cell density of 1 x 103 was
found to be the most effective when using the MTT assay. Results show that the
cell density is most important when using the MTT assay in 96 well-plates to
follow in radiation effects. Furthermore, the radiation—induced cell viability dependent
on cell density was confirmed by using the traditional Clonogenic assay. Conclusion:
Our results suggest that the MTT and Trypan blue assays are rapid methods to
detect radiation—induced cell viability of HepGZ2 cells in about 3 days as compared
with 14 days of assay time in the Clonogenic assay. To obtain accurate cell viability
measures using both rapid assays, an incubation time of at least 3 days i1s needed

after irradiation.

5. Radiomodification of curcumin - radioprotective effects

Curcumin, a major polyphenol in turmeric, has been reported as a potential
antioxidant to protect against unexpectable radiation risk. The objective of this study
1S to investigate the radioprotective effect of curcumin using human hepatoma
(HepG2) cells, an excellent cell model for studying cytoprotective and antigenotoxic
effect of compounds. Cell survival and DNA damage were measured by the
Clonogenic survival assay and the Comet assay, respectively. HepG2 cells were
pretreated with and without 5 pM curcumin in the culture medium for 2 h before
irradiation (0-10 Gy). lonization radiation (IR)-induced cell damage (cytotoxicity and

genotoxicity) of HepG2 cells was evidenced by the decrease of cell survival and the
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increase of DNA damage in a dose—-dependent manner in the IR alone group. In
contrast, curcumin pretreatment enhanced the cell survival (%) and suppressed the
level of comet parameters in the curcumin plus IR group. These results suggest that

curcumin can protect HepG2 cells against IR-induced cell damage.

6. Cell responses to combined action of low and high LET radiations

It was also shown that the recovery process itself was not damaged after exposure
to high-LET radiation, as well as the enhanced relative biological effectiveness (RBE)
values due to the increased yield of irreversible radiation damage from which cells
were incapable of recovering. Diploid yeast cells were irradiated with gamma-rays from
%Co and alpha particles from “*Pu in the stationary phase of cell growth. Survival
curves and the kinetics of the liquid-holding recovery were measured. When the
irradiated cells had completely recovered from potentially lethal damage, they were
again exposed to radiation and allowed post-irradiation recovery. The procedure was
repeated three times. By use of a quantitative approach, describing the process of
recovery as a decrease in the effective radiation dose, the probability of recovery per
unit time and the proportion of irreversibly damaged cells were quantitatively estimated.
It was shown that the irreversible fraction of cell injury was increased after repeated
exposures to gamma rays, from 0.4 after the first irradiation to 0.7 after the third
exposure. The effect was more clearly expressed after exposure to densely ionizing
radiation, the corresponding values being 0.5 and 1.0. In contrast, the recovery constant
did not depend on the number of repeated irradiations and only slightly depended on
radiation quality. It is suggested that the process of recovery from potentially lethal
radiation damage itself is not impaired after repeated exposures to both low- and
high-LET radiations, and the decrease in the ability of the cell to recover from
radiation damage is mainly explained by the increase in the proportion of irreversibly

damaged cells.
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V. Plan for Use of the R&D Results

Strong motivation and RT-based biotechnologies necessary for the future R&D
plans can be provided from the results of this research. An advanced analytical
method was suggested for the combined action of ionizing radiation with another
factor. Using the method, it is possible to predict in advance the maximum value of
synergistic interaction and the conditions to achieve the maximum. The results of
this study give a clues for establishment of important technology associated with
enhancing positive efficacy of radiation applications. By elaborating the present
research results, new technologies will be established for analysing the combined
effects of radiation with another factor and radiosensitivity of organisms. In the long
run, de novo biodosimetry techniques will be developed and it can play an important
role for ARTI to be an internationally recognized radiation biology and biodosimetry

laboratory.
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Dose estimation with chromosomal aberration (dicentrics) analysis

1. Introduction

lonizing radiation causes chromosome breakages and produces cytogenetic
aberrations in exposed cells [1-1]. In an investigation into radiation emergencies, it is
important to estimate the dose to exposed persons for several reasons. Physical
dosimeters (e.g., film badges) may misrepresent the actual radiation dose and may not
be available in a radiological accident or terrorism incident. Biological dosimetry using
chromosome aberration analysis in human peripheral blood lymphocytes (HPBL) is
suitable and useful tool for estimating the dose when a nuclear or radiological
emergency is investigated [1-2 ~ 1-4]. The unstable chromosome aberrations, such as
dicentric and polycentric chromosomes, centric rings and acentric fragments are specific
products of genome rearrangement after exposed to ionizing radiation [1-1, 1-5].

The conventional analysis of dicentric chromosomes in HPBL was suggested by
Bender and Gooch in 1962 [1-6]. This assay has been for many years, the golden
standard and the most specific method for ionizing radiation damage [1-4]. The
dicentric assay technique in HPBL has been shown as the most sensitive biological
method and reliable bio—indicator of quantifying the radiation dose [1-7].

The aim of our study was to establish the dose response curve of radiation-induced

chromosome aberrations in HPBL by analyzing the frequency of dicentric chromosomes.

2. Materials and Methods

Chemicals
RPMI-1640 medium, fetal bovine serum, 100 UI/ml penicillin and 0.1 mg/ml
streptomycin were purchased from Cellgro (USA). Giemsa solution was purchased from

Merck (Germany). Rests of the chemicals were purchased from Sigma-Aldrich (USA).



Blood collections and irradiation

The blood donors were two healthy males (aged 27) and three females (aged 24, 25
and 26) without occupational exposure to harmful agents. The venipuncture heparinized
whole blood sample from the five donor was divided into six containers (one group as
a control and the others for exposure to 1, 2, 3, 4 and 5 Gy gamma rays). The
samples were placed into a water bath and incubated at 37C for 1 hr immediately
after irradiation in vitro at room temperature for 5 minutes by %Co source (42.6 TBq

of capacity; AECL, Canada at Korea Atomic Energy Research Institute).

Dicentric analysis

Dicentric analysis was performed by the cytogenetic procedure [1-8]. The whole
blood cultures were prepared by adding 0.3 ml blood to 4 ml RPMI-1640 medium to
which antibiotic and bromodeoxyuridine have already been added. 10% fetal bovine
serum and 100 pl phytohemagglutin (PHA-M) was added to mitosis and stimulate the
lymphocyte proliferation. The blood samples were incubated in a cell culture flask (25
cm?) at 37C, 5% CO, in humidified atmosphere for 45 hours. Following incubation, a
50 pl colcemid solution was added to the culture and shaken gently. This culture was
maintained for 3 more hours to provoke mitotic arrest.

After lymphocyte culturing, cells were harvested by centrifugation (200 g, for 10
min) and treated with 0.075 M potassium chloride solution to lyse the red blood cells.
The lymphocytes were fixed with Carnoy's solution, a mix of methanol : glacial acetic
acid (3 : 1). The cells were washed twice with a fixative solution, and the cell
suspension from each sample was then dropped onto a wet clean glass slide. The
slides were stained with a fresh Giemsa solution and allowed to dry. Finally, the slides
were mounted in DPX.

Stained slides were scanned methodically at 200 fold magnification so that the entire
area 1s covered. Once good quality metaphases were selected, dicentric analysis was
conducted at high magnification (1,000 x). For a dicentric analysis, complete metaphases

with 46 centromeres were recorded. If the cell contains unstable aberrations, it should



then balance. Tricentric aberrations are equivalent to two dicentrics and should have

two accompanying fragments, while quadricentrics will have tree fragments, and so on.

Statistical Analysis

The difference between donors was tested using the Student ¢test for comparing
frequencies. Significant differences were defined at p < 0.05. For analysis of the
dose—effect relationship, the calibration curve was fitted by least—-square regression
analysis to a linear—quadratic model using the Microsoft Office Excel 2010 and
SigmaPlot 9.0. The 95% confidence intervals on the fitted curve were calculated
assuming Poisson distribution. The standard wu-test described by Papworth adopted by
Savage [1-9] was used to test the goodness—of-fit for poisson probabilities. The
variance (0% by mean (y) ratio was used to test for Poisson distribution. Values of <
1 indicate underdispersion while values >1 indicate overdispersion. The w-values are
included between =+ 1.96, thus if the size of u value is out of that range, the dispersion
of chromosome aberration yield is significant at 5%.

2 N—1
U—(U/y 1) 2(1*1/%)
where N 1s the number of cells analysed, and x is the number of chromosome

aberrations detected.

3. Results and Discussions

The metaphases of HPBL were analysed, after in vitro irradiated with gamma rays.
Table 1-1 shows the number of cells scored, the dicetrics, the centirc rings and the
excess acentrics in each individual. The control (non-irradiated) samples in donor B, C
and D include dicentric chromosomes, and it was regarded as the background
frequencies. Several studies have been performed to evaluate the background
frequencies of dicetric chromosomes [1-10]. Background dicentric frequencies from the

healthy individuals are reported that between 0.09 [1-11] and 2.99 [1-12] per 1,000 cells.



The results indicate that the number of metaphases, dicentrics, centric rings, and
acentrics in a dose—-dependent manner at each individual.

Pooled data of dicentric, centric ring and acentric chromosomes of five donors are
given in Table 1-2. In a total of 21,688 analyzed metaphase spreads, 10,969 dicentric
chromosomes, 563 centric rings and 11,364 acentric chromosomes were found. The
number of metaphase cells decreased with increasing radiation dose. The number of
dicentric, centric ring and acentric chromosomes in the high—dose irradiation group
were higher than in the low-dose irradiation group. The centric rings were not found
at a O Gy dose, futhermore, there was not related with dose variation.

Table 1-3 shows the number of cells scored, the distribution of dicentric
chromosomes among scored cells, the frequency of dicentrics (dicentrics per cell), the
dispersion index (0%y) and the u values. The distribution of dicentric chromosomes in
the cells follows a Poisson distribution for most of the radiation dose points, although
there was a trend toward underdispersion (u < —1.96).

Fig. 1-1 shows the results of chromosomal aberration frequencies among the five
individuals and presents the appropriate dose-response curve of observed the dicentrics
plus centric rings per cell. Although studying more individuals is necessary to ensure
the data reliability and accuracy, these results are sufficient to generalized in most
cases [1-13]. The dose response curves were fitted to a linear quadratic model: y = ¢
+ aD + BD? where y is the frequency of dicenrics, ¢ is the background frequency, a is
the linear component of the curve, B is the quadratic portion of the curve and D is the
dose. The fitted coefficients were Y = (0.029040.0612) + (0.1870H0.0576)D +
(0.035640.0111DD?* (#=0.99).

The resulting dose-response calibration curve pooled from the five donors showed a
classical linear—-quadratic shape (Fig. 1-2). The curve was fitted to the observed
frequencies of dicentrics, in the doses range from O to 5 Gy. The fitted coefficients
were Y = (0.029940.0714) + (0.173840.067DD + (0.034340.0129)D? (+%=0.99).

Fig. 1-3 shows an example of metaphases from human peripheral blood samples
irradiated with from O to 5 Gy gamma rays. The chromosomal aberrations such as

dicentric, centric ring and acentric fragment were not founded in non-irradiated
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lymphocyte. The dose-related increase of the number of chromosomal aberrations was
observed. In particular, 5 dicentrics and the tricentric chromosomes were found in cells

irradiated with 5 Gy.

4. Conclusions

The healthy five donors were recruited to establish the dose-response calibration
curve for unstable chromosomal aberrations by ionizing radiation exposure. Our
cytogenetic results revealed that the mean frequency of chromosome aberration
increased with increasing radiation dose. In this study, we suggested in wvitro
dose-response calibration curves for dicentric chromosomes in HPBL for ®Co gamma
rays. Additionally, our results support the previous study showing that the
dose-response relationship for the production of micronucleus has established from a

cytokinesis—block micronucleus assay [1-14].
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Table 1-1. Results of chromosomal aberrations following 7 witro irradiation of human

peripheral blood from five donors

) Number of
Experimental Number of Number of Number of
Age/Sex ) ) o excess
group cells scored dicentrics centric rings .
acentrics
Donor A 26/F
0 Gy 1156 0 0 0
1 Gy 1014 407 51 379
2 Gy 854 448 38 433
3 Gy 744 570 34 603
4 Gy 534 553 19 542
5 Gy 530 769 87 924
Donor B 25/F
0 Gy 1187 2 0 2
1 Gy 716 120 7 126
2 Gy 506 198 14 208
3 Gy 299 215 13 227
4 Gy 288 294 16 302
5 Gy 194 350 22 358
Donor C 24/F
0 Gy 1034 2 0 2
1 Gy 939 212 0 214
2 Gy 816 346 13 359
3 Gy 750 794 42 827
4 Gy 654 860 47 906
5 Gy 568 1068 29 1099
Donor D 27/M
0 Gy 1014 2 0 2
1 Gy 930 245 15 245
2 Gy 645 360 15 375
3 Gy 579 591 15 606
4 Gy 309 354 27 381
5 Gy 219 402 9 411
Donor E 27/M
0 Gy 1754 0 0 0
1 Gy 1595 390 0 386
2 Gy 1415 840 35 860
3 Gy 247 261 5 266
4 Gy 120 169 3 172
5 Gy 78 147 7 149
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Table 1-2. Pooled data of chromosomal aberrations after 7/n witro irradiation of human

peripheral blood from five donors

Number of cells Number of Number of centric Number of excess
Dose (Gy) i ) ) .
scored dicentrics rings acentrics

0 6145 6 0 6

1 5194 1374 73 1350

2 4236 2192 115 2235

3 2619 2431 109 2529

4 1905 2230 112 2303

5 1589 2736 154 2941
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Table 1-3. Yield and intercellular distribution of dicentric chromosomes after in vitro

irradiation of human peripheral blood from five donors

Number of Number of cells with dicentric Dicentrics

Dose )
(Gy) Donor cells chromosomes per cell A u
Y scored do dl a2 a3 4 dd (y)

0 A 1156 1156 O 0 0 0 0 0.000 0 0.00
B 1187 118 2 0 0 0 0 0.002 1.00 -0.03
C 1034 1032 2 0 0 0 0 0.002 1.00 -0.03
D 1014 1012 2 0 0 0 0 0.002 1.00 -0.03
E 1754 1754 O 0 0 0 0 0.000 0 0.00

1 A 1014 726 179 99 10 0 0 0.401 1.23 5.23
B 716 606 100 10 0 0 0 0.168 1.00  -0.02
C 939 748 170 21 0 0 0 0.226 0.97 -0.60
D 930 659 226 8 1 0 0 0.263 0.83 -3.73
E 1595 1225 351 18 1 0 0 0.245 0.86 -3.86

2 A 854 501 271 73 6 2 1 0.525 098 -042
B 506 320 175 10 1 0 0 0.391 074 -4.12
C 816 490 306 20 0 0 0 0.424 0.69 -6.22
D 645 300 330 15 0 0 0 0.558 053 =851
E 1415 803 414 168 30 0 0 0.594 1.02 0.55

3 A 744 313 323 85 16 6 1 0.766 0.86 -2.66
B 299 117 150 31 1 0 0 0.719 0.60 -4.91
C 750 114 481 152 3 0 0 1.059 0.35 -12.63
D 579 144 297 120 18 0 0 1.021 057 -7.34
E 2477 62 118 58 9 0 0 1.057 059 -4.49

4 A 534 106 327 80 19 1 1 1.036 0.52  -7.87
B 288 71 154 49 14 0 0 1.021 0.60 -4.80
C 654 40 382 218 14 0 0 1.315 029 -12.83
D 309 7w 138 78 12 6 0 1.146 070 =370
E 120 8 61 45 6 0 0 1.408 0.34 -510

5 A 530 8 213 148 73 9 1 1.451 0.67 -b5.36
B 194 8 b8 102 18 6 2 1.804 0.41 -5.81
C 568 10 147 315 93 3 0 1.880 027 -12.36
D 219 6 72 96 42 3 0 1.836 0.36  -6.69
E 78 2 28 34 7 5 2 1.885 054 -2.82

d distributions of dicentrics in cells.
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Fig. 1-1. Dose-response curve for chromosomal aberrations (dicentric chromosomes and
centric ring chromosomes) induced by gamma rays in lymphocytes derived from five
donors. The fitted values of the coefficients of the linear quadratic function y = ¢ + aD
+ BD% ¢ = 00149 £ 0.0611; a = 0.2165 + 0.0574; B = 0.0274 + 0.0110. Error bars

represent the standard error.
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Fig. 1-2. Dose-response curve for dicentric chromosomal aberrations induced by gamma
rays in lymphocytes derived from five donors. The fitted values of the coefficients of
the linear quadratic function y = ¢ + aD + BD%* ¢ = 0.0123 £ 0.0578 a = 0.2106 +
0.0544; B = 0.0249 £ 0.0104. Error bars represent the standard error. Dotted lines are

the upper and lower 95% confidence intervals. Error bars represent the standard error.
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Fig. 1-3. The representative pictures of metaphase lymphocytes after irradiated with O
- 5 Gy gamma rays at 1,000 magnification. Solid arrows are dicentric chromosomes

and dotted arrows are acentric fragments.
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Study on the molecular dosimetry with radiation induced y—H2AX foci

1. Introduction

HZAX is a histone H2A wvariant that constitutes 2-25% of mammalian histone H2A
depending on the organism and cell type [2-1]. Upon DNA double-strand breaks
(DSBs) induction, H2AX becomes rapidly phosphorylated at serine 139. This modified
form, termed y-HZ2AX, is easily identified with antibodies and serves as a sensitive
indicator of DNA DSBs formation [2-2]. Physical techniques for monitoring DSBs
require high, non-physiological doses and cannot reliably detect subtle defects. One
outcome from extensive research into the DNA damage response is the observation of
y—HZAX foci that can be visualized by immunofluorescence. There is a close correlation
between y—HZAX foci and DSBs numbers and between the rate of foci loss and DSB
repair, providing a sensitive assay to monitor DSB repair in individual cells using
physiological doses [2-3, 2-41].

Dose assessments based on well established cytogenetic assays and especially those
utilising emerging techniques in the field of biological dosimetry are time consuming,
operator dependent and is not scalable for high throughput assay development. In
contrast, many of the emerging biological dosimetry techniques, which focus on quick
dose assessments [2-5]. y-H2AX established immunocytochemical markers of ionizing
radiation—-induced DNA DSBs and are emerging biomarkers of radiation exposure. Their
potential for accurately estimating radiation dose has already been reported [2-6, 2-7].
Those studies demonstrate excellent sensitivity down to a few milligray, the ability of
the y-H2AX assay to identify a recent partial body exposure, and persistence of foci
for several days after high dose exposure [2-8]. The purpose of the present experiment
was to investigate the responses of human breast cancer cell to gamma irradiation by
detecting y-H2AX foci and to make a standard dose response curve resulting in

technical challenges in the development of specific analytical procedures.
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2. Materials and Methods

Cell Iine and culture

Human MCF-7 breast carcinoma cell line aquired from American Type Culture
Collection (Manassas, VA) was grown in RPMI 1640 supplemented with 10% Fetal
Bovine Serum (FBS), antibiotic-antimycotic at appropriate concentration (all from
GIBCO, USA) and 5 pg/ml plasmocin (InvivoGen, CA, USA) at 37 °C with 5% CO; in

a fully humidified atmosphere.

DNA damage treatments

The samples were prepared for exposure to 1, 5 and 10 Gy gamma rays and
immediately treated with increasing doses of ionizing radiations from ®Co source (42.6
TBq, AECL, Canada at Korea Atomic Energy Research Institute) for 5 min at room

temperature, respectively.

Immunofluorescence staining of y-HZAX

To wvisualize nuclear foci, cells cultured on cover slips coated with poly-L-lysine
(Sigma-Aldrich) had been maintained in culture medium in a 24 well culture dish for
24 h before treatment. Either untreated or irradiated coverslips were washed in PBS
and then fixed in 100% cold methanol for 15 min at room temperature. Subsequently,
cells were washed and permeabilized in PBS containing 0.01% (v/v) Triton X-100
(Sigma-Aldrich) for 15 min RT. Fixed and permeabilized cells were washed three times
in PBS, and non-specific binding sites were blocked in PBS containing 0.1% BSA for 2
h RT, following which cells were incubated with anti—-gamma H2A.X (phospho S139)
antibody (Abcam; 1:500 dilution) in PBS containing 0.1% BSA at 4 oC overnight.
Next, the cells were washed with PBS and then stained with donkey anti-rabbit
IgG-FITC (Santa Cruz, 1:200 dilution) in PBS for 2 h RT, followed by washing in
PBS. After washing, the cells were mounted using Vectashield mounting medium with

4, 6-diamidino—2-phenylindole (Vector Laboratories, Burlingame, CA, USA).
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3. Results

The distribution of y-HZAX in irradiated cells was examined. The human breast
cancer cell line MCF7 responded to ionizing radiation with the formation of discrete
foci containing y-H2AX throughout the nuclei. Some cells contained foci in the absence
of irradiation (Fig. 2-1).

Foci were apparent 15 min after irradiation with 1 Gy (Fig. 2-2B), persisted for
15-120 min (Fig. 2-2C. D), then decreased in number at 24 h (Fig. 2-2E). Mean
number of y-H2AX foci per cell following irradiation with 1 Gy gamma-rays according
to incubation time was shown in Figure 2-3, in which individual nuclei in fields of
cells were scored for the number of foci. Compared with the unirradiated control cells,
which contained an average of 11.25 + 1.79 foci per nucleus, MCF-7 cells 15 min after
exposure to 1 Gy contained numerous small foci, with an average of 24.00 £ 2.69 foci
per nucleus. The foci became more in number and better defined after 1 h, 29.80 *+ 4.49
foci per nucleus; 2 h, 3340 + 3.32 foci per nucleus. The number of foci decreased to
18.00 = 1.87 foci per nucleus at 24 h post-irradiation. Radiation—induced y-HZ2AX foci
represent DSBs. After 24 h recovery, the number of foci decreased, possibly suggesting
that the introduced DNA DSBs had been rejoined.

y-H2AX intensity, as measured by immunofluorescence, increased with dose in
MCFE7 cell exposed to 1, 5 and 10 Gy gamma rays. Larger amounts of radiation
resulted in larger numbers of foci in MCF-7 (Fig. 2-4). In irradiated MCF-7 cell, mean
number of y-H2AX foci was linearly induced with doses of 1, 5 and 10 Gy at 15 min
post exposure (Fig. 2-5). The values for 5 and 10 Gy are somewhat less than expected
for linear proportionality with respect to the amount of radiation. This discrepancy may
be partly explained if two foci at different levels in the nuclel overlap in the maximum
projection and are scored as a single focus. This overlapping is more likely as the

number of foci increases.
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4. Discussion

Rogakou et al (1998) have discovered that DSB produced by IR treatment triggered
the phosphorylation of serine 139 in the carboxy-terminal domain of H2AX. Over the
last several years, y"H2AX expression has been established as a sensitive indicator of
DSBs. Because the DSB 1is the critical lesion induced by ionizing radiation, their
analysis provides essential insight into fundamental and translational radiobiology
[2-10]. Assessment of the biologic response to radiation exposure is a straightforward
application in the use of y-H2AX as a biodosimeter [2-11].

The present study was aimed to set the standard procedure for detection of y
-H2AX foci. We show here, with MCF-7 cells, an average of 24.0 * 2.69 foci per
nucleus 15 min after exposure to 1 Gy. The y-H2AX foci scoring obtained as shown
in figure 3 and b5, was higher than that by Rogakou et al (1999), in which the
comparable numbers in MCF-7 cell were 12.2 * 5.7 foci per nucleus 15 min after 0.6
Gy, and 27.1 £ 10.8 foci per nucleus 15 min after 2 Gy. y-HZ2AX intensity evaluation,
as measured by immunofluorescence under our laboratory exrerimental condition, was
able to detect low levels of DSBs produced by ionizing radiation. Avondoglio et al
(2009) evaluated y-H2AX using U251 cell (human glioblastoma cell line), and they
showed the saturated foci count (~60) 1 h post-irradiation at dose from 4 Gy. As
compared that results, the similar number of foci was obtained after 10 Gy exposure in
the present experiment. In figure 5, the linear induction of y—HZAX foci levels with
dose observed shows that foci yields per gray were not constant; 5 and 10 Gy at 15
min post exposure foci counts for y-H2AX didn't conform to linearity. This
‘underscoring’ of foci at high doses early after exposure was likely caused by the close
proximity or even overlap of adjacent foci which makes it impossible to distinguish
each individual focus using microscopy.

No mammalian cell line, normal or repair—defective, has been found that lacks the
ability to form y-H2AX when exposed to ionizing radiation [2-12]. Therefore, the

standard method for foci scoring need to be set according to the characteristics (origin,
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organism, genes expressed etc.) of cell line used. Detection of radiation-induced DSBs
using y—HZ2AX assay in MCF-7 cell, as shown in our data, could be utilized as a
powerful tool for dose estimation.

y—HZ2AX analysis has enhanced our ability to detect DNA damage in individual patients
and opens for the first time the possibility to measure DNA-damage during cancer
treatment and in bio—monitoring purposes in clinical laboratories. In addition, a wide
range of genotoxic events can now be monitored in individuals with the y-H2AX
methods due to its unique sensitivity and tight correlation to the toxicity of the
DNA-damage [2-13].

The obtained result that ~27 y—H2AX foci were present in MCEF-7 cell 1 h after
exposure to 1 Gy gamma-rays (data was not shown) was similar to the yield of DSBs
that 1s induced per Gy of gamma-rays in human cells. About 50 y-H2AX foci 1 h
after exposure to 2 Gy were observed in mononuclear cells by Johansson et al (2011).
This indicates that responses of MCF7 to ionizing radiation exposure, as measured by
y-H2AX formation, were similar to human peripheral blood mononuclear cells. One
major consideration in y—H2AX foci biodosimetry is the source of patient cells to be
assayed after exposure to DNA-damaging agents. Thus, future experiments are planned
to analyze different responses to irradiation from samples of various sources.

Measurements of y—H2AX foci could therefore be a possible approach to monitor
DSBs or DSB repair in cancer patients during treatment with radiotherapy or
chemotherapy as a way to personalize the dosing. It is also possible that y—-H2AX
measurements could be used for radiation biodosimetry for nuclear plant workers or in
the general public after nuclear accidents as well as exposure to potentially DNA

damaging environmental toxins.
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Fig. 2-1. Repregentative image of MCF-7 cells irradiated with 10 Gy gamma-rays at
1,000 fold magnification: (A) Untreated control, (B) y-H2AX foci formation at 2 h
post-irradiation. Relative HZ2AX  phosphorylation intensity was calculated by

ImagePartner 4.0 software.
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Fig. 2-2. y-H2AX foci formation in MCF-7 cell after 1 Gy gamma-rays irradiation: (A)

0, (B) 15 min, (C) 1 h, (D) 2 h and (E) 24 h after irradiation.
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Fig. 2-3. The plot for the linear dynamic range of y-H2AX foci per cell following

irradiation with 1 Gy gamma rays.
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Fig. 2-4. y-H2AX evaluation in MCF-7 cell at 15 min post-irradiation: (A) 0, (B) 1
Gy, (C) 5 Gy and (D) 10 Gy.
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Fig. 2-5. Dose-dependence of y-H2AX foci formation in MCF-7 cell at 15

post—irradiation.

_27_

min



A3E BAAZA] HE AZNEAG L AXAD 34 BAAT

Cell signals and cell death after exposure to ionizing radiation

1. Introduction

The wild-type pb3 tumor suppressor regulates multiple signaling pathways triggered
by diverse cellular stresses, including DNA damage [3-1]. In response to DNA damage,
the pb3 signaling network is activated to induce cell cycle arrest, apoptosis, or
senescence depending on the type of genotoxic stimuli and the genetic background of
the cells [3-2]. Activated p53 induces the expression of many proteins including p2l,
which is a universal inhibitor of the cyclin—-dependent kinases (Cdks), and is required
to arrest cells at the G1 and G2 checkpoints of the cell cycle after DNA damage [3-3].

The activation of pb3 facilitates two major morphologically distinctive forms of
programmed cell death. Apoptotic cell death is executed by a family of cysteine
proteases, caspases, which lead to the demise of the cell [3-4]. Among them, caspase-3
activity has been detected in apoptosis induced by a variety of apoptotic signals,
including ionizing radiation [3-5]. It is absolutely crucial for apoptosis induction, as this
enzyme 1s not only activated downstreams of death path way, it is also responsible for
the cleavage of the majority of substrates [3-6].

Autophagic cell death is another important physiological cell death process.
Autophagy is an evolutionary conserved process whereby cytoplasmic proteins and
cellular organelles are enveloped in autophagosomes and degraded by fusion with
lysosomes [3-7). Some autophagic cell death events might have been attributed to
apoptosis. However, there is emerging evidence that autophagy plays a crucial role in
the regulation of cell survival [3-8, 3-9]. Stress-induced premature senescence (SIPS),
on the other hand, is a growth-arrested state in which the cells acquire flattened and
enlarged morphology, express the marker senescence—associated B-galactosidase (SA-B
—-gal), and cease to synthesize DNA, but remain viable and secrete growth- and
tumor—promoting factors [3—-10].

The strategy to deal with damaged DNA in mammalian cells can be split into three
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components: the recognition of injured DNA, a period of damage assessment, and the
implementation of the appropriate response, DNA repair or cell death [3-11, 3-12].
Understanding how the decision between apoptosis and other fates can be made at
checkpoints activated by DNA damage is of crucial importance.

It is known that pb3 is involved in several biological functions [3-1]. Nevertheless,
how pb53 determines the fate of cells still remains as an important question. It has been
shown in several cell types that pb3 protein levels are correlated with cell fate
decisions [3-13]. However, those cellular responses were induced by inhibition of pb3
using pb3 lentiviral-mediated expression of siRNA [3-14] or by overexpression of pb3
with Ad-pb3 infection [3-15] or TET-regulatable pb3 expression system [3-16]. Cellular
responses induced by artificial regulations of pb3 protein levels showed critical features
representing the function of p53, but it was far from the biological responses inside the
cells.

This study was done to identify pb3-mediated regulation, how the tumor suppressor
p53 is involved in the complex responses to IR to enforce the cell's fate to live by
inducing the growth arrest coupled to pb3-induced autophagy or to die by inducing
irreversible growth arrest, apoptosis at the physiological condition. In addition, to date,
little is known about the role of autophagy in the molecular mechanisms that confer to
cell protection and result in cell survival. Herein, the purpose of this study is to
elucidate the influence of pb3 status on cell fate, that is, a role of pb3 in two

fundamentally important cell biological pathways: autophagy and apoptosis.

2. Materials and Methods

Reagents

Reagents were obtained from the following sources: antibodies to pb3, chkl, p2l,
PARP, cleaved PARP, B-actin and goat anti-mouse IgG-HRP and goat anti-rabbit
IgG-HRP, from Santa Cruz (Santa Cruz, CA, USA); anti-cleaved caspase-3 and -7,
from Cell Signaling (Beverly, MA, USA); LC3 antibody, from novus (Littleton, CO,

_29_



USA); poly-L-lysine, propidium iodide, acridine orange and 3-methyladenine, from
Sigma-Aldrich (St. Louis, MO, USA); z-VAD-fmk from InvivoGen (San Diego, CA,
USA); antibiotic-antimycotic and trypsin~EDTA, from Gibco-BRL (Gaithersburg, MD,
USA); DMEM and fetal bovine serum (FBS), from Welgene (Daegu, Korea);
senescence detection kit and caspase-3 colorimetric assay kit, from BioVision (Milpitas,

CA, USA).

Cell culture and DNA damage treatments

Human Hela cervical carcinoma cell line aquired from American Type Culture
Collection (Manassas, VA) was grown in DMEM supplemented with 10% Fetal Bovine
Serum (FBS), antibiotic-antimycotic at appropriate concentration (all from GIBCO,
USA) and 5 pg ml™" plasmocin (InvivoGen,CA,USA) at 37°C with 5% CO, in a fully
humidified atmosphere. The samples were prepared for exposure and immediately
treated with radiation at dose rates 1, 5 and 10 Gy 5 min™ from a “Co source
(42.6TBq, AECL, Canada at Korea Atomic Energy Research Institute) at room

temperature.

Western blot analysis

Cells were rinsed once with ice—cold PBS and lysed in ice—cold PRO-Prep (iNtRON
Biotech, Gyeonggi—do, Korea) lysis buffer. The soluble fraction of the cell lysates was
isolated by centrifugation at 13,000xg for 20 min in a microfuge. Supernatants were
measured for protein concentration using a detergent—compatible protein assay
(Bio—Rad, Hercules, CA, USA), and equal amounts of proteins were separated by
10-15% SDS-PAGE, followed by electrotransfer onto a polyvinylidene difluoride
membrane (Millipore, Bedford, MA, USA). The membranes were blocked for 2h with
TBS-t (10mM Tris—HCl [pH 7.4], 150mM NaCl and 0.1% Tween-20) containing 5%
non—fat milk at room temperature and then incubated with primary antibodies overnight
at 4°C. The blots were washed three times for 15 min with TBS-t containing 0.1%
Tween 20 and then incubated for Zh with peroxidase—conjugated secondary antibodies

(1:4,000) at room temperature. The membranes were washed three more times and
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developed using an enhanced chemiluminescence detection system (iNtRON Biotech,

Gyeonggi—-do, Korea).

Cell cycle analysis

Floating and trypsin—detached cells were collected and washed once with ice—cold
PBS, followed by fixing in 70% cold ethanol for 15 min at 4°C. The cells were then
washed with ice-cold PBS, resuspended in PBS containing propidium iodide (50 mg/ml),
RNase A (100 mg/ml), and 0.1% Triton X-100, and left for 15 min at 37°C under dark
condition. To analyze apoptosis, hypodiploid DNA (sub-G1) populations were assayed
using a Cytomics FC 500 flow cytometer with Cytometer CXP software (Beckman
Coulter, Franklin Lakes, NJ, USA). The results represent the means of triplicate
determinations in which a minimum of 10000 cells were assayed for each

determination. Any sub—G1 populations were counted as apoptotic cells.

Detection of senescence

Cellular senescence was measured by staining of the senescence—associated £
—galactosidase (SA-B-gal) activity using senescence detection kit (BioVision Research
Products, CA, USA) according to the manufacturer’s protocol. Cells grown on the

coverslip were fixed and then stained with X-gal solution overnight.

Cell-staining with acridine orange

Hela cells were cultured on cover slips coated with poly-L-lysine (Sigma-Aldrich,
USA) and were treated with or without gamma-irradiation. At 24h after IR treatment,
cells were then washed twice with PBS. Next, acridine orange was added at final
concentration of 1 pg ml? for a period of 15 min. After washing, the cells were
mounted using a Vectashield mounting medium with 4,6-diamidino—2-phenylindole
(Vector Laboratories, Burlingame, CA, USA). Fluorescence images were taken using a
fluorescence microscope (Olympus, BX50) and SPOT software 5.1 (Diagnostic
Instruments, USA). The intensity of red fluorescence is proportional to the degree of

acidity and/or the volume of the cellular acidic compartment.
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Quantitative measurements of autophagy using flow cytometry

To quantitative measurements of autophagy, we analyzed acidic vesicular organelles
(AVOs) by flow cytometry. Stock solution of acridine orange was diluted to a final
concentration of 0.1 pg ml™? in serum free media. Cells were washed with 1xPBS,
followed by incubation with acridineo range working solution for 15 min in the dark at
37°C. Trypsinized cells were centrifuged and resuspended in PBS. Then the increase in
fluorescence was detected by flowcytometry (CytomicsFC500, Beckman Coulter). We
analyzed the data with Cytometer CXP software and used the mean fluorescence
intensity to quantify responses. The mean fluorescence of 10,000 analyzed -cells
(corrected for autofluorescence) of each treatment group was taken as a measure of the

total acridine orange positive load.

Fluorometric determination of caspase-3 activity

Cells were sonicated in O0.IM Tris-HCl [pH 7.5] for three 2-s bursts. After
centrifugation at 13,000xg for 20 min, the supernatants were measured for protein
concentration using a detergent compatible protein assay (Bio-Rad), and caspase—3
activity was measured with an caspase-3/CPP32 colorimetric assay kit (BioVision,
USA) according to the manufacturer’'s protocol. After incubating 50 micrograms of
proteins with DEVD-pNA substrate, the generation of fluorescent signal (absorbance at
405nm), indicative of caspase-3 activity, was measured by using an automated
spectrophotometer. Three independent experiments were performed to determine

standard deviation.

3. Results

Activation of pb3 in the DNA damage responses
The cellular levels of several proteins related to the cell cycle and apoptosis were

analyzed in order to characterize the IR-induced cellular responses. The expression of
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pb3 protein in Hel.a cells was radiation dose and time dependent (Figure 3-1). At 24h
post-irradiation, chkl protein levels were up-regulated according to pb3 expression.
However, chkl protein levels were down-regulated as a consequence of pb53 expression
status by stress signals at 7Z2h post-irradiation. pb3 death signals lead to
down-regulaton of p21, which might precede caspase activation. At 24h after
irradiation, IR-induced DNA damage activates “pb53—p21 pathway”’ leading to elevated
p53 and chkl and cell cycle arrest, thereby allowing time for DNA repair. These
results indicated that pb53 and p2l were required to block apoptosis and induce
autophagy in Hela cells at 24h post-irradiation.

Immunoblotting demonstrated cleavage of caspase-3, 7 and cleavage of the caspase
substrates poly (ADP-ribose) polymerase (PARP) to promote apoptotic pathway at 72h
after treatment with gamma-rays. Hela cells 24h post treatment did not show drastic

increase in apoptosis—related proteins.

pb53 positively or negatively regulates apoptosis in response to ionizing
radiation

For quantitative measurements of apoptosis, cell cycle analysis was conducted. As
shown in figure 3-2, accumulation in G1 phase 24h after treatment of Hela with IR
was observed. Cells were arrested in G1 accompanied by up-regulation of p2l. G1
arrest is known to be involved in cell survival, thus, the activation of p2l results in
resistance of cells to apoptosis [3-2, 3-3]. Previously, it was proposed that low levels
of pb3 induce cell cycle arrest, whereas high levels of pb3 induce apoptosis [3-13].
Following exposure to IR, low levels of p53 might be a negative regulator for apoptosis
and inducer for autophagy at the same time. On the other hand, an increase
(approximately 12.5%) in sub—G1 population at 72h was observed (Figure 3-2C). High
levels of pb3 positively regulated apoptotic pathway in HelLa cells 72h after 10 Gy
irradiation.

IR-induced cellular responses were triggered with differing pb3 status. At the
molecular level, DNA damage-induced senescence in human cells is characterized by

pb53 activation and subsequent accumulation of p2l, which leads to growth arrest
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[3-17]. In this study, senescence was evaluated as an alternative mechanism of
pb3-mediated cellular response by IR. The induction of cellular senescence as measured
by staining of the senescence-associated B-galactosidase (SA-B-gal) activity was not
detected at the indicated incubation time (Figure 3-3), suggesting that pb53 and p2l
were not essential regulators of stress—induced senescence under our experimental

conditions.

p53 promoted autophagy by regulation of LC3

Since apoptotic features and cellular senescence were not shown in Hela cells at
24h post-irradiation, it was of interest to understand underlying mechanism for
survival, autophagy. As a marker of autophagy, the volume of the cellular acidic
compartment was visualized by acridine orange staining. Acridine orange—positive cells
with higher bright red fluorescence were frequently detected in Hela cells 24h after 10
Gy irradiation compared to sham control (Figure 3-4A). However, cells at 72h exposure
to IR showed no difference (data not shown). To determine whether IR induce
autophagy and examine the role of pb3 as a cell survival regulator in autophagy, the
outcome of autophagy inhibition was determined using 3-methyladenine (3-MA), an
autophagy-specific inhibitor (Figure 3-4B). Following 3-MA pretreatment, IR-induced
autophagy measured by acridine orange staining was found to be reduced (a 20%
reduction).

LC3-I is present in the cytoplasm, and LC3-II, which is formed during autophagy,
1s present in the autophagosome. During the initiation of autophagy, LC3-1 is converted
to LC3-1II. Thus, LC3 is a marker of autophagosome formation and detecting LC3 is a
reliable method for monitoring autophagy. Autophagosome-incorporated LC3-II protein
expression increased after 24h irradiation compared to control. Significant change in
LC3-1I protein was not observed at 72h (data not shown), and the conversion of LC3-I
to II was reduced following 3-MA pretreatment (Figure 4, C). These results imply that
the expression of p2l by a pb3—-dependent mechanism is required to develop autophagic

properties after DNA damage.
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Caspases are not required for autophagic cell death

Next, testing was conducted to determine if the apoptotic cell death observed after
p53 induction was dependent on caspase activity. Caspase—3, effector caspase, cleaves
various cellular death substrates involved in the regulation and excecution of apoptosis
[3-6]. Caspase-3 activity leading to cleavage of DEVD was 2.6-fold higher in Hela
cells obtained at 72h after irradiation than cells at 24h (Figure 3-5A). To confirm this
increased activity was induced by pb3—mediated apoptosis, broad-spectrum caspase
inhibitor benzyloxycarbonyl-Val-Ala-Asp—fluoromethyl ketone (z-VAD-fmk) was added
at 10 ug/ml working concentration to sham or irradiated cells. Z-VAD-fmk completely
blocked caspase-3 activity. However, the caspase inhibitor did not block caspase—3
activity in cells obtained at 24h post-irradiation, which undergo autophagy. Thus,
caspase activaton is not required in autophagy and pb3 induce autophagy independent
of caspase activation. Z-VAD-fmk treated cells underwent less apoptosis than those 10
Gy irradiated (Figure 3-5B). Cleaved PARP expression induced by apoptotic cell death

was reduced by z—VAD-fmk treatment (Figure 3-5C).

4. Discussion

Extensive research has been directed towards the role of pb3 as a key regulator in
DNA damage surveillance network [3-2, 3-3]. The impetus behind most of these
studies has been the model proposed over a decade ago, suggesting that the principal
role of the pb3 pathway in determining cell fate following genotoxic stress is to either
promote survival by activating cell cycle checkpoints, or induce apoptotic cell death
[3-18, 3-191.

It 1s known that p53 responds to DNA damage in various modes, depending on cell
and stress types. The level of pb3 protein accumulation in response to IR primarily
results from the intensity of DNA damage. Apoptosis occurs in response to a high
dose of IR when the damage is irreparable, in order to eliminate the damaged cells

[3-1~3-3]. The dose of IR predominantly contributes to the outcomes of cell fate, either
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survival or death. Herein, our results proposed that IR-induced p53 status could
determine cell fate. The pb3 protein expression levels in Hela cells were increased
gradually with incubation time after IR treatment. Cells showing distinct features
characterized by autophagy (survival) or apoptosis (death) were evaluated at 24h and
72h, respectively.

The “arrester” p53 mediate early checkpoints through p2l1, and the “killer” p53
mediate apoptosis through caspase-3 [3-18, 3-19]. In this study, Hela cells were used
to characterize the influence of pb53 status on cell fate, suggesting a role of pb3 in two
fundamentally important cell biological pathways: autophagy and apoptosis. Autophagy
induction and apoptotic shift may be mediated by pb3 activation. Apoptotic cell death
was accompanied by caspase activation as well as by cleavage of caspase substrates
[3-6]. Proteins related to cell cycle and apoptosis were checked in figure 1. The
increased level of pb3 was radiation dose and time dependent. Results in this study
showed chkl and p2l1 cooperate to prevent apoptosis and function in the induction of
autophagy under low levels of pb3 at 24h post-irradiation. On the other hand, high
levels of pb3 promoted down-stream proteins related to cell death activated by caspase
cascade.

As well known, IR not only makes DNA damage but also arrests cells to G1/S or
G2/M phase depending on distinct cell lines [3-20]. In this study, accumulation in G1
phase at 24h after treatment of Hela with IR was observed (Figure 3-2B). Cells were
arrested in G1 phase accompanied by up-regulation of p2l. p2l has an ability to
influence cell cycle progression as well as anti—apoptotic property inhibiting the activity
of proteins directly involved in the induction of apoptosis, including caspase-3
[3-3~3-5]. The activation of p2l induced by pb3 at 24h following irradiation resulted in
resistance of Hela cells to apoptosis. In contrast, apoptotic cell population was
increased as a consequence of pb3 expression status by stress signals 72h
post-irradiation (Figure 3-2C).

In addition to cell cycle arrest and apoptosis, numerous studies have identified
senescence as an alternative mechanism of pb3-mediated cellular responses by IR.

Another important role of p2l in the pb3 pathway is to switch on the permanent
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growth arrest [3-10, 3-21]. Therefore, experiments were conducted to examine whether
Hela cells undergo p53—dependent cellular senescence at the indicated incubation time.
However, senescence of either cells at 24h or 72h post-irradiation was not shown
(Figure 3). These data demonstrate that pb3 and p2l were not central mediator of
senescence in response to y-irradiation under our experimental condition.

Autophagy is frequently activated in tumor cells following anticancer therapies such
as drug treatment and y-irradiation [3-22]. Increased autophagy, the hallmark of
programmed cell death type II, is thought to lead to cell death via destruction of the
cytoplasm. Still, the Ilysosomal compartment has been linked to cellular defense
mechanisms [3-23]. The pro-survival function of autophagy has been demonstrated at
the cellular level [3-24]. At the present time, we are gaining much insight regarding
the roles of pb3 in autophagy. Our results suggest that pb3 promoted autophagy by
regulation of LC3 and accumulation of acidic vesicular organelles (AVOs) after
irradiation (Figure 3-4). IR-induced p53 activation resulted in cytoprotective autophagy
under this condition.

No obvious differences were observed in Hela cells at 72h post-irradiation, with
respect to either senescence or autophagy. To elucidate the role of pb3 in IR-induced
caspase—3 activation and apoptosis, the outcome of apoptosis inhibition was evaluated.
p53 signaling positively regulated apoptosis in response to DNA damage at 7Zh
post—irradiation. Caspase—3 activity as measured by caspase-3 colorimetric assay Kkit
was increased by 2.6-fold compared to sham control. As expected, z-VAD-fmk,
pan—caspase 1nhibitor, completely blocked IR-induced caspase—-3 activation and cell
death (Figure 3-5 A, B). Caspase-3 functions as effector or executioner, cleaving
various substrates including PARP [3-5]. Protein levels of cleaved PARP were checked
as a marker for apoptotic cell death. The death resulting from radiation 1S now, to a
considerable degree, understood as radiosensitivity. Our understanding of the IR-induced
cellular responses controlled by the pb53 suggests a role of autophagy in the protective
signaling pathways that enable tumor cells to avoid apoptosis. Without autophagy,
genome damage caused by metabolic stress is mostly unhindered [3-25]. Our findings

point out the significance of pb53 in determining the radiosensntivity of Hela cells by
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inhibiting autophagy and activating apoptosis. Further studies on p53 functioning at the
switch from reversible arrest to triggering apoptosis may offer a greater understanding
of radioresistance and radiosensitivity.

It has been reported that autophagy induced by IR may prevent cells from
undergoing apoptosis, implying an interlink modulation between autophagy and
apoptosis [3-26]. The rate of apoptosis and autophagy was determined with different
po3 status after IR treatment of Hela cells in this study. The cross—talk between
autophagy, a pathway that functions primarily in cell survival, and apoptosis, a
pathway that invariably leads to cell death, is complex. The cellular levels of pb3
determine 1ts biological function. In previous studies, the function of hypo— and
hyper—physiological levels of p53 was investigated mostly under the conditions induced
by artificial modulation of p53 expression [3-14~3-16]. This study was focused on
cellular responses induced by physiological levels of pb3. It 1s of crucial importance to
evaluate biological effect by IR-induced p53 level for understanding cancer therapy
taking radioresistance and radiosensitivity into consideration. Our research on
IR-induced cellular responses may provide new information about fate decision between

the processes of apoptosis and autophagy.

5. Conclusions

It has been shown in several cell types that p53 protein levels are correlated with
cell fate decisions. However, those cellular responses were induced by inhibition or
overexpression of pb3. Cellular responses induced by artificial regulations of pb3 protein
levels showed critical features representing the function of pb53, but it was far from the
biological responses inside the cells. This study was conducted to identify whether
physiological levels of p53 induced by IR mediate cell’s fate. The rate of apoptosis and
autophagy was variable with different pb3 status after IR treatment. The influence of
po3 status on cell fate suggests a role of pb3 in two fundamentally important cell

biological pathways: autophagy and apoptosis.
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Fig. 3-1. pb3 activates p2l but not proapoptotic targets at 24 h post-irradiation.
Western blot analysis of HelLa cells. HelLa cells were isolated and analyzed for the
expression of proteins related to cell cycle arrest and apoptosis at the indicated

incubation time. B-actin was used as a loading control.
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Fig. 3-2. The induction of p21 by pb3 influences cell cycle distribution. (A)
Repregentitive histograms analyzed by flow cytometry showing G1 arrest 24h post
treatment and apoptotic sub G1 fraction at 72h. (B) Cell cycle distribution at 24h
post-irradiation. (C) Percentage of apoptosis in Hela cells 72h post treatment. Any

sub—G1 populations were counted as apoptotic cells.
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Fig. 3-3. Hela cells show no evidence of pb53-dependent cellular senescence. Images of

Senescence Associated B-galactosidase staining of Hela cells.
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Fig. 3-4. Low levels of pb3 trigger autophagy. (A) Detection of radiation—induced
appearance of autophagic organelles by wvital staining with lysosomotropic agents,
acridine orange. (B and C) Effects of inhibitors for autophagy, 3-MA, on acridine

orange positive (+) cells and the conversion of LC3-1 to LC3-II, respectively.
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Fig. 3-b. High levels of pb3 trigger apoptosis. (A) Caspase-3 activity as measured by
caspase—3 colorimetric assay kit at the indicated time incubation. Z-VAD-fmk ompletely
blocked caspase-3 activity at 72h post-irradiation. (B) Apoptosis (%) was abrogated by
z=VAD-fmk. (C) Cleaved PARP expression induced by apoptotic cell death was reduced
by z-VAD-fmk treatment.
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Evaluation of cell viability after irradiation with different assays

1. Introduction

Radiation therapy is a powerful tool for cancer treatment [4-1. 4-2]. Human
hepatocellular carcinoma (HCC) is a liver cancer and the fifth most common cancer in
the world [4-3]. Human hepatoma (HepG2) cells are used as a HCC model in vitro
[4-4]. Radiation can lead to cell death [4-5. 4-6]. In cancer treatment, cell viability is a
basic and important point for predicting radio—sensitivity in human cancer [4-7, 4-8].
Radiation—induced cell viability is also a significant work for biological research such as
DNA repair, cell cycle, and apoptosis [4-9, 4-10]. To date, the Clonogenic assay has
been extensively used for measurement of cell viability in radiation study [5-11~4-16].
However, the conventional Clonogenic assay remains unsatisfactory. It 1s a colony
formation assay which 1is labor-intensive and time-consuming (incubation time;
1-2weeks). Therefore it is necessary to look over a rapid and easy assay for
determination of radiation—-induced cell viability.

Both MTT and Trypan blue assay are a routine and convenient method for
determination of cell viability [4-17, 4-18]. The MTT assay is a colorimetric assay,
which 1s based on the cleavage of the yellow tetrazolium salt MTT to purple formazan
crystals by only wviable cell. Usually, it is performed in 96 well microplates and
measured the absorbance using the micro—plates reader. The Trypan blue assay is a
dye exclusion staining assay, which 1s based on uptake of trypan blue dye by dead
cells due to loss of their membrane integrity, so the dead cells appear darker than the
viable cells. It is measured by using a hematocytometer and a microscope or cell
counting instruments. The aim of this study was to compare the MTT and Trypan
blue assays for radiation—-induced cell viability in cultured HepG2 cells on 96 well
plates. Also, we determined the relationship between cell viability and cell density after
irradiation and confirmed the radiation—induced cell viability according to cell density by

using the Clonogenic assay.
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2. Materials and Methods

M aterials

Trypan blue reagent, Dulbecco’s modified Eagle’'s medium (DMEM), fetal bovine
serum (FBS), Penicillin, and other cell culture reagents were purchased from Gibco
BRL(FRANCE). Tetrazolium (MTT) was purchased from Roche (Mannheim, Germany).
Crystal violet was purchased from YD diagnostics (Gyeonggi, Korea). All other

reagents were obtained from analytic grade.

Cell Culture

HepG2 were purchased from American Type Culture Collection (ATCC, USA). The
cells were cultured in DMEM supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA) and penicillin (100 U/ml) at 37 °C in 5% COs.. The cells were harvested
following trypsinization (0.025% trypsin and 0.02% EDTA) and washed twice with
phosphate buffered saline (PBS). When the cell density reached approximately 80%
confluence, the cells were subcultured. The cell viability was determined using the
Trypan blue, MTT, and Clonogenic assay. Cells (1000, 3000, 5000, 10000 cells/well)
were seeded in 96-wllplates, incubated overnight, and irradiated with 1-100 Gy. Then,
the cells were incubated for 1, 2 and 3 days, respectively. These samples were used

for different cell viability assays (MTT, Trypan blue, and Clonogenic assay)

Typan blue assay

The Trypan blue assay was measured by previously described [4-17]. One to three
days afte rirradiation, cells were detached by trypsinization and the number of viable
cells was counted using a Trypan blue stain reagent. The wviability of the control

(untreated cells) was regarded as 100%.

MTT assay

The Trypan blue assay was measured by previously described [4-18]. One to three
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days afte rirradiation, cells were treated with MTT reagent. The absorbance at 570 nm
was measured using a microplate reader (MutiskanEX, ThermoLabsystems). The

viability of the control (untreated cells) was regarded as 100%.

Clonogenic assay

The Clonogenic assay assay was measured by previously described [4-19] . Afte
rirradiation, cells were incubated for 1, 2, and 3 days, respectively. Then, cells were
tryypsinized, counted, and seeded in triplicated in 100-mm dishes (100 and 500 cells per
dish) and incubated for 14 days to allow for colony growth. After 14 days, colonies are
fixed with 70% ethanol, stained with crystalviolet (0.3%) and counted using a counter.
The survival(%) was calculated as (number of colonies/number of cells plated) /
(number of colonies for corresponding sham-irradiated control/number of cells plated) x

100.

Irradiation
Cells were irradiated with gamma radiation from a %Co gamma irradiator (7.4 PBq

capacity; AECL, Canada) at Korea Atomic Energy Research Institute.

3. Results

Radiation-induced cell viability in HepGZ2 cells using Trypan blue and MTT
assay

To compare the cell viability effect of radiation on HepG2 cells, we used MTT and
Trypan blue assays (Fig. 4-1). Cell viability was determined over 3 days using the
two assays. When cells were seeded in 96-well plates at an initial cell density of 1 x
10* cells/well, the viability was decreased in a dose-dependent manner as assessed by
the Trypan blue assay (Fig. 4-1A). The cell viability was about 50% for 3 days after
5 Gy 1irradiation in the Trypan blue assay. However, the viability value of the MTT

assay displayed no significant changes (Fig. 4-1B). Even after irradiation of upto 100
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Gy, the decrease of viability was not observed.

To study why the MTT assay was not effective to cell viability, we examined the
relationship between cell viability and cell density (1 x 103, 3x103, 5x10° and 1x10*
cells/well) by using the MTT assay (Fig. 4-2A). When the cell density was 1x10°
cells/well the viability was decreased by about 50% for 3 days after 5 Gy irradiation.
In the cell density of 1x10%cells/well, the cell viability measured by the MTT assay
was decreased in a dose-and time-dependent manner (Fig. 4-2B). Also, we tested the
Tyrpan blue assay at the same cell density. In the Trypan blue assay, the viability
was measured as a dose—and time-dependent pattern when the cell density was

1x10°cells/well (data not shown in the report).

Radiation—-induced cell survival in HepGZ cells using Clonogenic assay

To confirm that radiation induces cell death in HepGZ2 cells, we performed the
Clongenic assay. When the cell density was 1 x 10" cells/well, radiation resulted in a
decrease of cell survival(%) in a dose-dependent manner (Fig. 4-3). After 5 Gy
irradiation, there was about 50% of cell survival. However, there was no colony
formation at 50 and 100 Gy. Regardless of the initial cell density (1x10° ~ 1x10*
cells/well) and the incubation time (1-3days) after irradiation, 5 Gy radiation induced

about 50% of cell death (data not shown in the report).

4. Discussion

Radiation has extensively been used as a tool of cancer treatment [4-1, 4-2]. The
exposure of cells to radiation can lead to cell death such as apoptosis or necrosis®. It
was confirmed that HepG2 cells after irradiation resulted in a dose—dependent viability
loss by using the MTT and Trypan blue assays in this research.

There are various assays for cell viability such as the Trypan blue [4-17], MTT
[4-18], XTT [4-21] and Clonogenic assay [4-19]. Among these assays, the Clonogenic

assay has exclusively been used for the determination of cell survival in radiation
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study. However, there has been few reports about the evaluation of MTT and Trypan
blue assay on HepG2 cell viability afte rirradiation. In this study, it was found that the
MTT, Trypan blue and Clonogenic assay gave similar results for radiation—induced cell
viability under different condition (cell density and assay time). After irradiation, the
incubation time was 3 days for the Trypan blue and MTT assays whereas 14 days for
the Clonogenic assay. Notably, the MTT assay of HepGZ2 cells was not efficient at a
cell density of 1x10%ells/well. In the MTT assay, HepG2 cells were usually seeded at
a cell density of >1x10%ells/well on 96 well-plates in cell biology experiments
[4-22~4-25]. In this study, it was found that optimal cell density for the effective MTT
assay in HepG2 cells was a 1x10°cells/well on 96 well-plates in order to measure cell
viability loss caused by exposure to radiation. This result indicated that it is necessary
to consider the optimal cell density for radiation—-induced cell viability test using the
MTT assay.

In conclusions, radiation-induced cell viability of HepGZ2 cells was investigated as
follow; 1) In both the MTT and Trypan blue assays, the cell viability was decreased
in a dose—-dependent manner and 5 Gy irradiation induced 50% of cell viability loss. 2)
An incubation time (3 days) for both assays was shorter than that (14 days) of the
Clonogenic assay. 3) For the effective MTT assay on 96-well plates, an optimal cell

density was 1 x 10°cells/well.
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Fig. 4-1. Radiation—induced cell viability on HepGZ cell by using Trypan blue assay
(A) and MTT assay (B). Cells were plated on 96 well plates (1 x 10%cells/well) for 1
day and then irradiated with O- 100 Gy. After incubation for 1, 2 and 3 days, cell

viability was measured by both assays, respectively. Data are meanxSD of triplicate

determinations.
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Fig. 4-2. The relationship between cell viability and cell density (1 x 103, 3X103, 5x10°
and 1x10" cells/well) 3 days after irradiation(A) and time-course of cell viability at cell
density (1x10%ells/well) one to three days after irradiation(B). Cells were plated on 96
well plates (indicated cell density) for 1 day and then irradiated with O- 100Gy. After
incubation for indicated day, cell viability was measured by the MTT assay,

respectively. Data are meandSD of triplicate determinations.
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Fig. 4-3. Radiation—-induced cell survival on HepG2 cell. Cells were plated on 96 well
plates (1 x 10* cells/well) for 1 day and then irradiated with O~ 100Gy. After incubation

for 1, 2 and 3 days, the Clonogneic assay was carried out. Data are meaniSD of

triplicate determinations.
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Radiomodification of curcumin — radioprotective effects

1. Introduction

Ionization radiation (IR) has become a useful resource in human life. It has been
used in a wide range of industry including electricity, medicine, food, agriculture, and
environment [5-1, 5-2]. The use of radiation is also associated with undesirable
radiation exposure or accident threating human health [5-3]. It is well known that IR
can penetrate living tissue or cells through the transfer of radiation energy to biological
materials such as DNA, RNA, lipid and protein [5-4]. The absorbed energy of IR can
cause DNA damage and result in cell dysfunction and even cell death [5-5]. Hence, the
radioprotection research is an area of great importance. Amifostine (WR-2721), thiol
synthetic compound, has been reported to be the most effective radioprotector studied
so far [6-6, 5-7]. However, this compound has adverse effects such as toxicity. In this
view, polyphenol derived from dietary plants i1s of considerable interest due to its safety
and antioxidant activity [5-8, 5-9]. Turmeric (Curcuma longa) has been consumed as
food and medicine for a long time [5-10]. Curcumin (structure shown in Fig. 5-1) is a
yellow pigment and major polyphenol found in turmeric [5-11]. It has been reported to
possess many biological effects such as antioxidant, antiinflammatory, and anticancer
properties [6-12~5-14]. Curcumin has also been known to protect against IR-induced
cell damage in vitro and in vivo study [6-15, 5-16]. However, there is no report on
the radioprotective effect of curcumin on DNA damage in human hepatoma (HepG2)
cell line, a good cell model for studying cytoprotective and antigenotoxic effects of
compounds [5-17, 5-181.

Cytotoxicity and genotoxicity assays have been used to detect cellular response to
IR [5-19]. The Clonogenic survival assay (colony counting) is a conventional tool to
determine cytotoxicity in radiation cell biology [5-20]. The Comet assay (single cell gel
electrophoresis) is a powerful technique for assessing DNA damage and is used to

study genotoxicity [5-21]. The main lesions by the interaction between radiation and
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DNA are single and double strand breaks, DNA-DNA and DNA-protein cross-links,
alkali labile sites and damage to pyrimidine and purine bases [6-22, 5-23]. All these
types of DNA damage can be detected by the alkaline version of the Comet assay
[5-24, 5-25]. In this study, the radioprotective effects of curcumin against IR-induced

cytotoxicity and genotoxicity in HepG2 cells were investigated by using two assays.

2. Materials and Methods

M aterials

Curcumin and dimethyl sulfoxide (DMSO) were obtained from Sigma Aldrich (St.
Lousi, MO, USA). Dulbecco’'s modified Eagle’'s medium (DMEM), fetal bovine serum
(FBS), penicillin, and other cell culture reagents were purchased from Gibco BRL
(Grand Island, NY, FRANCE). Fetal bovine serum was obtained from Introgen
(Carlsbad, CA, USA). Crystal violet was purchased from YD diagnostics (Gyeonggi,

Korea). All other reagents were obtained from analytic grade.

Cell Culture and Treatment

HepG2 cells were purchased from American Type Culture Collection (ATCC, USA).
Cells were maintained in a DMEM medium supplemented with 10% FBS and penicillin
(100 U/ml). Cells were kept in a humidified atmosphere containing 5% CO2 at 37C.
Cells (1 x 106 cells/dish) were plated in 10-cm plastic Petri dishes (10 ml of media)
and incubated overnight. The cells were pretreated with or without 5 pM curcumin in
FBS-free DMEM for 2 h and then irradiated with O, 1, 5 and 10 Gy. Curcumin was
dissolved in 100% DMSO (w/v) to obtain a stock solution of 10 mM. The working
solution was diluted with sterile distilled water so that the final concentration of DMSO
in the culture medium was not more than 0.1% (v/v). 0.1% DMSO was used as
control. In our experiments for radioprotective effect of curcumin, HepG2 cells were
categorized into 3 groups as follows. Control group: non-irradiated cells (sham control),

IR alone group: irradiated cells with 1, 5 and 10 Gy, Cur + IR group:
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curcumin-pretreated cells in combination with irradiation.

MTT assay

MTT assay was performed according to the manufacturer’s instruction (Roche,
Germany). Briefly, HepG2 cells were plated at a density of 1 x 104 cells/well in 96
well-plates for overnight. Cells were then treated with different concentrations (1, 10,
25, 50, 100 uM) of curcumin in FBS-free DMEM for 24 h. After the incubation period,
10 pL of MTT (5 mg/mL) was added to each well and incubation was allowed to
continue for further 4 h. Finally, 100 uL of solubilization solution (10% SDS in 0.01 M
HCl) was added to each well and the plate was stranded overnight in the incubator.
The plate was read using a microplate reader (BIO-RAD, USA) at a wavelength of
570 nm.

Clonogenic survival assay

Clonogenic survival assay was performed as previously described [65-20]. One day
after irradiation, cells were harvested with trypsin, counted and plated in 10-cm dishes
at the appropriate cell number (100 and 500 cells / dish). Then, cells were incubated
for 14 days, fixed with 75% ethanol, and stained with 0.3% crystal violet. And colonies
were counted to calculate the survival (%). The survival (%) was calculated as
(number of colonies/number of cells plated)/(number of colonies for corresponding

sham-irradiated control/number of cells plated) x 100.

Comet assay

Comet assay was performed as previously described [5-21]. Following irradiation,
the cells were immediately isolated with trypsinization and examined for DNA damage
using the alkaline Comet assay. The Comet assay was carried out under dark
conditions. Cell suspensions (20 pL) mixed with 0.5% low-melting agarose (200 pL)
were spreaded to slides pre—coated with 1% normal-melting agarose. The third layer of
0.5% low-melting agarose was added and solidified. After the solidification of gel layer,

the slides were immersed in a lysis buffer (25 M NaCl, 100 mM EDTA, 10 mM Tris,
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1% Triton X-100 and 10% DMSO, pH 10.0) at 40C for 60 min. After lysis, slides were
placed in electrophoresis buffer (0.3 M NaOH, 1 mM EDTA, pH 13) to allow DNA to
unwind for 20 min. Subsequently, slides were subjected to electrophoresis (25 V, 3 00
mA, and 25 min) in the same buffer. Slides were neutralized with Tris—HCl buffer, pH
7. 5, and stained with propidium iodide (20 pg/mL) for 10 min. Slides were examined
using an image analysis system (Komet 4.0 from Kinetic Imaging Ltd., Liverpool, UK).
Comet parameter was expressed as follows. Tail length (TL), Olive tail moment (OTM)
= (Tail mean . Head mean) x Tail% DNA/100, Tail length moment (TEM) = Tail
length x Tail% DNA/100, Percentage of Tail (%TL) = 100 — Head% DNA.

Irradiation
HepG2 cells were irradiated with gamma radiation from 60Co gamma irradiator (7.4
PBq of capacity; AECL, Canada at Korea Atomic Energy Research Institute). After

pretreatment, the cells were irradiated with O, 1, 5 and 10 Gy.

3. Results

Cytotoxic effects of curcumin on cell viability in HepGZ2 cells

To examine the cytotoxic effect of curcumin in HepG2 cells, cell viability was
measured by MTT assay. HepG2 cells were treated with various concentrations of
curcumin (0, 1, 10, 25, 50 and 100 pM) for 24 h. As shown in Fig. 5-2, there was no
cytotoxic effect on cell viability at concentrations ranging from 1 to 10 pyM curcumin.

Therefore, 5 uM curcumin was used for subsequent experiments.

Cytoprotective effect of curcumin on cell survival in HepGZ2 cells

To determine the protective effect of curcumin against IR-induced cytotoxicity, the
Clonogenic survival assay was performed. HepGZ2 cells were treated with or without 5
UM curcumin for 2 h and then irradiated with O, 1, 5 and 10 Gy and incubated for 1 d.

As shown in Fig. 5-3, there was a significant decrease of cell survival in a
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dose-dependent manner in the IR alone group. The value of 50% lethal dose (LLD50)
was about 5 Gy in HepG2 cells. The percentage of survival of HepG2 cells significantly
increased in the curcumin plus IR group as compared to the IR alone group. It

indicated that pretreatment of 5 tM curcumin attenuated cell death by induced IR.

Antigenotoxic effect of curcumin on DNA damage in HepGZ2 cells

To investigate the IR-induced DNA damage in HepGZ2 cells, the alkaline Comet
assay was carried out. DNA damage in HepG2 cells were analyzed after exposure to O,
1, 5 and 10 Gy and immediately isolated to avoid DNA repair. Comet parameters
including percentage of tail DNA (% TD), total extent moment (TEM), olive tail
moment (OTM) and tail length (TL) were used for determining DNA damage. As
shown in Fig. 5-4, the levels of comet parameters were increased in a dose—dependent
manner. It indicated that IR caused a significant increase of DNA damage in HepG2
cells. To evaluate the antigentoxic effect of curcumin against IR-induced DNA damage,
HepG2 cells were treated with or without 5 uM curcumin for 2 h, irradiated with O, 1,
5, and 10 Gy and analyzed by the Comet assay. As shown in the previous Table 5-1,
IR increased DNA damage of HepG2 cells in a dose-dependent manner in the IR alone
group. After irradiation, the fragmented DNA formed a typical comet tail-like pattern.
The higher dose led to a longer DNA tail length and darker DNA intensity, indicating
that IR induced genotoxicty in HepG2 cells. In contrast, pretreatment of 5 pM curcumin
decreased DNA tail length. At 5 Gy, the level of comet parameters in the IR alone
group was 67.9 = 9.71 (% TD), 9.96 = 253 (TEM), 3.18 + 090 (OTM) and 14.93 =+
1.59 (TL). In contrast, the level of comet parameters in the curcumin plus IR group
was 5.86 £ 0.90 (% TD), 048 = 0.38 (TEM), and 0.26 + 0.12 (OTM), and 8.63 £ 2.60
(TL) (Fig. 5-5). Thus, the level of the curcumin plus IR group was lower than that of
the IR alone group in all comet parameters. It indicated that pretreatment of 5 pM

curcumin protected against IR-induced DNA damage in HepG2 cells.
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4. Discussion

Exposure to IR induces complex cellular responses which are involved in genomic
alterations, mutagenesis, and apoptosis [6-26]. DNA is the major target of cellular
response to IR. Also, DNA damage response in cells is important for the accurate
prediction of human health risks after chronic or acute exposure to IR. Cytotoxicity and
genotoxicity are considered as the major events in cellular responses after exposure to
IR. It has been demonstrated that cellular DNA damage induced by IR can cause cell
death in organisms [5-27]. In this study, it was found that IR induced cytotoxicity and
genotoxicity in HepGZ2 cells as assessed by the Clonogenic survival assay and the
Comet assay. Here, HepG2 cells were used as in vitro cell model for evaluation of
radiation protection. HepG2 cells are a human hepatic cell line and have been used as a
good model to study in vitro xenobiotic metabolism and toxicity due to many
characteristics of hepatocytes such as phase I and II enzymes which play important
roles in the activation and detoxification of DNA-reactive carcinogens [5-17]. With
regard to radioprotectors, many polyphenols derived from dietary plants have been
screened for radioprotective effect [5-6]. Among them, curcumin is considered as a
good candidate of radioprotector because of its potential protective role in the
pathogenesis of multiple diseases and a variety of biological activities [6—11, 5-28]. It
has been reported that curcumin could confer radioprotective effect in vitro and in vivo
study [6-15, 5-16]. Lee et al. [5-29] have reported that curcumin improved survival
after exposure to IR in vivo experiment. In this study, cell survival (%) was used as
an indicator of cytotoxicity. Our result showed that IR induced dose-dependent
cytotoxicity in HepG2 cell after exposure to IR ranging from O to 10 Gy. In contrast,
pretreatment of HepG2 cells with 5 uM curcumin for 2 h before exposure to various
dose of IR resulted in a significant increase of cell survival when compared with that
of the IR alone group. Srinivasan et al. [5—16] reported that pretreatment of curcumin
(10 pg/ml) could protect human lymphocytes against y-radiation induced DNA damage
by using micronucleus assay and dicentric aberration assay. Abraham et al. [6-15]

reported that oral administration of chlorogenic acid, curcumin and P-carotene could
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exert protective effects against y-radiationinduced chromosomal damage in Swiss albino
mice by using a micronucleus assay. However, there has been no report on the
protective effect of curcumin against radiation-induced DNA damage in HepG2 cells by
using the comet assay. In this study, DNA damage was used as an indicator of
genotoxicity. Our result showed that curcumin had an ability to protect cells against
IR-induced DNA damage by reducing the increased level of all comet parameters after
exposure to IR.

In conclusion, we evaluated the cytoprotective and antigenotoxic effect of curcumin
in HepG2 cells after exposure to IR by using the Clonogenic survival assay and the
Comet assay. Pretreatment of 5 pM curcumin attenuated IR-induced toxicity, cell death
and DNA damage, in HepG2 cells. The results suggest that curcumin could act as a

radioprotector.
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Table 5-1. Parameters of DNA damage induced by IR in HepGZ2 cells

Radiation dose

% TD TEM OTM TL
(Gy)
0 18.21+12.68 1.94+1.71 0.70+0.21 10.684+2.01
1 53.03+£25.84 6.98744.36 2.44+1.49 12.864+2.90
5 67.90+9.71° 9.96+2.53" 3.1840.90° 14.934+1.59
10 73.4282.70° 11.8144.53" 4.1140.36" 16.64+1.85

%TD, Percent of Tail DNA; TL, Tail length; OTM, Olive tail moment; TEM, Tail

extent moment.

Data are presented as mean * S.D. (n=3).

Significantly different from the non-irradiated groups: * P<0.05; ** P<0.01.
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Fig. 5-1. Chemical structure of curcumin.
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Fig. 5-2. Cytotoxicity of curcumin by using MTT assay. Data are represented as mean

+ SD (n=3). (n=3). #p < 0.05, #*#p < 0.01 compared with control group.
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Fig. 5-3. Effect of curcumin against IR-induced cytotoxicity in HepGZ2 cells as
determined by the Clonogenic survival assay. Data are represented as mean * SD .

(n=3). #*p < 0.05, #**p < 0.01 compared with control group.
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_64_



A6d A Xo] 3 1 LET £ A LET HAIA 9 E3HzHe

Cell responses to combined action of low and high LET radiations

1. Introduction

The relative biological effectiveness (RBE) of ionizing radiation with a high linear
energy transfer (LET) is known to be dependent on the function of genes controlling
cell recovery from radiation damage. In particular, for unicellular organisms of various
origins, the RBE was greater for cells capable of recovery than for cells with a
reduced ability to recover, or completely missing such ability [6-1~6-6]. In other words,
RBE is determined both by the probability of primary damage production (physical
events) and the ability of a cell to recover from radiation damage (biological events).
There seems to be common agreement that high-LET radiation, compared with
low-LET radiation, produce a higher proportion of damage that is considered to be
irreversible [6-7~6-10]. This is an important case for the recovery from potentially
lethal radiation damage observed in irradiated mammalian and yeast cells. More detailed
patterns of such recovery at the cellular [6-11~6-13] and molecular [6-14~6-16] levels
are well-known for yeast cells. Furthermore, the ability of eukaryotic cells to recover
from radiation damage was first discovered in experiments with yeasts [6-17]. If
irradiated yeast cells are held in liquid non—nutrient medium at 30'C before plating onto
a growth medium, their survival is increased. This phenomenon is now known as
liquid-holding recovery (LHR) [6-18]. The quantitative approach describing the recovery
process as a decrease in the effective dose is well-known [6-11] and it was applied for
yeast [6-19, 6-20] and mammalian cells [6-21] exposed to ionizing radiation combined
with various chemical and physical agents. This approach allows one to determine
whether the process of recovery after combined actions is destroyed or damaged itself,
or whether the decrease in the rate and extent of recovery is entirely due to an
increase in the fraction of irreversible damage. There are very little data on the
analysis of radiosensitivity and the ability of cells to recover after repeated exposures,

which are often wused in practice. For example, Korogodin [6-11] analyzed
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radiosensitivity and LHR after repeated exposures of yeast cells only to low-LET
radiation. Similar studies have not been conducted with densely ionizing radiation that
causes more severe, irreparable damage. The repeated irradiations were shown not to
change the radiosensitivity of the cell, but to result in a reduced ability of the cell to
recover, which was expressed both in the extent and the rate of recovery [6-11].
These effects may arise either from damage to the recovery process itself, or from the
formation of irreversible dam—-age that cannot be repaired at all. Both processes may
take place at the same time. However, data distinguishing these possibilities are lacking
in the literature. The data related to reduction of the ability of cells to recover from
sub-lethal radiation damage after repeated irradiations are well-known for -cultured
mammalian cells. The progressive reduction in the extrapolation number up to complete
disappearance of the shoulder in the sigmoid dose response curve is also well-known
for high-LET radiation [6-22]. The cellular ability to recover from potentially lethal
damage after repeated exposures to low-and high-LET radiation has hardly been
studied. Qualitatively, most radiobiological responses of yeast and mammalian cells are
similar to each other. For example, survival curves for haploid yeast and mammalian
cells are exponential. Conversely, survival curves for diploid yeast and mammalian cells
are sigmoid. Therefore, yeast cells are a convenient model for studying the cellular
ability to recover from potentially lethal damage after repeated exposures to radiation of
different quality. Our investigation has been undertaken to examine these issues in
yeast cells. In this study, the liquid-holding recovery will serve as an indicator of the
cellular repair activity. Understanding of the underlying mechanism will hopefully lead
to a better insight into the relationship between radiation of various quality and cell
recovery from potentially lethal radiation damage. Thus, the main goals of this study
were (a) to study radiosensitivity and recovery of yeast cells after repeated exposure to
low— and high-LET radiation; (b) to answer the question whether or not high-LET
radiation affects the recovery process itself, or whether it only produces a higher level
of severe and irreversible damage that cannot be repaired at all; (c¢) to elucidate the

RBE of high-LET radiation after repeated irradiation of yeast cells.
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2. Material and methods

The yeast Saccharomyces cerevisiae (strain XS800, diploid) in the stationary phase
of growth was used for these experiments. To attain this phase, cells were incubated
before irradiation on a solid nutrient agar during four days. After attaining the
stationary phase of growth, the cells were washed with distilled water and a cell
suspension of 5 X 10°cells/ml was prepared. Cells from the same stock solutions were
irradiated with ®“Co y-rays (23 Gy/min) and with ““Pu a-particles (20 Gy/min). The
LET of the particles reaching the cell monolayer was estimated to be about 120 keV/u
m. Just at this LET wvalue the maximum in RBE-LET relationship was observed for
most eukaryotic and some prokaryotic unicellular organisms.

The small range of a-particles necessitated the use of a mono-layer of yeast cells for
irradiation: 0.02 ml of the cell suspension was placed on the surface of a non—nutrient
agar, and the water from this drop of suspension was evaporated. The viability of the
yeast cells after y-irradiation was identical for cells on the agar surface and for the
cells in the water suspension.

All irradiations were carried out in air at room temperature (2032C). Immediately after
irradiation, part of the sample was plated on nutrient agar plates for the assay of
colony—forming ability. Another part of the irradiated cell suspension was placed in
conditions suitable for the LHR. After three days (delayed plating) their colony—forming
ability was checked again. LHR was carried out in water suspension at 30C. After the
full LHR of cells irradiated with y-rays at 1200 Gy and a-particles at 400 Gy, the
suspension was again irradiated with the same increasing doses. This procedure was
then repeated a third time. At the end of the treatment, the samples were further
diluted and plated on nutrient agar to assess colony—forming ability.

The survival response was determined by colony counts at the end of 5.7 days of
incubation at 30.C. Each data point represents the average survival on three to six
Petri dishes, each containing 50~200 clones. Experimental points in all the figures have
errors of 2% or less, that is, approximately the size of the points. Dose effect curves

have been drawn by visually fitting the experimental points. Dosimetry, irradiation and
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other details have been published previously [6-3, 6-23, 6-24]. To observe the recovery
kinetics, another part of the irradiated cell suspensions and the untreated controls were
placed under conditions suitable for the LHR, and their colony—-forming ability was
determined as a function of the incubation time in recovery conditions (delayed plating).
LHR was carried out in a water suspension at 30C without constant agitation (the cell
concentration was 106 cells/ml). The dose response curves and recovery kinetics were
independent of whether the cell suspension was prepared with 0.07 M phosphate buffer
or with distilled water. Survival response on immediate and delayed plating was
determined on the basis of the colony counts obtained at the end of 5.7 days of
incubation at 30C. The counts were checked again after a further period to ensure that
the final score had been reached. During the LHR process a number of the primary
radiation damages are eliminated, resulting in an increased cell survival. This can be
considered as a reduction of the initial dose D1 to a certain effective dose Deff(t)
which is proportional to the mean number of the residual damages, both reparable and
irreversible, after a recovery for t h. It has been demonstrated for yeast cells [6-19,
6-20] that the decrease in the effective dose Deff(t) with the recovery time t maybe

described as follow

Deff (t) =D1 [K+ (1-K) X ™ (D

where B is the recovery constant that characterizes the probability of the recovery per
unit time. In other words, the recovery constant is approximately equal to the fraction
of the reversible radiation damage recovering per unit time. The fraction of radiation
damage K is the irreversible component of radiation damage, which can be determined

as

K = Deff(®9) / DI, (2)

where Deff(®) is the effective dose corresponding to the plateau of the recovery curve,

which 1s proportional to the mean number of the irreversible damage. The ratio
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K(t) = Deff(t) / D1. 3

reflects the relative part of the primary radiation damage that has not been repaired

during t h of recovery. It follows from Eq. (1) that

B = (1/t) In[ (Deff(t)-Deff(29)) / (D1-Deff(®9)], 4

Designating

A(t) = (Deff(t)-Deff(99)) / (D1-Deff(9)), (5
we have
B =-In A(t) / t. (6)

In biological terms, A(t) reflects the proportion of the reparable damage that has not
been repaired after t h of recovery. Thus, knowing the survival and recovery curves
after cell exposure to low— and high-LET radiation, one can calculate the corresponding
values of Deff(t), Deff(®9), K(t), K, A(t), and b. In this paper the described
mathematical approach will be used to quantify parameters of yeast—cell recovery from
potentially lethal damage induced after repeated exposures to low- and high-LET

radiations.

3. Results

Fig. 6-1 shows dose effect survival curves obtained immediately after y-irradiation

(closed circles) and after complete post—irradiation LHR (open circles) (A-C, left panel)

as well as cell survival dependent on the duration of post-irradiation recovery (A-C,

right panel). The results were obtained after the first (A), the second (B) and the third
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(C) irradiation.

Similar data after expo—sure to a-—particles are presented in Fig. 6-2. After each y
—exposure (1200 Gy) and full recovery, the percentage of surviving cells was reduced
by about an order of magnitude. It is evident that the rate of cell recovery (A, C, right
panel) gradually slowed down for 48 h, and that the survival curve, dependent of the
recovery time, reached a plateau. These data are summarized in Table 6-1, which
includes the following parameters of these curves: the mean lethal doses of y— and a
—-irradiation after immediate and delayed plating, and the irreversible component K (Eq.
(2)) of the radiation damage, as well as the recovery constant b after sparsely and
densely ionizing radiation estimated by means of Eq. (4), respectively. The results of
our calculations are presented in Table 1 after the first, second, and third exposure to
both types of radiation. In this table the calculated values of the mean lethal dose are
also included. The mean lethal dose is the dose required to reduce cell survival to e =
2.72 on a straight part of the survival curve, depicted on a semi-log scale. This value
was used for the RBE calculation. The shape of the survival curves was sigmoid after
the first irradiation, both with y-rays and a-particles. After the subsequent irradiations
the survival curves became exponential and the mean lethal doses, characterizing the
slope of the survival curves, only slightly depend on the number of subsequent
irradiations. These data allowed us to calculate RBE values as the ratio of DO(y)/DOX(a);
they were 2.9, 24, and 2.6 after the first, second and third irradiations. This means
that within possible experimental errors the RBE of a-particles does not depend on the
repeated exposures. For low-LET radiation the extent of recovery decreased after
re—exposures, consequently the irreversible component of radiation damage increased
from 0.45 after the first, to 0.66 after the third exposure. This effect was much more
pronounced after exposure to a-particles when irreversible component increased from
0.47 after the first exposure to 1.00 after the third one. The value K = 1.0 means that
all potentially lethal damage is completely irreversible. How-ever, it does not indicate
that there are no survivors after the third exposure with higher density radiation.
Undamaged cells without potentially lethal and lethal damage are survivors. It means

that after the third exposure to a—particles only irreversible damage was produced.
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Fig. 6-1. Survival curves ((A)-(C), left panel) obtained immediately after y-irradiation
(closed circles) and after complete post—irradiation recovery (open circles); cell
survival((A)-(C), right panel); (A).the first irradiation; (B).the second exposure; (C).the
third exposure. Experiments were performed with diploid S. cerevisrae yeast cells,

strainX S800.
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Fig. 6-2. As in Fig. 6-1, but after exposure to a—particles.
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Table 6-1. The parameters characterizing the process of radiation recovery

number

DO (Gy)

Type of DO (G
ype: of before (Gy) K 8 (1h)
radiation after LHR
exposure LHR
1 189 387 0.45 0.055
y-rays 2 172 366 0.46 0.055
3 215 301 0.58 0.055
1 65 107 0.47 0.041
a-particles 2 70 107 0.77 0.041
3 81 81 1.00 0.041
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The data presented in Table 6-1 shows that the probability of recovery does not
depend on the number of repeated exposures and that it somewhat decreases after
exposures to high-LET radiation. The irreversible component of the radiation damage
increases after the third irradiation with low-LET radiation, and significantly increases
after exposure to high—-LET radiation. Moreover, in the latter case the recovery after
the third exposure was completely stopped. From these results, the slowing down of
the process of recovery and the reduction in the extent to which the cells recover after
repeated exposures can be easily seen. This effect was particularly pronounced after
exposure to high-LET radiation. Actually, after re-exposure the process of
liquid-holding recovery slowed down dramatically, and completely stopped after the

third exposure.

4. Discussion

It was shown previously [6-3, 6-13] that RBE of densely ionizing radiation
correlates with the ability of cells to recover from the damage inflicted by the
radiation. This concept was based on numerous data showing that RBE of high-LET
radiation is significantly higher for cells capable of recovery, compared with the values
of RBE revealed for radiosensitive mutants that are defective in the repair process.
These data are available for cells of different origin [6-3~6-6]. It has been shown that
the mechanism of increased RBE values was due to the decrease in the ability of the
cells to recover from the damage caused by high-LET radiation [6-7~6-10]. The
well-known radiobiological data [6-11, 6-12] suggest that recovery may be inhibited
due to the impairment of the recovery process itself, i.e. due to decrease in the
recovery constant, which describes the probability of recovery per unit time. Another
reason for the reduced ability of the cells to recover from the radiation damage may be
an increase 1n the proportion of irreversible damage. A detailed analysis of this problem
[6-23] showed that the recovery process itself is not impaired after densely ionizing

radiation, and that the enhanced RBE of the high-LET radiation may be caused by the
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increased yield of irreversible damage. A parent diploid strain and its radiosensitive
mutants showed the same probability for recovery from radiation damage. Thus, the
mechanism of the enhanced radiosensitivity of the mutant cells defective in some repair
systems may not be related to the damage in cell recovery, but with the production of
some kind of radiation damage from which cells are incapable to recover. In connection
with these results, the ability of cells to recover from repeated exposures to low- and
high-LET radiation was studied in this paper. Diploid yeast cells were irradiated with
y-rays and a-particles. Survival curves immediately after radiation and the kinetics of
the LHR were measured. When the irradiated cells were completely recovered, they
were subjected to irradiation and post irradiation recovery again. The procedure was
repeated three times. It should be noted that after repeated exposures the survival
curve form have changed from the initial sigmoidal form to the exponential one,
although the slope of the survival curves have changed insignificantly after the a— and
y-irradiations. In this regard, RBE of a-particles did not depend in a great extent on
the number of repeated irradiations (2.9, 24, 2.6 after the first, second and third
exposure). The new results obtained in this study, indicate that the repeated exposures
to high-LET radiation result in a big decrease in the ability of cells to recover from
potentially lethal damage due to the formation of irreversible damage from which the
cells are not able to recover. The increase in the proportion of primary radiation
damage after repeated exposures may occur for two reasons; either the formation of
damage that could not be repaired at all, or due to impairment of the recovery process
itself. Both these possibilities have been considered in this study. It is evident from the
data presented that the irreversible component of radiation damage increased after
repeated exposures with gamma-rays from 0.4 after the first irradiation to 0.7 after the
third exposure. This effect was more noticeable after densely 1onizing radiation
exposure, the corresponding values being 0.5 and 1.0. The second possibility was also
analyzed. Our results indicated that regardless of the number of repeated irradiations,
the recovery constant b varies insignificantly for both types of radiation. The
discontinuity of cell recovery after reaching a plateau of the recovery curve is unlikely

due to the exhaustion of the relevant metabolites or recovery enzymes because the
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LHR process continued after the first, second and third exposure to low—-LET radiation.
In the case of a-particles the slowing—-down and complete stopping of the LHR was
more pronounced even after the second exposure. This means that the process of
recovery 1s not impaired itself after repeated irradiations with low— and high-LET
radiation. Actually, the recovery constant was shown to be slightly dependent on
radiation quality: it changed from 0.055 h™' for y-rays to 0.041 h™' for a-particles. In
other words, 5.5 and 4.1% of the damage available for repair were recovered every
hour after y— and a-irradiation. It is worth noting that in the detailed study of
liquid-holding recovery kinetics in wild-type and radiosensitive mutants of the yeast
Saccharomyces exposed to low- and high-LET radiations, the probability of recovery
was 1dentical after y— and a-irradiation for eight yeast strains and varied within the
range 0.05~1.00 h™! [6-23]. The results obtained in this study are close to that range. It
may suggest that the process of recovery from potentially lethal radiation damage itself
1s not damaged after repeated irradiations both with low— and high-LET radiations, and
that the decrease in the ability of the cell to recover from the radiation damage is
completely explained by the increased proportion of irreversibly damaged cells. In
conclusion, it is of interest to note that in many investigations carried out in the
biophysical laboratory it was shown that synergistic interaction of various
environmental factors was related with production of additional effective damage due to
interaction of some sub-lesions rat her than the impairmen to fcell-recovery capacity
itself [6-13, 6-19~6-21]. The identical slopes of the survival curves obtained in this
study after repeated exposures to y-rays and a-—particles suggest that these sub-lesions

are either eliminated or repaired during the LHR.

5. Conclusions
From the results of this study, conclusions could be drawn out as follows. Repeated

exposures to high—-LET radiation result in a dramatic decrease in cell capability to

recover from potentially lethal damage, due to formation of irreversible damage from
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which cells are not able to recover. This effect was expressed to a greater extent upon
exposure to a-—particles. After repeated exposures of diploid yeast cells to low— and
high-LET ionizing radiation, the recovery constant characterizing the probability of cell
recovery per unit time is independent of the number of repeated exposures. Finally, the

RBE of a-particles was insignificantly dependent on the number of repeated exposures.
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