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Abstract

Introduction

H istone deacetylase inhibitors (HDIs), as radiation sensitizing agents, are considered as a novel class of
anti-cancer factors, which are studied in various tumor cell-lines. Valproic acid (VPA) is an HDI, which is
effectively used in the treatment of epilepsy, migraines, and some particular types of depression. In this
study, we evaluated the effects of VPA and ionizing radiation separately, as well as combined, with the
alterations of histone H2AX phosphorylation (YH2AX) at Ser139, a marker of DNA damage and its repair,
on MCF-7 breast cancer cell line.

Materials and Methods

Three groups of cells were selected, including 1) pretreated with VPA for 48 h followed by irradiation, 2)
VPA only, and 3) irradiation only. The levels of YH2AX expression were evaluated using Western blot.
Results

The results of our study showed that VPA significantly enhanced the expression of YH2AX, when applied 48
h prior to irradiation compared to the IR or VPA only treated cells. We also concluded that VPA pre-
treatment delayed YH2AX dephosphorylation and dispersal for up to 12 h after irradiation, while YH2AX
dephosphorylation disappeared in just 2 h when using irradiation alone and without VPA pre-treatment.
Conclusion

Our findings are consistent with the general consensus that VPA efficiently sensitizes cancer cells to the
effects of ionizing radiation and prevents DNA double-strand break repair, which leads to enhanced breast
cancer cell death.
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1. Introduction

Breast cancer (BC) is the second most prevalent
cancer worldwide and is considered as one of the
most important leading causes of morbidity and
mortality in women [1, 2]. The main goal of
radiotherapy is to increase DNA impairments,
which ends in cell death by mediators of DNA
damage [3]. Radiation-modified cell damage
occurs by the direct effects of radiation on DNA
and also its indirect effects on other cell targets,
which is modulated by reactive oxygen species
(ROS)[3]. Double-strand break (DSB) is most
serious effects of radiation to DNA, which is the
most fatal type of DNA impairment and causes
cell death if not repaired [4]. Phosphorylation of
histone type H2 (H2AX consists of 10%
nucleosome; however, it can vary according to
the type of cell) is one of the first cell responses
against DSB [5]. The phosphorylation of H2AX
occurs on the serine139 residue of C-terminal.
This phenomenon takes place in the megabase
domains of H2AX histone, around the DSB
molecule, and is known as yYH2AX [6, 7].

H2AX variant is mainly defined according to its
capacity and potency of  accepting
phosphorylation on the serinel39 residue of C-
terminal through the activity of PIKKSs, such as
ATM, DNA-PK, and ATR on the SQ [E/D]
motif [8]. The accumulation of most proteins
contributing to DNA ionizing radiation-induced
foci (IRIF) is dependent on the presence of
phosphorylated H2AX (yH2AX) [9]. DNA
damage or its reparation can be evaluated using
the number of these foci.

Nowadays, radio sensitizing properties of some
drugs has been accepted. These agents can
improve the cytotoxicity of radiotherapy for
tumor cells. The radio sensitizing potency of
histone deacetylase inhibitor (HDI) is a growing
field of interest and they are novel candidates of
targeted anticancer therapeutics [10-12].

Many studies have shown HDIs to cause cell
cycle arrest, stimulate  apoptosis  and
differentiation. Furthermore, they might cause
synergistic effects when used in combination
with other cytotoxic cancer agents [13-16]. The
mentioned activities of HDIs are related to the
inhibition of mechanisms resulting in DNA
synthesis and DSB repair [16, 17]. There are
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notable differences in chemical stability,
antitumor activity, and cytotoxicity of HDIs;
however, they all induce histone acetylation.
Valproic acid (VPA) is a histone deacetylase
inhibitor agents, which nowadays, is effectively
used to treat epilepsy, migraines, and some
special types of depression [18-20]. Various
studies showed that VPA may cause death of
tumor cells through increasing acetylation of
histones,  chromatin ~ condensation,  and
continuing the expression of YH2AX induced by
radiation [21, 22]. Moreover, several studies
suggest that radiotherapy induces cell death,
which its improvement by VPA can be related to
inhibition of DSB repair [19, 23].

Herein, we aimed to assess potent radiation
enhancing properties of VPA on MCF-7 breast
cancer cell line. In so doing, we evaluated the
effect of VPA and IR in combination and alone
on the changes in histone H2AX
phosphorylation at Ser139, as a marker of DNA
damage and its repair. Furthermore, the level of
YH2AX was measured after radiotherapy for
exploring the inhibitory potency of VPA on
DSB reparation.

2. Materials and Methods

Immunoblot analysis of phosphorylated
histone H2AX (yH2AX) was used for the
investigation of the mechanism mediating
radiosensitization by valproic acid. YH2AX is
applied as a sensitive marker of DSB
following radiation, so that we can monitor the
effect of cell treatment with HDIs prior to
irradiation on DSB induction and repair [9,
24]. MCF-7 cells were pretreated with 2 and 4
mM of VPA for 48 h, and then irradiated with
two doses of 2 and 4 Gy irradiation.

2.1. Cell Culture and Treatments

Human MCF-7 breast cancer cells (obtained from
Pasteur Institute, Tehran, Iran) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 2 mM L-glutamine, 1%
non-essential amino  acids, 100 U/ml
streptomycin, 100 U/ml penicillin in a humidified
incubator at 37°C in a 5% CO, atmosphere. All
the reagents were purchased from Gibco,
Germany, unless stated otherwise. Briefly, MCF-
7 cells were allowed to attach to the surface for 24
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h prior to the treatment. Then, they were treated
with 4 and 8 mM of VPA (Sigma Aldrich,
Germany) for 48 h at 37°C. The VPA was
dissolved in phosphate buffer saline (PBS) to a
stock concentration of 100 mM and stored at -
20°C. Subsequently, untreated MCF-7 cells and
cells pretreated with VPA were irradiated using -
rays from a Cobalt 60 source at doses of 2 Gy and
4 Gy. The cell plates were placed on the table of
cobalt unit. Source to plate surface distance was
100 cm. Afterwards, cells were examined for
YH2AX status, using Western blotting.

2.2. Western Blot Analysis

Adherent and floating cells were lysed in 100
mM of Tris-HCL (pH=7.4), 1 ml of Triton X-
100, 5% sodium deoxycholate, 150 mM of
NaCl, 5 mM of EDTA, 5% sodium dodecyl
sulfate (SDS), and 10% glycerol. The lysis
buffer  supplemented with  phosphatase
inhibitor cocktail (Sigma, p004) and protease
inhibitor cocktail (Sigma, p8340). Protein
concentration of lysates was determined by
BCA protein assay kit (Thermo, 23227) and
the lysates were adjusted with lysis buffer. The
lysates containing an equal amount of protein
(20 pg) were loaded into each lane of a
polyacrylamide gel (concentration: 15%).
Proteins were transferred to nitrocellulose
membranes for 50 min at 110 V, using transfer
buffer (15.6 Mm of tris-base, a20 Mn of
glycine,10% methanol, and pH=8.4%) (88018,
Thermo Scientific) and blocked with 3% skim
milk in PBS-T (0.05% Tween-20) for 2-3 h at
room temperature. Thereafter, the membranes
were incubated with anti-phosphorylated
histone H2AX (Millipore, 05-636) at 4°C
overnight. The blots were rinsed three times
with BPS-T,they were then incubated with
Goat anti-Mouse 1gG and horseradish
peroxidase-conjugated secondary antibodies
(Millipore,12-349) for 1-2 h at room
temperature on a rotating platform. After
incubation with secondary antibody, the
membranes were washed three times and
immunoreactivity was detected by enhanced
chemiluminescence as described by the
manufacturer (Amersham ECL Biosciences,
RPN2235). ImageJ software (NIH, Bethesda,
MD) was used to measure the relative optical
densities of the bands. B-actin antibody was

used as the internal control. All the
experiments were repeated at least three times.
2.3. Statistical Analysis

The data were analyzed using SPSS, version
16. Kolmogorov-Smirnov Shapiro-Wilk test
was used to measure the normality of data
distribution. In the cases of normality, One-
way ANOVA was run followed by post-hoc
Tukey’s test. P-value less than 0.05 was
considered statistically significant.

3. Results

Our results indicated that irradiation provokes a
significant increase in expression of YH2AX one
hour following irradiation. The findings also
showed that treatment of cells with VVPA alone
for 48 h promoted YH2AX level compared to
untreated cells. Although the changes in YH2AX
induced by irradiation and VPA alone are
modest compared to the combined effect of
pretreatment of cells with VPA followed by
irradiation (Figure 1).

In addition, the level of YH2AX expression was
measured after irradiation for exploring the
inhibitory potency of VPA on DSB reparation.
We observed yH2AX dispersal after a 2 h
irradiation, but it was delayed up to 12 h when
pre-treated with VVPA prior to irradiation (Figure
2).

Western blot bands were scanned and analyzed
using ImageJ software (version 1.49p) in order
to quantitatively evaluate in vitro irradiation.
Both color intensity and the area under density
profile were scored. We aimed to convert the
profile areas and band intensities to numeric
quantities for statistical analysis, making
comparisons, and reaching a definitive
conclusion (Figures 1 and 2).

v-H2AX was employed as an indicator of DNA
DSBs. MCF-7 cells were cultured with or
without VVPA for 48 h followed by irradiation.
After 1 h, lysates were collected and total
cellular proteins were analyzed by Western
blotting. Each blot is a representative of three
independent experiments with fB-actin, used as
the loading control. It was significantly different
from the controls (P<0.001).
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Figure 1. The effect of Valproic acid and ionizing radiation on DNA Double-strand breaks
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Figure 2. Effect of Valproic acid on dephosphorylation of YH2AX

*Significantly different from the controls (P<0.001)

Cells were untreated or treated with 4 mM of
VPA for 48 h, and then were irradiated at a 2 Gy
dose of irradiation. Western blotting analysis of
the total cell lysates was performed at 1, 2, 4, 6,
and 12 h after irradiation. Each blot is a
representative of three independent experiments
with B-actin, which was used as the loading
control.
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4. Discussion
Several HDIs are used as the radio sensitizing
agents in the treatment of various tumors [7,

16, 24-26]. However, there are still
controversies regarding the mechanisms
contributing to HDI-induced radio
sensitization, but defining the exact

mechanism would help the possibility of
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clinical utilization of HDIs as radiation
sensitizers.

There were reports claiming that HDIs prevent
DSB repair and prolong expression of YH2AX,
a marker for DNA DSBs, following radiation
[27]. Also, a variety of HDIs can delay the
dispersal of radiation-induced yH2AX foci
[28-31].

The present study analyzed the use of VPA in
combination with irradiation, focusing on the
effects of VPA on DNA damage in MCF7
cell-line. Our results showed that the 48 h long
pre-incubation of MCF7 cells with VPA
followed by irradiation leads to enhanced
phosphorylation of H2AX in these calls
compared to the IR or VPA only treated cells
(Figure 1).

Linear correlation between the number of
DSBs and yH2AX protein under the effect of
various doses of ionizing irradiations was
illustrated before [32]. In fact, the researchers
have demonstrated that the kinetic formation
and dispersal of yH2AX has a significant
correlation with the kinetic occurrence and
reparation of DSBs [33]. In fact, ionizing
irradiations cause DNA DSBs and alterations
in chromatin structure. These alterations seem
to activate ATM protein kinase, the protein
that arrests cell cycle and induces apoptosis by
phosphorylating and activating BRCAL,
CHK2, and H2AX [34, 35].

This phosphorylatory effect of VPA on H2AX
can be exerted through the formation of ROS
that results in DSBs [36]. ROS can cause
macromolecular ~ damages to  cellular
components such as lipids, proteins, and DNA
[37]. Such findings confirm the hypothesis that
relates the mechanism of VPA-mediated radio-
sensitization to the alterations of chromatin
structure. The increase in YH2AX expression
of MCF7 cell lines with combination of VPA
and IR (Figure 2) suggests the accumulation of
hyperacetylated histone tails may result in an
increase in the number of sites of ionizing
radiation-induced DNA damage.

We also concluded that VPA pre-treatment,
delayed yH2AX dephosphorylation, and
dispersal for up to 12 h after irradiation, while

it disappeared in just 2 h when using
irradiation alone and without VPA pre-
treatment. Overall, the dispersal of YH2AX
expression is related to the damage repair, and
single-strand breaks are repaired usually
within 2 h [18]. The duration of yH2AX
expression may suggest that VPA-induced
radio sensitization is mediated by inhibiting
DSB  repair. Involving VPA-mediated
hyperacetylation of histones, such as H2AX, is
one of the possible mechanisms leading to
persistent recruitment of DNA damage repair
proteins by affecting DNA repair complex.
Reduction of other factors involved in DNA
repair (e.g., Rad51, Ku86, and Ku70) and the
induction of Bax (a pro-apoptotic protein)
expression are other suggested mechanisms;
however, the exact details of VPA’s effect
remains unknown [16, 35, 38].

5. Conclusion

VPA sensitizes cells to the effects of ionizing
radiation and prevents DNA DSB repair,
which leads to enhanced breast cancer cell
death. In vitro, VPA in combination with
radiotherapy exerts significant antitumor
effects. Thus, treatment with VPA in
combination with radiotherapy could be
applied for the inhibition of the growth of
breast cancer cells. Although accepted as a
radiosensitizer, further studies are required to
explore the detailed mechanism of radiation
sensitization activity of VPA. This would be
helpful in the development of new classes of
drugs to eliminate tumors and to exploit the
deleterious characteristics of irradiation to
lower its adverse effects as much as possible.

Acknowledgements

We would like to thank the Metabolic
Disorders Research Center of Golestan
University of Medical Sciences for their
financial support (Grant no 86169). We also
appreciate Roghaye Gharaei and Mostafa Mir
from biochemistry laboratory of School of
Medicine, Golestan University of Medical
Sciences, for their cooperation.

293 Iran J Med Phys., Vol. 13, No. 4, December 2016



Ahmad Yarmohamadi, et al.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Armstrong K, Eisen A, Weber B. Assessing the risk of breast cancer. New England Journal of Medicine.
2000;342(8):564-71. DOI: 10.1056/NEJM200002243420807.

Perera N, Gui GP. Multi- ethnic differences in breast cancer: Current concepts and future directions.
International journal of cancer. 2003;106(4):463-7. DOI:10.1002/ijc.11237.

Rzeszowska-Wolny J, Przybyszewski WM, Widel M. lonizing radiation-induced bystander effects, potential
targets for modulation of radiotherapy. European journal of pharmacology. 2009;625(1):156-64. Doi:
10.1016/j.ejphar.2009.07.028.

Lassmann M, Hénscheid H, Gassen D, Biko J, Meineke V, Reiners C, et al. In vivo formation of y-H2AX
and 53BP1 DNA repair foci in blood cells after radioiodine therapy of differentiated thyroid cancer. Journal
of Nuclear Medicine. 2010;51(8):1318-25. Doi: 10.2967/jnumed.109.071357.

Pinto DMS, Flaus A. Structure and function of histone H2AX. Genome Stability and Human Diseases:
Springer; 2010. p. 55-78. Doi: 10.1007/978-90-481-3471-7_4.

Muslimovic A, Ismail IH, Gao Y, Hammarsten O. An optimized method for measurement of gamma-H2AX
in blood mononuclear and cultured cells. Nature protocols. 2008;3(7):1187-93. Doi: 10.1038/nprot.2008.93.
Chen X, Wong P, Radany E, Wong JY. HDAC inhibitor, valproic acid, induces p53-dependent
radiosensitization of colon cancer cells. Cancer Biotherapy and Radiopharmaceuticals. 2009;24(6):689-99.
Doi: 10.1089/cbr.2009.0629.

Redon C, Pilch D, Rogakou E, Sedelnikova O, Newrock K, Bonner W. Histone H2a variants H2AX and
H2AZ. Current opinion in genetics & development. 2002;12(2):162-9.

Celeste A, Fernandez-Capetillo O, Kruhlak MJ, Pilch DR, Staudt DW, Lee A, et al. Histone H2AX
phosphorylation is dispensable for the initial recognition of DNA breaks. Nature cell biology. 2003;5(7):675-
9. Doi: 10.1038/nch1004.

Balakin KV, Ivanenkov YA, Kiselyov AS, Tkachenko SE. Histone deacetylase inhibitors in cancer therapy:
latest developments, trends and medicinal chemistry perspective. Anti-Cancer Agents in Medicinal
Chemistry (Formerly Current Medicinal Chemistry-Anti-Cancer Agents). 2007;7(5):576-92.

Marks P. Discovery and development of SAHA as an anticancer agent. Oncogene. 2007;26(9):1351-6. Doi:
10.1038/sj.0nc.1210204.

Marks PA, Breslow R. Dimethyl sulfoxide to vorinostat: development of this histone deacetylase inhibitor as
an anticancer drug. Nature biotechnology. 2007;25(1):84-90. D0i:10.1038/nbt1272.

Mahlknecht U, Hoelzer D. Histone acetylation modifiers in the pathogenesis of malignant disease. Molecular
Medicine. 2000;6(8):623.

Xu W, Parmigiani R, Marks P. Histone deacetylase inhibitors: molecular mechanisms of action. Oncogene.
2007;26(37):5541-52. Doi: 10.1038/sj.0nc.1210620.

Mei S, Ho AD, Mahlknecht U. Role of histone deacetylase inhibitors in the treatment of cancer (Review).
International journal of oncology. 2004;25(6):1509-19.

Munshi A, Kurland JF, Nishikawa T, Tanaka T, Hobbs ML, Tucker SL, et al. Histone deacetylase inhibitors
radiosensitize human melanoma cells by suppressing DNA repair activity. Clinical Cancer Research.
2005;11(13):4912-22. Doi: 10.1158/1078-0432.CCR-04-2088.

Zhang Y, Jung M, Dritschilo A, Jung M. Enhancement of radiation sensitivity of human squamous
carcinoma cells by histone deacetylase inhibitors. Radiation research. 2004;161(6):667-74.

Chinnaiyan P, Cerna D, Burgan WE, Beam K, Williams ES, Camphausen K, et al. Postradiation sensitization
of the histone deacetylase inhibitor valproic acid. Clinical Cancer Research. 2008;14(17):5410-5. Doi:
10.1158/1078-0432.CCR-08-0643.

Purrucker JC, Fricke A, Ong MF, Ribe C, Rilbe CE, Mahlknecht U. HDAC inhibition radiosensitizes human
normal tissue cells and reduces DNA Double-Strand Break repair capacity. Oncology reports.
2010;23(1):263-9.

Zhang L, Wang G, Wang L, Song C, Leng Y, Wang X, et al. VPA inhibits breast cancer cell migration by
specifically targeting HDAC2 and down-regulating Survivin. Molecular and cellular biochemistry.
2012;361(1-2):39-45. Doi: 10.1007/s11010-011-1085-x.

Camphausen K, Cerna D, Scott T, Sproull M, Burgan WE, Cerra MA, et al. Enhancement of in vitro and in
vivo tumor cell radiosensitivity by valproic acid. International journal of cancer. 2005;114(3):380-6. Doi:
10.1002/ijc.20774.

Byun S-S, Kim FJ, Khandrika L, Kumar B, Koul S, Wilson S, et al. Differential effects of valproic acid on
growth, proliferation and metastasis in HTB5 and HTB9 bladder cancer cell lines. Cancer letters.
2009;281(2):196-202. Doi: 10.1016/j.canlet.2009.02.045.

Iran J Med Phys., Vol. 13, No. 4, December 2016 294


https://dx.doi.org/10.1056/NEJM200002243420807

Valproic Acid as A Double Strand Break Protector

295

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Banuelos CA, Banath JP, MacPhail SH, Zhao J, Reitsema T, Olive PL. Radiosensitization by the histone
deacetylase inhibitor PCI-24781. Clinical Cancer Research. 2007;13(22):6816-26. Doi: 10.1158/1078-
0432.CCR-07-1126.

Olive PL, Banath JP. Phosphorylation of histone H2AX as a measure of radiosensitivity. International
Journal of Radiation Oncology* Biology* Physics. 2004;58(2):331-5.

Camphausen K, Tofilon PJ. Inhibition of histone deacetylation: a strategy for tumor radiosensitization.
Journal of Clinical Oncology. 2007;25(26):4051-6. Doi: 10.1200/JC0.2007.11.6202.

Baschnagel A, Russo A, Burgan WE, Carter D, Beam K, Palmieri D, et al. Vorinostat enhances the
radiosensitivity of a breast cancer brain metastatic cell line grown in vitro and as intracranial xenografts.
Molecular cancer therapeutics. 2009;8(6):1589-95. Doi: 10.1158/1535-7163.MCT-09-0038.

Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. DNA double-stranded breaks induce histone
H2AX phosphorylation on serine 139. Journal of biological chemistry. 1998;273(10):5858-68.

Camphausen K, Burgan W, Cerra M, Oswald KA, Trepel JB, Lee M-J, et al. Enhanced radiation-induced cell
killing and prolongation of YH2AX foci expression by the histone deacetylase inhibitor MS-275. Cancer
research. 2004;64(1):316-21. Doi: 10.1158/0008-5472.CAN-03-2630.

Geng L, Cuneo KC, Fu A, Tu T, Atadja PW, Hallahan DE. Histone deacetylase (HDAC) inhibitor LBH589
increases duration of y-H2AX Foci and confines HDAC4 to the cytoplasm in irradiated non—small cell lung
cancer. Cancer Research. 2006;66(23):11298-304. Doi: 10.1158/0008-5472.CAN-06-0049.

Zhang Y, Adachi M, Zhao X, Kawamura R, Imai K. Histone deacetylase inhibitors FK228, N- (2-
aminophenyl)- 4- [N- (pyridin- 3- yl- methoxycarbonyl)  amino- methyl]  benzamide and m-
carboxycinnamic acid bis- hydroxamide augment radiation- induced cell death in gastrointestinal
adenocarcinoma cells. International journal of cancer. 2004;110(2):301-8. Doi: 10.1002/ijc.20117.

Munshi A, Tanaka T, Hobbs ML, Tucker SL, Richon VM, Meyn RE. Vorinostat, a histone deacetylase
inhibitor, enhances the response of human tumor cells to ionizing radiation through prolongation of y-H2AX
foci. Molecular cancer therapeutics. 2006;5(8):1967-74. Doi: 10.1158/1535-7163.MCT-06-0022.

Redon CE, Nakamura AJ, Gouliaeva K, Rahman A, Blakely WF, Bonner WM. The use of gamma-H2AX as
a biodosimeter for total-body radiation exposure in non-human primates. PloS one. 2010;5(11):e15544. Doi:
10.1371/journal.pone.0015544.

Bouquet F, Muller C, Salles B. The loss of yYH2AX signal is a marker of DNA double strand breaks repair
only at low levels of DNA damage. Cell Cycle. 2006;5(10):1116-22. Doi: 10.4161/cc.5.10.2799.

Karagiannis TC, Kn H, EI-Osta A. The epigenetic modifier, valproic acid, enhances radiation sensitivity.
Epigenetics. 2006;1(3):131-7.

Chen X, Wong JY, Wong P, Radany EH. Low-dose valproic acid enhances radiosensitivity of prostate cancer
through acetylated p53-dependent modulation of mitochondrial membrane potential and apoptosis. Molecular
cancer research. 2011;9(4):448-61. Doi: 10.1158/1541-7786.MCR-10-0471.

Defoort EN, Kim PM, Winn LM. Valproic acid increases conservative homologous recombination frequency
and reactive oxygen species formation: a potential mechanism for valproic acid-induced neural tube defects.
Molecular pharmacology. 2006;69(4):1304-10. Doi: 10.1124/mol.105.017855.

Wells PG, McCallum GP, Chen CS, Henderson JT, Lee CJ, Perstin J, et al. Oxidative stress in developmental
origins of disease: teratogenesis, neurodevelopmental deficits, and cancer. Toxicological sciences.
2009;108(1):4-18. Doi: 10.1093/toxsci/kfn263.

Chinnaiyan P, Vallabhaneni G, Armstrong E, Huang S-M, Harari PM. Modulation of radiation response by
histone deacetylase inhibition. International Journal of Radiation Oncology Biology Physics.
2005;62(1):223-9. Doi: 10.1016/j.ijrobp.2004.12.088.

Iran J Med Phys., Vol. 13, No. 4, December 2016



