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SUMMARY

The induction of DNA-double-strand-breaks (DSB) is a hallmark of radiation-
induced cytotoxicity. Upon induction of DSBs, the cellular DNA repair machinery
detects these lesions and activates signaling cascades which induce the repair of
DSBs. A key component in DNA repair is the histone protein H2AX, which is
rapidly phosphorylated on a serine four residue from the carboxyl terminus,
forming YH2AX at nascent DSB sites. After cells are exposed to ionizing radiation
(IR) or heavy ion particles, a large number of yYH2AX molecules form so called
radiation-induced foci (RIF), where DNA repair proteins accumulate to promote
the repair of DSBs. The microscopic visualization of RIF using
immunohistochemistry is therefore considered a surrogate for measuring the
radiobiological effects (RBE) of radiation therapy. Sequential quantification of
RIFs after exposure to IR can also serve as a surrogate for measuring DNA repair
Kinetics, as it is proportional to the complexity of DNA damage, and the intrinsic
ability of the cell to efficiently repair RIF. hin this study, Human and mouse
temperature-sensitive p53 B-cell lymphoma cell models were used to measure and
compare the presence of DSBs after IR with photon, proton and carbon beams.
The uniqueness of this approach relies on the fact that the effects of p53 mutant
(p53-Vall135) and p53 wild type in myc-driven lymphomas can be measured in
parallel and with the same genetic background. The application of particle
radiation to the cells used in this thesis was carried out at the Heidelberg-ion beam
therapy center (HIT). HIT is one of the few locations in the world where the
radiobiological effects of photons, protons and especially carbon beams can be

measured simultaneously.

In summary, the quantification of RIF has been used as a molecular surrogate
to measure the RBEs of photon, proton and carbon beams as a function of DNA
repair Kinetics and functionality of p53, providing molecular and radiobiological
insights into radio- and particle-therapy for B-cell lymphomas. Finally, this study
aims to show the role of p53 and the effect of radiation on B-cell lymphoma,

Xiv



which in the future could provide a new treatment method for patients with
lymphoma.

Keywords: DNA double strand breaks, p53 protein, B-cell lymphoma,
radiotherapy, y-H2AX
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OZET

Radyoterapi ve Partikiil Terapisi ile P53 Iligkili B-Hiicreli Lenfoma Hiicre
Modellerinde DNA Tamir Mekanizmasi Kinetiginin Karsilastirilmasi

DNA-¢ift sarmal kiriklarinin  (DSB) indiiksiyonu, radyasyona bagh
sitotoksisitenin bir isaretidir. DSB'lerin indiiklenmesi iizerine, hiicresel DNA
onarim mekanizmasi bu lezyonlari tespit eder ve DSB'lerin onarimini indiikleyen
sinyal kaskadlarini aktive eder. DNA tamir mekanizmasinda kilit rol oynayan
histon proteini, H2AX, DNA ¢ift sarmal kirik bolgelerinde karboksil
terminalinden serin dort kalintis1 iizerine fosforile olarak y-H2AX’e doniisiir.
Hiicrelerin iyonlastirict radyasyona (IR) veya agir iyon partikiillerine maruz
birakilmasindan sonra, ¢ok sayida yYH2AX molekiilii radyasyona bagli odaklari
(RIF) olustur. Buna bagli olarak DNA tamir proteinlerinin birikir ve DNA onarim
mekanizmasi baglatilir. Bu nedenle immiinohistokimya yontemi kullanilarak
RIF'in mikroskobik goriintiilenmesi, radyasyon tedavisinin radyo biyolojik
etkilerini (RBE) o6l¢gmek i¢in bir ara¢ olarak disiiniilmektedir. Mikroskobik
goriintiilemenin yanisira, hiicrelerin IR'ye maruz birakilmasindan sonra DNA
hasari ile orantili olan sirali RIF 6l¢timii, DNA onarim kinetigini belirlemek i¢in
kullanilir. Foton, proton ve karbon isinlari arasindaki IR kaynakli DSB'nin
indiiksiyonunu 6lgmek ve karsilastirmak i¢in sicakliga duyarli p53 B-hiicreli
lenfoma insan ve fare hiicre modeli kullanildi. Bu yaklagimin 6zgiinligi, p53
mutantin (p53-Val135) ve p53 yabani tipinin, myc kaynakli lenfomalar tizerindeki
etkilerinin es genetik arka plan kullanilarak olgiilebilmesine dayandirilmaktadir.
Bu tez calismasinda kullanilan, hiicrelere pargacik radyasyonun uygulanmasi
Heidelberg-iyon 1sin1 terapi merkezinde (HIT) gergeklestirilmistir. HIT, foton,
proton ve Ozellikle karbon ismlarinin radyobiyolojik etkilerinin ayni anda

olgiilebildigi, diinyada bulunan az sayidaki bolgeden biridir.

Ozet olarak, RIF 6lgiimii, DNA onarim kinetiginin bir fonksiyonu olarak
foton, proton ve karbon 1ginlarinin RBE'lerini 6lgmek i¢in molekiiler araci olarak
kullanilmistir. Ek olarak, B-hiicreli lenfomalar igin radyoterapi ve partikiil terapisi

pS53'in islevselligini 6lgmek i¢in kullanilmistir. Son olarak, bu ¢alisma p53'in ve

XVi



radyasyonun B-hiicreli lenfoma tizerindeki etkisini gostererek, gelecekte lenfoma

hastalar1 i¢in yeni bir tedavi yontemi gelistirilebilmesini amaglamistir.

Anahtar Kelimeler: DNA cift iplikli kirik, p53 proteini, B-hiicreli lenfoma,
radyoterapi, y-H2AX
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1. AIM OF STUDY

Over 50% of cancer patients undergo radiation therapy. The direct
radiobiological effects (RBE) of Radiation therapy rely on the induction of DNA
double strand breaks which eventually induce senescence and apoptosis of tumor
cells upon a specific threshold or radiation dose. Particle therapy in contrast to
conventional Photon therapy describes a technology by which beams of energetic
protons, neutrons and ions are used to irradiate cells and tumors. Particle therapy
provides a higher precision due to the fact that the dose increases while the
particle penetrates the tissue until the Bragg peak. Moreover, from the radiation
biology standpoint especially carbon ions have the advantage that they provide a
higher relative biological effectiveness (RBE) which can be measured by
sequential analyses and quantification of y-H2AX-foci which serves as a
surrogate for DSB induction and repair. Within this thesis the RBE of Photon,
Proton and Carbon beams was analyzed and compared in a human and mouse
temperature sensitive p53 B-cell lymphoma cell model using microscopy of y-
H2AX-foci sequentially after exposure to the three radiation qualities. We
hypothesized that in this cell model the superior RBE of Proton and Carbon
beams would be measurable based on the kinetics of DNA repair and that the re-
expression of wild type p53 protein increases the RBE of radiation and particle
therapy substantially. To address these questions the following aims were

successfully implemented within this master thesis:

1. lrradiation of human and mouse B-cell lymphoma cells expressing mutant
p53 and wild type p53 with Photon, Proton and Carbon beams.

2. Cytospin and immunostaining of y-H2AX-foci 1 h, 24 h and 72 h post
radiation exposure.

3. High-throughput microscopy of y-H2AX-foci samples.

4. Analyzes and quantification of y-H2AX-foci form all samples using in

house developed ImageJ macros.

The analyses and comparison in the kinetics of DNA repair based on the

quantification of y-H2AX-foci 1, 24, and 72 hours post exposure to Photon,



Proton and Carbon beams verified the superior RBEs of Proton and Carbon beams
compared to Photon beams and showed that reactivation of wtp53 in lymphoma

lines increases the RBE of radiation therapy in general substantially.



2.INTRODUCTION

2.1. Burkitt Lymphoma

Lymphomas are a diverse group of neoplastic disorders of lymphocytes and
the World Health Organization (WHO) classifies lymphomas according to their
biological, clinical characteristics and origin as neoplasms of B-cell or T-cell
origin. In general, lymphomas are considered as the non-Hodgkin lymphomas
(NHLs) and Hodgkin lymphomas separately (1) (2). In the classification of
lymphoid neoplasm, Burkitt lymphoma (BL) is defined as a highly aggressive
mature B-cell neoplasm, a form of non-Hodgkin's lymphoma and includes
endemic, sporadic and immunodeficiency clinical variants. Endemic type is
associated with infection of Epstein-Bar-Virus (EBV), mostly seen in Africa. It is
estimated that this type accounts for 30 to 50% of all childhood cancers in Africa
and the incidence is 3-6 cases per 100,000 children in a year (2). The second
variant of BL is sporadic which has histopathological features of endemic BL and
constitutes 1-2% of all adult lymphomas in United States and Europe (3). Even
though, the frequency of sporadic BL in the United States and Europe
(approximately 2.2 cases per million) is increasing every year, the incidence is
still much lower than Africa. The third variant constitutes 20% of BL and is
associated with infections with the human immunodeficiency virus (HIV),
thereby, is defined as immunodeficiency BL (2).

Burkitt Lymphoma is characterized by overexpression of MYC transcription
factor through the translocation of c-myc gene to one of the immunoglobulin loci
(4) (5). The MYC gene family consist of oncogenes and regulator genes that
encode transcription factors and responsible for regulating pathways including
cell growth and proliferation, DNA replication, differentiation and apoptosis (6).
The translocation of the c-myc gene on chromosome 8 occurs in 95% of BL cases.
In case of translocation, MYC oncogene is relocated juxtaposed to the promoter
sequence of the immunoglobulin IgG heavy chain (IgH) on chromosome 14. The
t(8;14) (g24;932) is the most common translocation in BL, occurring in 70% to
80% of all the cases. Other translocations also occurred in the immunoglobulin



light chains (IGK or IGL) on chromosome 2 or 22 caused the dysregulation of the
MYC. In addition to translocations of c-myc, several other mutations are also
caused BL development. These mutations are truncating alterations of PTEN,
NOTCH, and ATM, amplifications of RAF1, MDM2, KRAS, IKBKE, deletion of
CDKN2A, and CCND3 activating mutations. Besides that, it is not uncommon for

tumor suppressor gene TP53 to be mutated in the neoplastic cells of BL (7).

Cancers like Burkitt lymphoma can be caused also by various chemicals.
Even some patients who have undergone long-term chemotherapy for another
cancer type have a higher risk of developing Burkitt lymphoma than those who
never had chemotherapy. In the treatment of Burkitt lymphoma, radiotherapy and
chemotherapy have been used for many years. In reported clinical trials, the
prognosis for BL is generally favorable, with median survivals of 75% to 90%
with modern chemoimmunotherapy regimens (8). Recently, immunotherapy and
chemotherapy with the addition of rituximab display as an important treatment

when used with radiotherapy against lymphoma (9).

2.2. Chemotherapy and Radiotherapy

Two of the most commonly used type of cancer treatments are chemotherapy
and radiotherapy. The term of chemotherapy refers to the use of chemical drugs to
treat the cancer. The chemotherapy drugs affect mostly the cancer cells. As cancer
cells divide faster than normal cells, they are more prone to be affected by the
cytotoxic effect of chemotherapy. These chemicals can be DNA damaging agents,
antimetabolites or mitosis inhibitors. Apart from their toxicity to cancer cells,
these chemicals have also an effect on normal cells, thereby, causing unintended

side effects on patients (10)

Radiotherapy (RT) is the use of ionizing radiation to destroy tumor while
preserving normal tissues. Many cancer patients receive radiotherapy, using X-ray
and other radiation qualities. The success of this therapy depends on the dosage
and frequency of the treatment, and the level of the cancer of the patient (11).
Ideally, it is expected that multiple doses of radiation would kill only cancerous



cells, however, RT may lead to undesired side effects on normal cells. In rare
cases, damage to normal cells can be repaired incorrectly, which can cause new
cancer (12). It can be used alone as well as with surgery and chemotherapy. The
aim of radiotherapy is to treat the cancer and minimizing damage to normal
tissues (13). In addition, radiation makes it possible to target the tumor with high
accuracy by using high doses and this makes RT an alternative to surgery (14). In
conclusion, the reason that radiotherapy is still commonly used is that the benefits
are much greater than the potential negative effects.

2.3. lonizing Radiation and other Radiation Qualities

Radiation therapy Kills cancer cells by depositing high physical energy and
this radiation called ionizing radiation (15). Through the removing of electron, the
atom or electron increase the higher level and it's called extinction. lonization is
the energy state of radiation required to remove and excite one or more electrons
from the orbit of the atom and molecule. The most important feature of ionizing
radiation is the localized release of large amounts of energy. lonizing radiation
can act in two ways: directly and indirectly (Figure 2.1). If any form of radiation
is absorbed in the biological material, the radiation interacts directly with the
main target and it results in ionization of target atoms in the cell. High linear
energy transfer (LET) such as neutrons or alpha particles perform direct action.
The radiation interacts with other atoms and molecules in the cell through produce
free radicals to reach the main targets and cause harm. It produces free radicals
that are used to achieve and harm the main targets. While providing this, it
interacts with other atoms and molecules is called the indirect action of radiation
(16).



INDIRECT
ACTION

DIRECT
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Figure 2.1. Direct and indirect actions.

Ref ( 16): Hall EJ, Giaccia AJ. Radiobiology for the Radiobiologist. 2012, 7. p.9-10.

Low LET radiation such as X-rays and gamma-rays is caused 60% of cellular
damage by this indirect effect of radiation. The Linear Energy Transfer (LET),
defined as the biological activity of ionizing radiation, often expressed in keV /
um, is the amount of energy released by the particle over the decay length. This
amount of energy is divided into two depending on the energy density of the
emitted particle as high and low LET radiation (15). The difference between low
and high LET radiation is the number of particles necessary to deposit a certain
energy dose (17). As an example of low LET radiation Photons can be given and
is the most common type of radiation used in many cancer treatments (18).
Photon radiation penetrates highly while entering into the tumor and normal
tissue. Dosing less than optimal is made to restrict the effect of radiation on
normal tissue (19). With Photon beams, intensity modulated radiation therapy
(IMRT) is the most advanced method for delivering high doses. IMRT provides
radiation to the target tumor through the crossing of multiple shaped beams of
various intensities. Within this way, radiosensitive or adjacent tumors can be
spared (20). An alternative method is to use heavy-particle radiation, this way the
dose increasing can be provided while sparing normal tissue. Proton and Carbon
ions can be given as examples of heavy particles. These particles deposit minimal
radiation dose upon entry into tumor tissue. The radiation dose increases with

greater depth and lower speed, suddenly rising to a peak, called the Bragg peak,



when heavy particles are stopped (19). Biological effects of charged particle
beams increase depending on the dose of radiation as in photon treatment. There
are differences in this absorbed energy accumulation arrangement at the
microscopic level between heavy particles and Photon beams (16). Due to
charged particles interact differently with tissues, they cause more pronounced
biological effects when administered at the same dose as the Photons (20). This
relative biological effectiveness (RBE) is defined as an absorbed dose of an
amount of radiation, physical quantity with the unit of gray (Gy) (16). The
biological effectiveness of radiation depends on; the linear energy transfer, the
number of fractions, total dose, and radio sensitivity of the targeted cells or tissues
(15). The heavy particles have different RBE and dose distribution characteristics.
For example, while the Proton RBE is about 1.1, Carbon ions have been reported
to have an RBE of around 3 (20). After heavy particles enter the tissue at a high
rate, the collision between them has made the particles to slow down and stop.
Thus, they gather a large part of their energy at the point called the Bragg peak
(21). The Bragg peaks for the particles (Proton and Carbon beams) are very sharp
and afterward, the beams need to be spread out uniform. This uniform spread is
achieved by overlapping different Bragg peak points with specific densities and
energies, and the resulting dose distribution is called Spread Out-Bragg-Peak
(SOBP). For heavy particles, the depth-dose profile can be observed by a sharp
Bragg peak, however it is occurred in the Photon beam (Figure 2.2) (22).
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|
|
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Protons
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Figure 2.2. Comparing of Photon, Proton and Carbon ions the depth-dose profiles. While protons
and carbon ions form Bragg peaks, this peak can spread at any depth to cover the tumor. Since
carbon ions have high LET, SOBP is higher than other ions.

Ref (26): Hall EJ, Giaccia AJ. Radiobiology for the Radiobiologist. 2012, 7. p.9-10.

Protons have a low LET property because they sparsely ionize after entering
the tissue. As it enters deeper into the tissue, they gradually release their kinetic
energies. Within the speed increases, the time between successive events of
energy accumulation shortens. When the Proton beams approach the end of the
path, it releases all its energy at some point (Bragg peak) thus increases the LET
and the RBE increases in turn. Because of these properties, Proton beams do not

have a constant biological activity during their progression (23).

Transmission is another physical difference between Protons and Carbon
ions. Due to their 12-fold higher mass, Carbon ions compared to Protons, tend to
travel straighter until they stop in the tissue. Hence, Protons have the ability
“halo” or penumbra to produce around the target region. Carbon ions with smaller
penumbra are more advantageous to treat more sensitive tissues such as optic
nerve or prostatic urethra (21). In cases where the tumor is difficult to treat (which
are radioresistant tumors, or those present deeper in the body), high LET particles
such as Carbon are used. Carbon ion-based RT was applied for the first time in
the Heavy lon Medical Accelerator (HIMAC) in Chiba, Japan in 1994. After
Japan, Germany opened the Heidelberg lon Therapy Center (HIT) in 2009 (24).

The treatments in this thesis using Carbon-ion based IR were performed at HIT.

2.4. Radiation-Induced Critical DNA Damages

The free radicals that mediate to damage when ionizing radiation induces the
biological effect are called Reactive Oxygen Species (ROS) (25). ROS has an
important role in the damaging effects of low LET ionizing radiation. The
hydroxyl radical formed as a result of radiolysis is joined to damage DNA (26).
Oxidants and radicals, such as ROS produced during radiation, can damage
proteins that ensure correct repair of DNA damage (27). Besides, ROS produce
damage to DNA not only directly damage to DNA's sugar spine during radiation

but also do indirectly damage through with free radicals such as mostly OH ion.



Furthermore, ROS can induce DNA damage through the oxidizing nucleoside
base. This damage may cause G-T or G-A transversions if not repaired. Oxidized
bases are recognized and repaired by the DNA repair mechanism. However, when

it occurs in opposing strands, it cannot be repaired and causes DSB to form (28).

IR is caused DNA lesions per cell detected immediately after a dose. As
result of this, more than 1000 base damage, approximately 1000 single-strand
breaks (SSBs) and 40 Double-strand breaks (DSBs) per cell per gray can be
produced (29). Breaks caused by IR in a single strand are called SSBs and it can
occur as a function of dose when the DNA is denatured. During repair of SSBs,
the other strand is used as a template and repaired easily. If damage occurs in the
two strands, the breaks are opposite one another or separated by only a few base
pairs, this causes DSBs. As a result of this, chromatin separates into two pieces
(30-16). Although DSBs have effects such as cell death, mutation, genomic
instability and carcinogen, the problems associated with the repair of high LET-
induced DSBs are not fully understood. Therefore, it is important to investigate y-

H2AX induction and time-dependent loss, which is an indicator of DSBs (31).

2.5. yH2AX and Its Use as a Biomarker for the Determination of DNA
Double

-Strand Breaks

IR causes the accumulation of many DNA damage response proteins in the
DSB region, while it forms foci known as ionizing radiation-induced foci (IRIF)
and it can be monitored by fluorescence microscopy (32). IRIF is required for
accurate DNA repair (33). In addition, the main regulator of IRIF formation is the
histone subtype H2A isoform X, which is a component of the cell nucleus
structure and phosphorylation of this protein provides to quantify DNA damage
response to sites of DNA damage (34). Using a fluorescent antibody specific for

the y-H2AX, discrete nuclear foci can be visualized at sites of DSBs.



H2A belongs to the protein family including histone proteins, such as H1,
H3, H4 and play a part in chromatin organization by packaging eukaryotic DNA.
H2AX is a member of the H2A family, and two H2As are found in each
nucleosome, which is a basic subunit of chromatin (35). Although there are
several histone modifications associated with DNA damage, the most focusing is
the modification of the H2A variant, H2AX. This located different level (2 up to
25%) in chromatin depending on cell and tissue type (36).

One of the earliest events in the damage response is phosphorylation of
H2AX (37). DSBs trigger the activation of PI3K-like kinases such as ataxia
telangiectasia mutated (ATM), ATR (ataxia telangiectasia and Rad3-related), and
DNA-PK (DNA-dependent protein kinase) (24). Upon the activation of the
proteins, H2AX protein phosphorylates by DNA repair mechanism proteins at
Serine 139 site and this phosphorylated form of H2AX is referred to as YH2AX
(37) (38). The first-time form of phosphorylated H2AX was observed after
exposure to y-rays, thus it is called y-H2AX (39). In more detail, ATM is
activated by its autophosphorylation at Serine1981 position, which leads to
dissociation of the inactive ATM dimers into single protein molecules with
increased kinase activity. At Serinel981 position, ATM can be activated by its
autophosphorylation and it leads to increasing kinase activity of ATM (40). In
normal physiology, ATM is the main kinase for the phosphorylation of H2AX,
among three kinases. Following the first phosphorylation of ATM, MRN complex
(MRE11-RAD50-NBS1) makes further activate ATM. After recognizing DNA
damage by MRN complex, Nibrin protein (NBS1) and mediator protein 1 (MDcl)
alert ATM. The binding of NBS1 and MDcl1 to YH2AX leads to the accumulation
of repair proteins at the DSB sites (Figure 2.3) (36). ATM phosphorylates not
only H2AX but also phosphorylates other response proteins such as BRCAL,
53BP1, and MDC1 as well as checkpoint proteins, Chkl and Chk2. The aim of
the phosphorylation of checkpoint proteins is to stop the cell cycle and to activate
proteins responsible for DNA repair. Moreover, H2AX can also be
phosphorylated by ATR and DNA dependent protein kinases (DNA-PK). In
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addition to DSB dependent H2AX phosphorylation, in case of stress in
replication, such as replication fork arrest, ATR lead single-stranded breaks
(SSBs) dependent H2AX phosphorylation (41). DNA-PK is a mediator of
phosphorylation of H2AX during hypertonic condition or apoptotic DNA

fragmentation of cells (40).
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Figure 2.3. DSBs related to YH2AX signal signaling pathways.

Ref (36): Kinner A1, Wu W, Staudt C, Iliakis G. y-H2AX in recognition and signaling of DNA
double-strand breaks in the context of chromatinl7, Nucleic Acids Res. 2008, 36. 5678-94.

There are two ways by which YH2AX formation can be used to visualize
DSBs: 1) immunostaining of YH2AX foci followed by software aided counting,
and 2) measurement of gamma H2AX protein levels by Western blot (37). The
immunostaining of phosphorylated YH2AX proteins bound to chromatin is the
most commonly used method to detect and quantify the induction and repair of
DSB (38). Although the determination of non-DSB lesions can be done through
fluorescence microscopy, this method has a disadvantage due to some DNA

lesions cannot be monitored, such as 1-20 bp DNA lesions (42). Moreover,
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immunofluorescence microscopic approaches using targeted antibodies could be
used to visualize DNA lesions (24). DSB is induced not only by cancer
development but also by cancer treatment, and this leads to the use of YH2AX as a
potential biomarker for diagnosis, and a target for treatment (43). Thus, YH2AX
can be used for the interpretation of treatment progress and to monitor cancer
growth (44). Therefore, YH2AX can be used for both diagnoses, and for the

evaluation of the impact of diverse factors on DNA damage.

2.6. DNA Damage Response and Repair Mechanisms

Non-repair of DSBs breaks causes genome instability and activates
tumorigenesis. Therefore, the cells have mechanisms that consist of control points
responsible for the recognition and activation of DNA damage (40). DNA damage
response (DDR) is a signal transduction pathway that perceives DNA damage and
stress and also protects the cell and repairs the damage (45). This mechanism also
protects genomic integrity through multiple DNA repair pathways, cell-cycle
checkpoints, and damage tolerance processes (46). Firstly, DNA
damage/chromatin change is detected via sensor proteins from repair pathway.
Following this, the signal is transmitted by transducers proteins, which are kinases
that amplify the signal DDR. The DDR is regulated by the phosphoinositide
three-kinase-related protein kinases (PIKK). PIKK is responsible for signaling the
presence of DNA damage and includes ATM, ATR, and DNA-PKGcs. In addition,
all three kinases are taken into the DNA lesion site that supports kinase activation.
Thus, PIKK phosphorylates hundreds of proteins that maintain genome integrity
through cellular senescence, apoptosis, DNA repair (47). The occurrence of DNA
damage causes many DDR proteins such as MRE11 / NBS1 / RAD50, MDC1,
53BP1 and BRCAL to be re-localized in their nuclear foci where they previously
interacted with YH2AX. yH2AX foci attract other repair proteins to the DSB
region, resulting in higher repair. Other repair proteins recognize YH2AX in the
presence of protein domains that bind to the phosphorylated carboxy terminus of
YyH2AX (40).
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Unrepaired DSB may be sufficient to induce cell death by apoptosis. To
prevent this, there are two main pathways for DSB repair, homologous
recombination (HR) and non-homologous end-joining (NHEJ), which are error-
free and error-prone, respectively. HR is observed in simple eukaryotes such as
yeast, while NHEJ occurs in mammals. Another difference occurs in the NHEJ

GO/ G1 cell cycle phase, whereas HR occurs in late S and G2 phases (48).

2.6.1. Non-homologous end joining

NHEJ repairs DSB by blunt end ligation using enzymes such as Ku70/80,
DNA-PKcs, and DNA ligase IV. This repair mechanism has fast kinetics and is
error prone but has a protecting role in suppressing genomic instability. The
heterodimeric complex Ku70/80 binds to DNA ends and thus it protects the DNA
from exonuclease digestion. After binding to DNA, Ku heterodimer produce
DNA-PK holoenzyme by the association of subunit of DNA-PK. The interaction
with single-strand DNA at the site of DSB activates DNA-PKcs. The XRCC4
(49) which is the target of activated DNA-PKcs, produce a complex with DNA
ligase IV. LIG4 and XRCC4 together form the ligase complex and following
activation of this complex, the DNA ends are linked (48). However, for re-
ligation by XRCC4-ligase IV complex, processing of DSBs are required and re-
ligation mainly performed by the integration of the MRE11-Rad50-NBS1
complex which displays exonuclease, endonuclease and helicase activity and
includes FEN1 and Artemis. The MRE11-Rad50-NBS1 complex is responsible
for removing excess DNA at 3' flaps while the flap endonuclease 1 (FEN1) is
responsible for 5 'flap removal. The deficiency of this protein leads to a reduction
in the use of the NHEJ pathway (48).

A protein called Artemis is responsible for overhangs during NHEJ, acting in
a complex with DNA-PKcs. After forming a complex with and being
phosphorylated by DNA-PKGcs, gains endonuclease activity, degrading single-
strand overhangs, and hairpins which is required for 5* and 3’- overhangs during
NHEJ (50).
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2.6.2. Homologous recombination

Homologous recombination follows the slow kinetics in contrast to NHEJ.
HR requires a sister chromatid for the repair of DSB and dominates in the mid-S
and mid-G2 cell cycle phases, where the amount of DNA replication is highest
and when the sister template is available. The repair is initiated by 5’ to 3’
nucleolytic resection of the DSB ends by the MRE11-Rad50-NBS1 (MRN) (80).
Following this, 3 single-stranded DNA is bound by heptameric ring complex
which is formed by Rad52 proteins. These proteins compete with Ku complex
during the attachment DNA ends. This will determine whether the DSB will be
repaired with HR or NHEJ.

Interaction of Rad52 with Rad51 and RPA stimulates DNA strand exchange
activity of Rad51. The strand-exchange events are catalyzed by Rad51. The
exchange events with the complementary strand in which the damaged DNA
molecule invades the undamaged DNA duplex, displacing one strand as D-loop.
The assembly of the Rad51 occurs with five different paralogues of Rad51
(Rad51B, C and D; and XRCC2 and XRCC3). Another protein is RPA which
interacts with Rad51. It is known that RPA stabilized Rad51-mediated DNA
pairing by binding to the displaced DNA strand. Following the recognition of
DSB and strand exchanging by Rad proteins, there are structures which are

resolved according to the classical model of Holliday (48) (51).

There is another protein called p53 which is linked to both repair pathways,
NHEJ and HR, with the interaction of RAD51, DNA-PK which are able to
modulate the function of p53 (52).

2.7. The Role of p53 Protein in the DNA Repair Mechanism

One of the best-known tumor suppressors is p53. It has a very short half-life
in normal cells, whereas its half-life is dramatically prolonged in human tumor
cells. The activation of p53 includes nutrient stress, hypoxic conditions, activation
of oncogenes, DNA damage, oxidative stress from reactive oxygen species (ROS)

and also a variety of stressful situations, such as telomere erosion, hypoxia,
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mutational activation, and radiation, as a result, increase the activity of p53 (81).
Depending on the extent of the damage, p53 can then promote apoptosis, cell
cycle arrest, metabolic alterations. The variety of responses to a wide range of
stresses, such as repairing defects and killing defective cells, reveals the tumor
suppressor phenotype of the TP53 gene in p53 (53). Moreover, p53 encodes by
the TP53 gene. The role of p53 extends well beyond its role as a tumor
suppressor; it displays as an important regulator of metabolic homeostasis, pivotal
in most major cell processes (81).

The induction of p53 in response to DNA damage is coordinated by the ATM
and ATR protein kinases, which mediate the rapid destruction of MDM2 and
MDM4. MDM2 and MDM4 act as a negative regulator, allowing the
accumulation of the stable active state of p53 (54). As described above, ATM and
ATR coordinate a complex signaling network in response to various forms of
DNA damage (47). ATM plays a crucial part in the immediate response to
double-strand breaks by coordinating the activation and execution of checkpoint
pathways and repair pathways. ATR plays a role in replication stress and DNA
crosslinking. There is an association between the pathways regulated by these
molecules, and they have similar downstream targets in the repair and checkpoint
pathways such as the transducer kinases CHK1 and CHK2, component of the p53
pathway. ATM and ATR induce various post-transcriptional modification with
one damage signaling an appropriate and proportionate manner according to the
nature of the damage and the intensity of the stress. There are two important
phosphorylation sites in p53: Serine 15 (S15) and Serine 18 (S18). S15 and S18
both have a role in inducing the interaction of p53 with the transcriptional

machinery, and they can inhibit the interaction of p53 and MDM2 (54).

The mutation is as important as the induction of p53. Over 50% of human
cancers show the loss of function mutations in the p53 gene and also, Donehower
et al showed the deficiency of p53 caused cancers on mice (82). There are
differences between mutant p53 and wild type p53. The wild type p53 is short-
lived (20 min) whereas mutant p53 has a prolonged half-life (2 to 12 h) with
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oncogenic potential.  Furthermore, the wild type p53 protein responds to
chemotherapy and radiation treatments and repair and protection of normal cells
(homeostasis) are achieved. As such, p53 based therapy also provides the
differential toxicity observed in therapies between normal cells and cancer cells,
leading to cell death upon treatment (53). Thus, it is quite important to develop a
novel strategy to eliminate the negative effect of mutant p53 on wild type p53 for

efficient chemotherapy (83).

Radiation-induced death is called radio sensitivity, the wild type p53 (wtp53)
plays an important role in mediating radio sensitivity. Fei et al stated that p53 has
responsible from the cell's fate to live by inducing cell arrest, coupled with DNA
repair, or to die by inducing apoptosis (52). Thus, p53 target genes summarized
into two aspects. The first target genes (PUMA, P53AIP1, DR5, and others) (84)
that directly mediate cell death by contributing to the radio sensitivity. Other
genes (APAFL, caspase 6, BID and others) (85) lower cell death threshold to
allow sensitizing radio or chemosensitivity. The IR dose is also important for
determining cell fate. In the presence of low doses, it initiates reversible cell
growth arrest and at high doses IR is the trigger for apoptosis. There are several
possible responses to IR before passed to p53 radiation response. One possible
response is the phosphorylation of Ser345 on CHK1 and has been found that it is
associated with a p53-dependent cell cycle arrest pathway. Additionally, Ser1423
phosphorylation on BRCA1 has a role ATM-dependent G2/M arrest after IR.
These two responses indicate whether the cells have entered arrest or apoptosis by
stimulating p53 signals. Factors like this may play a role in modifying the choice
of outcome. In addition, the intensity of DNA damage plays an important role in

determining cell fate after radiation (52).

Regarding radiation, p53 is the main regulator of DNA repair mechanisms
and does so by promoting protein translation and inhibition of protein degradation
(86). At the same time, p53 contains two transcriptional activation domains that
can enhance the transcription of downstream target genes as a transcription factor.

Following radiation, activation of DDR caused the increasing of p53 protein level

16



in the nucleus. As a result of the accumulation of p53 protein caused the signaling
pathway activation, apoptosis can be induced, which also takes the cell to
replication arrest. Therefore, p53 plays a crucial role in controlling cellular fate

after irradiation (35).

Future studies on p53 functioning at the switch from reversible arrest to
induced apoptosis may offer a greater understanding of radio resistance and radio

sensitivity.
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3. MATERIALS AND METHODS

3.1. Cell Cultures

BL41 wild type p53, BL41 mutated p53 and J3D wild type p53, J3D mutated
p53 cell, cell lines were cultured in a humidified incubator at 5% CO> and 37°C.
Cells were maintained in Roswell Park Memorial Institute (RPMI) medium
(Thermo Fisher, 11875101) and supplemented with 10% (v/v) fetal bovine serum
(FBS, Merck, S0615) and 1% (v/v) Penicillin-Streptomycin (Roth, 15140122).
Stock J3D and BLA41 cells were taken from the liquid container and warmed up to
37 °C. The cell suspension was collected into a sterile 15ml falcon tube and 9 mL
RPMI growth medium was added dropwise to the cell suspension. Cells were
centrifuged at 800 rpm for 5 minutes, and the supernatant was discarded. The cell
pellet was resuspended in 10mL RPMI growth medium and transferred into a
T175 cell culture flask containing 10mL growth medium then incubated in a
mammalian cell incubator at 37°C and 5 % CO2. Cell passaging was performed
when cells reached 70% confluency. During the experiment, temperature-wild
type p53 was activated by reducing the temperature to 32°C. For long term
storage, 1x 10° cells were resuspended in 500uL freezing medium containing 30%
(v/v) FBS, 15% (v/v) Dimethyl sulfoxide (DMSO, PAN Biotech, P60-36720100)
and 55 % RPMI growth medium and were frozen at -80°C using an isopropanol

tank and transferred to a liquid nitrogen container the following day.

3.2. Irradiation

1 Gy and 3 Gy Carbon irradiation was performed with 248.9-284.8 MeV/u
(median LET: 55keV/pum, ranging from 45-150 keV/um), corresponding to a
median of 135 mm water equivalent depth within a 35 mm wide SOBP. For 2Gy
and 5 Gy proton irradiation the same SOBP constraints were utilized by energies
ranging between 129.3-148.2 MeV/u and median LET: 3.5 keV/um (ranging from
2.9-7.9 keV/um). All particle irradiations were carried out at the Heidelberg Ion
Beam Therapy Centre (HIT, University Hospital, Heidelberg, Germany), using a
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raster-scanning technique. 2 and 5 Gy Photon Irradiation was performed at the

DKFZ using a Siemens linear accelerator (LINAC, Artist 6mV) system.

3.3. Cytospins and Immunofluorescence staining

To monitor the ionizing radiation induced DNA damage foci, y-H2AX
staining was performed for 1 hour, 24 hours, and 72 hours post-irradiation time

points and untreated cells as the control.

Firstly, cells were counted as 1x10° cells/ml and kept on ice. Before adding
cell suspension, cytospin chambers were equilibrated using 100 ul of DPBS and
centrifuged at 750 rpm for 1 min at 4°C. Following the equilibration, 100 pl of
cell suspension was added to chamber tubes and the chambers were centrifuged at
750 rpm for 3 min at 4°C. Chambers were removed and spots were marked with a
hydrophobic pap pen. Cold fixation buffer (4% (w/v) PFA in PBS) was added to
(the) spots and incubated at room temperature (RT) for 20 mins. After twenty
mins, the incubation spots were washed with DPBS. Cell spots were washed using

DPBS containing 0.1% (w/v) BSA and slides were placed in 15 cm petri dishes.

Cell spots were washed twice using DPBS and were incubated at RT for 30
mins in 50pL blocking buffer, containing 3% (w/v) Bovine Serum Albumin
(BSA) and0.1% (v/v) Triton X in DPBS. The permeabilization step was
performed by incubation of cells with buffer containing 0.1% (v/v) Triton and 3%
(w/v) BSA in DPBS for 30 minutes. Cells were washed by washing buffer which
was a dilution of blocking buffer in PBS at a ratio of 1:3. Primary antibody
against y-H2AX (STA-321, Cell Biolabs) was diluted 1:100 in washing buffer and
incubated overnight in a humid chamber at 4'C. The next day, cells were washed
3 times with DPBS and secondary antibody (A21424, Alexa Flour555 Goat anti
mouse, Invitrogen) was added at a ratio of 1:400 in washing buffer followed by
incubation for 1 hour at RT. Cells were washed three times with DPBS and one

time with ddH>O, then mounted with ProLong Gold Antifade Mountant.
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3.4. Screening and Analysis

Imaging was performed using Olympus Cell-R fluorescent microscopy at the
light microscopy facility (LMF) of DKFZ. At least six images of different non-
overlapping fields per sample were quantified. The final analysis was performed
in SUMO which gives histogram and number of cell count, cell with foci, sum

foci, foci area and foci intensity.

Following this, foci numbers/cell were calculated for each replicate divided
of sum foci to cell count and normalized to non-treatment control calculation. For
data processing and quantification of radiation-induced foci (RIF), Fiji (Rasband,
W.S., ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA.
https://imagej.nih.gov/ij/, 1997-2016) software was used and we also applied
inhouse developed macros and SUMO

(http://angiogenesis.dkfz.de/oncoexpress/software/ software implemented by Dr.

Christian Schwager). The frequency of y-H2AX foci was measured in irradiated

and non-irradiated cells.
3.5. Statistical Analysis by T-test

Represented data were derived from two replicates and showed as the mean +
standard deviation (S.D). In addition, the t-distribution is a continuous probability
distribution that arises when estimating the mean of a normally distributed
population. In the comparison between samples, p-values were displayed two-
tailed and as a type of t-test, two-sample assuming unequal variance were

performed. P values under 0.05 were considered as statistically significant.
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4 RESULTS

4.1. Determination of DNA Damage Repair-Kinetics yH2AX Foci in

Response to lonizing Radiation in Lymphoma Cell Lines

y-H2AX foci are used as a reliable marker to quantify DSBs as well as an
applicable tool to study DNA damage repair kinetics. In normal cells, the induced
v-H2AX foci mostly disappear within 24-72h post-irradiation. In this thesis, we
aimed to compare the frequency of radiation-induced y-H2AX foci in lymphoma
cell lines using three different radiation qualities (Photon, Proton, and Carbon). In
addition, we analyzed and compared the effects of wtp53 vs mutant p53 on DNA
repair kinetics in the same cell lines. In order to determine the frequency of DSB
and the kinetics of DNA, we exposed human BL41 and J3D lymphoma cell lines
to a dose series of Photon, Proton and Carbon radiations at the Heidelberg lon-

Beam Therapy Center (HIT) repair (Figure 4.1.).
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Figure 4.1. Outline of the performed experiments. To quantify radiation induced DSB yH2AX
antibody was used. For a conformational change, cells incubation temperature shift to 32°C
induces the wild type configuration of p53 and at 37°C, cells conformation is the mutated form
(described in Section 3.3.1). After this, BL41 and J3D wild type and mutant cells were seeded on
cytospin chambers at 106 cells/ well density in triplicates. Cells were exposed to graded doses of
different types of ionizing radiation (IR). Fixed, permeabilized cells were incubated with Anti-
Phospho-Histone H2AX (Ser139) antibody and nuclei were counterstained with DAPI at 1 h, 24 h
and 72 hours post-treatment. Cell death was compared to untreated samples after the indicated
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treatments. Images of y-H2AX foci number, foci area, and foci intensity were analyzed using the
Image J program with SUMO software.

Plates were incubated overnight at 37°C-32°C and irradiations were
performed using doses of 2 Gy and 5 Gy of Photon and Proton beams and 1 Gy
and 3 Gy Carbon beams in the following morning. After 1 h, 24 h and 72 h,
corresponding cells were fixed, and staining were performed with a y-H2AX
antibody. Finally, florescence microscopy was used to analyze the images with
regards to y-H2AX foci formation (Figure 4.1.). Based on cell viability of the
BL41 and J3D lymphoma cell lines were investigated after 32°C culture
conditions in which p53 is mostly expressed in the wild type conformation and at
37°C which conditions p53 is predominantly expressed in the p53-Val135 mutant
configuration (55). This difference between the two cell lines was first
demonstrated by comparing the cell numbers obtained from the Image J analysis.
For both BL41 and also J3D mutant and wtp53 cell lines, the total cell numbers
obtained at each time point and exposed to each radiation quality were calculated,
and these cell numbers are shown in Tables 1 and 2. BL41 mutant p53 cell
numbers were higher than BL41 wild type cell numbers (p< 0,0001), whereas the
number of J3D mutant p53 cell number were no significant (p > 0.05) difference

with J3D wild type p53 cell numbers (Figure 4.2).
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Figure 4.2. Overview of number of cells analyzed. Average of the cell numbers obtained from the
foci analysis using ImageJ with compatible macros and the in house developed software, SUMO.
The standard deviations are displayed by the error bars for independent duplicates per time point.
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p-values were determined using t-test. Symbols used in charts means; when p values were found
higher than 0.05 shown as ns, p < 0.05 (*), p < 0.01 (**) and p < 0.001 demonstrated as (***).
The number of cells obtained in the dose and post-irradiation time values
used for both BL41 and J3D mutant p53 and wild type p53 cell lines and the
number of cells containing foci are shown in Table 4.1 and Table 4.2. Following
exposure to three different radiation, the percentages of foci positive cells at all
time points were calculated based on the average of total cell numbers and cell
numbers which were foci positive. The counting cells which have foci
independent of the foci frequency, size, intensity were in BL41 mutant p53 and
wtp53 has been shown both Table 4.1 and also Figure 4.2. Considering the values
shown in Table 4.1, Figure 4.3 and 4.4, we evaluated BL41 mutant p53 and wtp53
values separately with Photon, Proton and Carbon IR. After radiation, first
observation is that the frequency of foci positive cells decreased sequentially after
1 h, 24 h, and 72 h. Foci positive percentages of Photon 2 Gy treated BL41
mutant p53 cells at 1 h post-irradiation were shown as 78% when foci positive
levels were presented as 61% at 24 h and at 72 h post-irradiation was 42%. After
increasing the dose, to Photon 5 Gy the percentage of foci positive cells were
determined as 92% at 1 h post-irradiation and it decreased to 82% and 45% after
24 h and 72 h post-irradiation (Table 4.1-Figure 4.3). Following this, in Proton 2
Gy treated BL41 mutant p53 cells, the percentage of foci positive cells were
found at 1 h post-irradiation as 95% while at 24 h and 72 h post-irradiation 39%
and 26%, respectively. Likewise, although Proton 5 Gy the percentage of foci
positive cells also decreased over time. Likewise, Carbon 1 Gy, and 3 Gy treated
foci positive levels decreased over time (Table 4.1). In BL41 mutant p53 cells, at
1h post-irradiation, Photon 5 Gy the percentage of foci positive cells were
significantly (p < 0.01) higher than Photon 2 Gy cells numbers and it can be
observed that there were no significant (p > 0.05) differences in the frequency of
foci positive cells at 24 h and 72 h post-irradiation. Despite this, there were
significant (p < 0.05) differences between doses Carbon IR (1 Gy-3 Gy) at 1 h and
72 h post-irradiation whereas there were no significant (p > 0.05) differences

between Carbon 1 Gy and 3 Gy cells numbers (Table 4.1-Figure 4.3).
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Table 4.1. BL41 wild type versus mutant p53 cells, overview of the cell numbers and percentages of foci.

Cell Type Radiation Type Dose Post RT Cell Number 9%Foci Positive
BL41 mutp53  Photon 2 1 565 78
BL41 mutp53  Photon 2 24 1155 61
BL41 mutp53  Photon 2 72 432 42
BL41 mutp53  Photon 5 1 1167 92
BL41 mutp53  Photon 5 24 1348 82
BL41 mutp53  Photon 5 72 191 45
BL41 mutp53  Proton 2 1 603 95
BL41 mutp53  Proton 2 24 425 39
BL41 mutp53  Proton 2 72 425 26
BL41 mutp53  Proton 5 1 857 99
BL41 mutp53  Proton 5 24 600 62
BL41 mutp53  Proton 5 72 401 12
BL41 mutp53  Carbon 1 1 501 96
BL41 mutp53  Carbon 1 24 1108 68
BL41 mutp53  Carbon 1 72 355 8
BL41 mutp53  Carbon 3 1 837 99
BL41 mutp53  Carbon 3] 24 904 57
BL41 mutp53  Carbon 3 72 389 20
BL41 wtp53 Photon 2 1 37 89
BL41 wtp53 Photon 2 24 234 59
BL41 wtp53 Photon 2 72 309 32
BL41 wtp53 Photon 5 1 98 95
BL41 wtp53 Photon 5 24 66 63
BL41 wtp53 Photon 5 72 70 47
BL41 wtp53 Proton 2 1 76 96
BL41 wtp53 Proton 2 24 0 0
BL41 wtp53 Proton 2 72 537 54
BL41 wtp53 Proton 5 1 92 91
BL41 wtp53 Proton 5 24 39 78
BL41 wtp53 Proton 5 72 222 75
BL41 wtp53 Carbon 1 1 148 96
BL41 wtp53 Carbon 1 24 62 72
BL41 wtp53 Carbon 1 72 395 67
BL41 wtp53 Carbon 3 1 98 98
BL41 wtp53 Carbon 3] 24 67 78
BL41 wtp53 Carbon 3 72 164 86

24



As in BL41 mutant p53 cells levels, BL41 wtp53 cells the percentage of foci
positive cells was the highest in 1 h post-irradiation of all radiation qualities.
Photon 2 Gy 1 h post-irradiation was detected as 89% in BL41 wtp53 cells while
24 h and 72 h post-irradiation values were 59% and 32%, respectively. Besides
that, Photon 5 Gy the percentage of foci positive cells was recorded at 1 h post-
irradiation as 95% and 24 h and 72 h post-irradiation were found to be 63% and
47%, respectively (Figure 4.4). Proton 2 Gy treated BL41 wtp53 cells the
percentage of foci positive cells were determined as 96% at 1 h post-irradiation
and 54% after 72 h. Although at 1 h post-irradiation the percentage of foci
positive cells were demonstrated higher (p < 0.05) than 24 h and 72 h post-
irradiation levels, there was no major difference (p > 0.05) between 24 hand 72 h
post-irradiation the percentage of foci positive cells in Carbon 1 Gy treated BL41
wtp53 cells. After the increasing the dose to Carbon 3 Gy in BL41 wtp53 cells the
percentage of foci positive cells at 1 h post-irradiation were significantly (p <
0.001) higher than levels at 24 h post-irradiation (Table 4.1-Figure 4.4).
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Figure 4.3. Comparison of foci percentages levels at 1h, 24 h and 72 h post-irradiation of three
different radiation qualities in the BL41 mutant p53 cell lines. Foci percentages levels were
calculated based on the cell numbers and cell with foci. p-values were determined using t-test.
Symbols used in charts means; when p values were found higher than 0.05 shown as ns, p < 0.05
(*), p<0.01 (**) and p <£0.001 demonstrated as (***).
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Figure 4.4. Comparison of foci percentages levels at 1h, 24 h and 72 h post-irradiation of three
different radiation qualities in the BL41 wild type p53 cell lines. Foci percentages levels were
calculated based on the cell numbers and cell with foci. p-values were determined using t-test.
Symbols used in charts means; when p values were found higher than 0.05 shown as ns, p < 0.05
(*), p<0.01 (**) and p < 0.001 demonstrated as (***).

Similar to BL41 mutant p53 and wild type p53 cells the percentage of foci
positive cells were shown in Table 4.2 and Figure 4.5 and 4.6. The cells which
have foci and number of cells were counted independent of the other parameters.
The percentage of foci positive cells were calculated based on the number of cells.
When J3D mutant p53 cells were examined, the highest level of the percentage of
foci positive cells in Photon 5 Gy IR was found to be 94% at 1 h post-irradiation
whereas 24 h and 72 h post-irradiation the percentage of foci positive cells were
44% and 25%, respectively. Proton 2 Gy the percentage of foci positive cells over
time in J3D mutant p53 cells. Following this, the percentage of foci positive cells
| of Proton 5 Gy was found to be 94 %, 62% and 26% at 1h, 24 h and 72 h post-
irradiation, respectively (Table 4.2) (Figure 4.5). In the case of Carbon 1 Gy at 1h
post-irradiation the percentage of foci positive cells Is led to a marked decrease to
54% at 24 h post-irradiation and 39% at 72h post-irradiation (Figure 4.5) (Table

4.2).
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Table 4.2. J3D mutantp53 and wtp53 cells overview of the cell numbers and with foci percentages.

Cell Type Radiation Type Dose Post RT Cell Number %Foci Positive
J3D mutp53  Photon 2 1 367 49
J3D mutp53  Photon 2 24 0 0
J3D mutp53  Photon 2 72 450 21
J3D mutp53  Photon 5 1 733 94
J3D mutp53  Photon 5 24 31 44
J3D mutp53  Photon 5 72 390 25
J3D mutp53  Proton 2 1 86 53
J3D mutp53  Proton 2 24 685 53
J3D mutp53  Proton 2 72 995 27
J3D mutp53  Proton 5 1 434 94
J3D mutp53  Proton 5 24 654 62
J3D mutp53  Proton 5 72 654 26
J3D mutp53  Carbon 1 1 560 95
J3D mutp53  Carbon 1 24 658 54
J3D mutp53  Carbon 1 72 303 39
J3D mutp53  Carbon 3 1 505 92
J3D mutp53  Carbon 3 24 429 61
J3D mutp53  Carbon 3 72 137 26
J3D wtp53 Photon 2 1 945 78
J3D wtp53 Photon 2 24 0 0
J3D wtp53 Photon 2 72 265 30
J3D wtp53 Photon 5 1 259 94
J3D wtp53 Photon 5 24 191 70
J3D wtp53 Photon 5 72 521 50
J3D wtp53 Proton 2 1 399 82
J3D wtp53 Proton 2 24 703 60
J3D witp53 Proton 2 72 575 76
J3D wtp53 Proton 5 1 469 89
J3D witp53 Proton 5 24 480 65
J3D wtp53 Proton 5 72 1262 64
J3D wtp53 Carbon 1 1 496 86
J3D wtp53 Carbon 1 24 579 67
J3D wtp53 Carbon 1 72 345 63
J3D wtp53 Carbon 3 1 650 90
J3D wtp53 Carbon 3 24 704 51
J3D wtp53 Carbon 3 72 258 78
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We also observed a decrease in the frequency of foci positive cells in J3D
wild type cells as a function of time in all different radiation qualities (Figure
4.6.). Interestingly, Proton 2 Gy at 1 h post-irradiation the percentage of foci
positive cells were recorded as 82% and at 24 h and 72 h post-irradiation were
found to be 60% and 76 %, respectively in J3D wtp53 cells. Likewise, Carbon 1
Gy the percentage of foci positive cells were found significant difference (p <
0.05) between at 1 h and 72 h post-irradiation the percentage of foci positive cells.
Carbon 3 Gy IR led to an increase from 51% to 78% at 24 h and 72h post-
irradiation. (Table 4.2) (Figure 4.6).
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Figure 4.5. Quantification of foci positive percentage levels of YH2AX foci in the J3D mutant p53
cell lines. Foci percentages levels were calculated based on the cell numbers and cell with foci.
Symbols used in charts means; when p values were found higher than 0.05 shown as ns, p < 0.05
(*), p<0.01 (**) and p <0.001 demonstrated as (***).
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Figure 4.6. Quantification of foci percentage levels of YH2AX foci in the J3D wtp53 cell lines.
Foci percentages levels were calculated based on the cell numbers and cell with foci. Symbols
used in charts means; when p values were found higher than 0.05 shown as ns, p < 0.05 (*), p <
0.01 (**) and p £0.001 demonstrated as (***).

4.2. The Comparison of Background Levels for Mutant p53 and Wild type

p53 Cells Based on Foci per Nucleus, Foci Area and Foci Intensity

In this study, the frequency of y-H2AX foci based on three different
parameters were analyzed: foci number, foci area and the intensity of foci, which
are representative of number, extent and size of DNA double strand breaks,

respectively.

To investigate whether the functional status of p53 has an influence on the
genomic stability of the cells, the backgrounds levels of y-H2AX foci of
lymphoma cells which express wild type versus those with mutated p53 were
compared by counting foci, number, area and intensity (Figure 4.7). In
unirradiated samples of BL41 wtp53 cells, the frequency of y-H2AX foci per
nucleus foci per nucleuswas found to be approximately 3-fold higher than in
BL41 mutant p53 cells. In addition, the foci area levels of BL41 wtp53 were 6-
fold higher which was not significant due to there was high variance between
replicates. The foci intensity levels 12-fold higher than in BL41 mutant p53 cells.
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Figure 4.7. yH2AX foci per nucleus, area and foci intensity per cell of the background level
comparing in BL41 mutp53 and wtp53. The foci per nucleus was calculated by dividing the sum
of the foci by the cell number. Area and Intensity were divided by the cell number counted to
calculate the average of each time point. The standard deviation is indicated by the error bars for
independent replicates per time point. Symbols used in charts means; when p values were found
higher than 0.05 shown as ns, p < 0.05 (*), p <0.01 (**) and p <0.001 demonstrated as (***).

As shown in figure 4.8, J3D wtp53 cells the frequency of foci per nucleus
was found to be 1.5-fold higher than J3D mutant p53, moreover foci area levels
and foci intensity levels were 2.1 -fold and 1.1-fold higher, respectively.

However, these fold changes were not found significant.
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Figure 4.8. yH2AX foci per nucleus, area and foci intensity per cell of the background levels
comparing in J3D mutp53 and wtp53. The foci per nucleus was calculated by dividing the sum of
the foci by the cell number. Area and Intensity were divided by the cell number counted to
calculate the average of each time point. The standard deviation is indicated by the error bars for
independent replicates per time point. Symbols used in charts means; when p values were found
higher than 0.05 shown as ns, p < 0.05 (*), p <0.01 (**) and p <0.001 demonstrated as (***).

4.3. Analyses of the Increase of y-H2AX Foci in Response to Photon, Proton

and Carbon Irradiation Foci per Nucleus in BL41 and J3D Cells

In respect of investigating the increase of y-H2AX-foci in response to

irradiation, we determined the frequency y-H2AX-foci per nucleus in BL41
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mutant p53 cell lines and compared them foci per nucleus with values obtained
from BL41 wtp53 cell lines (Figure 4.9A.). To determinate foci values per cell,
the data, which was obtained by Image J analysis, was divided by the total cell
number of each replicate. Later for normalization, foci values were divided to
background levels for each cell lines which was shown as Norm to 0 Gy in Figure
4.9. and the fluorescence microscopy images were analyzed in respect to y-H2AX

foci formation (Figure 4.9).

First, the foci per nucleus levels BL41 was compared between mutant p53
and wtp53 cells. Analysis of BL41 wtp53 cells showed that the y-H2AX foci per
nucleus levels at 24 h and 72 h post-irradiation, BL41 mutant p53 cells levels
were found 2.2-fold and 6-fold higher than BL41 wtp53 cells levels, respectively.
In the case of Photon 5 Gy, the foci per nucleus levels in BL41 mutant p53 cells
were recorded as 2-fold and 3-fold higher than BL41 wtp53 cells levels at 24 h
and 72 h post-irradiation, respectively (Figure 4.9.A).
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Figure 4.9 A, B, C. The Frequency of YH2AX foci per cell in human BL41 lymphoma cell lines
expressing wild type and mutated p53 after photon, proton and Carbon irradiation. The sum of foci
was divided by the total number of cells counted to calculate the average of each time point from
two replicates. For normalization the data from the untreated-background levels of yYH2AX foci
were used for the whole data to enable the comparison of the DNA repair kinetics of the BL41
mutant p53 and wtp53 cell lines. The standard deviation is represented by the error bars for
independent replicates per time point. Images were analyzed using time dependent thresholds.
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Staining with YH2AX and DAPI for monitoring on fluorescence microscopy was done at 1h, 24h
and 72h post irradiation. The fluorescence microscopy of the slides was done by Olympus Cell R
microscope at the light microscopy facility of DKFZ. In total, 12 images per time point per cell
line were used. The thresholds used were based on radiation qualities and doses. The images were
analyzed by ImageJ.

In Figure 4.9.B, although at 1 h post-irradiation after Proton 2 Gy treated
BL41 mutant p53 cells foci per nucleus levels were found to be 1.6-fold higher
than BL41 wtp53 cells foci per nucleus levels, (p > 0.05). In BL41 mutant p53
cells, Proton 5 Gy foci per nucleus levels at 1 h post-irradiation was recorded as
2.6-fold higher than BL41 wtp53 cells foci per nucleus levels. After 24 hours in
Proton 5 Gy, the foci per nucleus levels of BL41 mutant p53 cells were 1.7-fold
higher than BL41 wtp53 cells levels (Figure 4.9B). In a similar manner, Carbon 1
Gy and Carbon 3 Gy foci per nucleus levels in BL41 mutant p53 cells were
demonstrated higher than BL41 wtp53 cells foci per nucleus levels. Carbon 1 Gy
treated BL41 wtp53 cells levels were significantly (p < 0.05) higher than BL41

mutant p53 cells levels at 72 h post-irradiation (Figure 4.9.C).

Another observation from Figure 4.19 is that in BL41 mutant p53 cells,
Proton 5 Gy were demonstrated significantly higher than Proton 2 Gy levels at 1 h
post-irradiation. In the case of increasing the dose from Carbon 1 Gy to Carbon 3
Gy resulted as significant (p < 0.01) increasing in BL41 mutant p53 cells at 72 h
post-irradiation. In BL41 wtp53 cells, Carbon 3 Gy levels were found

significantly (p < 0.01) higher than Carbon 1 Gy levels at 1 h post-irradiation.

The overall observation from the comparison of Figure 4.A, 4.B and 4.C is;
Carbon IR and Proton IR foci per nucleus levels are higher than Photon IR foci
per nucleus levels. Significant differences are; in BL41 mutant p53 cells Proton 5
Gy foci per nucleus levels were recorded significantly higher than Photon 5 Gy
levels at 1 h (p < 0.01) post-irradiation. Following this, in BL41 wtp53 cells,
Carbon 1 Gy foci per nucleus levels were demonstrated significantly higher than
Photon 2 Gy levelsat 1 h (p <0.001) and 72 h (p < 0.01) post-irradiation (Figure
4.9).
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To improve our understanding of the p53 effect on lymphoma, we
systematically analyzed the pattern of radiation response. In regard, the foci per
nucleus levels which presented in Figure 4.10, normalization was performed using
mutant p53 backgrounds for the calculation of wtp53 cells values. We
hypothesized that induced p53 function has performed differently through using
mutant p53 levels for normalization. As an overview, in BL41 wtp53 cells foci
per nucleus levels were higher than those in BL41 mutant p53, while BL41
mutant p53 levels used the same levels as in Figure 4.9. Photon 5 Gy foci per
nucleus levels in BL41 wtp53 were found 2.5-fold (p < 0.05) higher than BL41
mutant p53 cells levels at 1 h post-irradiation. Proton 2 Gy, the foci per nucleus
levels of BL41 wtp53 cells were found to be 2-fold and 9-fold higher than BL41
mutant p53 cells foci per nucleus levels at 1h and 72 h post-irradiation. After
increasing the dose to Proton 5 Gy, in BL41 wtp53 cells foci per nucleus levels
were determined 9.6-fold higher than BL41 mutant p53 cells foci per nucleus
levels at 72 h post-irradiation (p < 0.05). Carbon 1 Gy treated BL41 wtp53 cells
levels were demonstrated significantly (p < 0.01) higher than BL41 mutant p53
cells levels at 72 h post-irradiation. In BL41 wtp53 cells, Carbon 3 Gy at 1 h post-
irradiation foci per nucleus levels were recorded as 1.5-fold higher and at 24 h-72
h post-irradiation were found to be 3-fold and 4.8-fold higher than BL41 mutant
p53 cells foci per nucleus levels.

Another observation is comparison of radiation qualities following the
increase of BL41 wtp53 values. Since mutant p53 values were used the same, the
comparison between radiation qualities was performed only for wtp53 values.
Proton 5 Gy foci per nucleus levels at 1 h post-irradiation was as the highest while
Carbon 3 Gy foci per nucleus levels were demonstrated to be the highest levels at
24 h and 72 h post-irradiation in BL41 wtp53 cells. Significant differences
between radiation qualities were found such as; Carbon 1 Gy foci per nucleus
levels of BL41 wtp53 cells were determined significantly higher than Photon 2
Gy levelsat 1 h (p <0.001) and 72 h (p <0.01) post-irradiation (Figure 4.10).
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Figure 4.10. Effect of re-activated p53 on BL41 cell lines after exposing Photon, Proton and
Carbon IR in the y-H2AX signaling response based on normalization to mutant p53 background.
The sum of foci was divided by the total number of cells counted to calculate the average of each
time point from two replicates. The data from the untreated levels of YH2AX foci area was used to
normalize the whole data to enable the comparison of the DNA repair kinetics of the BL41 mutant
p53 and BL41 wtp53 cell lines. The standard deviation is represented by the error bars for
independent replicates per time point.

As in the analysis of BL41 cells foci per nucleus levels of, first we observed
differences between J3D wtp53 and mutant p53 cell lines. However, in Photon 2
Gy treated J3D mutant p53 and wtp53 foci per nucleus levels were recorded no
major difference at each time point (p > 0.05) (Figure 4.11A).
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Figure 4.11. A, B, C. The Frequency of yH2AX foci per cell in J3D lymphoma cell lines
expressing wild type and mutated p53 after Photon, Proton and Carbon irradiation. The sum of
foci was divided by the total number of cells counted to calculate the average of each time point
from two replicates. The data from the untreated levels of yYH2AX foci area was used to normalize
the whole data to enable the comparison of the DNA repair kinetics of the J3D mutant p53 and
wtp53 cell lines. The standard deviation is represented by the error bars for independent replicates
per time point.
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Similar to Photon IR foci per nucleus levels, Proton 2 Gy IR 1 h post-
irradiation levels were found nearly similar (p > 0.05) between J3D mutant p53
and wtp53 cells levels. After 24 h post-irradiation Proton 2 Gy foci per nucleus
levels in J3D mutant p53 cells was determined as approximately 2-fold higher
than J3D wtp53 cells foci per nucleus levels (Figure 4.11B). Also, after Carbon 1
Gy and 3 Gy IR, there were no major differences (p > 0.05) at 1h, 24 h, and 72 h
post-irradiation in both J3D mutant p53 and wtp53 cells levels (Figure 4.11C).

Another comparison was performed between doses for each radiation quality
and there were significant differences such as; in J3D wtp53 cells Proton 5 Gy
levels were significantly (p < 0.01) higher than Proton 2 Gy levels at 24 h post-
irradiation. Besides that, Carbon 3 Gy foci per nucleus levels were found not
significantly higher than Carbon 1 Gy levels in both J3D mutant p53 and wtp53

cells for each time point (Figure 4.11).
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Comparison Photon IR levels with particles, there are significant changes
such as; Proton 5 Gy foci per nucleus levels in J3D mutant p53 cells were
demonstrated significantly (p < 0.05) higher than Photon 5 Gy foci per nucleus
levels at 1 h post-irradiation whereas at 24 h and 72 h post-irradiation foci per
nucleus levels were detected nearly similar (p > 0.05). Also, Carbon 1 Gy levels
were significantly higher (p < 0.05) than Photon 2 Gy levels while Carbon 3 Gy
levels were determined also significantly higher (p < 0.01) than Photon 5 Gy
levels at 1 h post-irradiation in J3D mutant p53 cells. In the case of J3D wtp53
cells, Carbon 3 Gy levels were found significantly (p < 0.05) higher than Photon 5
Gy levels at 1 h and 24 h post-irradiation (Figure 4.11).

In order to analyze the role of p53 in J3D cells, as done with the BL41 wtp53
cells foci per nucleus analysis, in J3D wtp53 cells foci per nucleus levels were
normalized according to the J3D mutant p53 backgrounds levels. The same J3D
mutant p53 foci per nucleus levels were used in Figure 4.12. In J3D wtp53 cells
foci number values increased compared to J3D wtp53 cell foci number levels.
Although Photon 2 Gy at 1h post-irradiation, J3D wtp53 cells foci per nucleus
level was found to be approximately 1.5-fold higher than J3D mutant p53 cells
levels, there were no major (p > 0.05) differences at 1 h, 24 h and 72 h post-
irradiation. In J3D wtp53 cells Proton 2 Gy levels foci per nucleus levels were
recorded as 1.4-fold and 2-fold higher than J3D mutant p53 cells levels at 1 h and
72 h post-irradiation, respectively. Proton 5 Gy treated J3D wtp53 cells foci per
nucleus levels were approximately 1.5-fold, 1.7-fold and 2-fold (p < 0.05) higher
than J3D mutant p53 cells levels at 1 h, 24 h, and 72 h post-irradiation,
respectively. There were no significant (p > 0.05) differences detected at each
time point between J3D mutant p53 and wtp53 cells levels which were irradiated
with Carbon 1 Gy.

When comparing dose effect, in J3D wtp53 cells, Proton 5 Gy radiation at 1 h
post-irradiation foci per nucleus levels were found to be 1.8-fold higher than those
of Proton 2 Gy 1 h post-irradiation. At 72 h post-irradiation, Proton 5 Gy treated
J3D witp53 cells were also significantly (p < 0.05) higher than Proton 2 Gy levels.
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In the case of Carbon 1 Gy foci per nucleus levels J3D wtp53 were determined

higher than J3D mutant p53 cells at 1h and 24 h post-irradiation.

Carbon 3 foci per nucleus levels displayed to be highest when compared
between J3D mutant p53-wtp53 lines and compared with other radiation qualities
at 1 h, 24h, and 72 h post-irradiation (Figure 4.12).
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Figure 4.12. Activated p53 effect on the YH2AX signaling response to a higher and lower dose
after three different radiation based on normalization to mutant p53 background in J3D cell lines.
The sum of the foci was divided by the total number of cells counted to calculate the average of
each time point from two replicates. Mutant p53 levels were used similar to Figure 13. The data
from the background levels of YH2AX foci area was used to normalize the whole data to enable
the comparison of the DNA repair kinetics of the J3D mutant p53 and J3D wtp53 cell lines. The
standard deviation is represented by the error bars for independent replicates per time point.

4.4. Foci Area Analysis in BL41 and J3D cell lines

Previous reports state that the y-H2AX foci number is related to the number
of DNA double-strand breaks while the area of y-H2AX foci can give estimates
about the complexity of the DSB (56). Since it is known that lon particles,
especially Carbon beams induce more complex DSB, we tried to investigate
whether we can measure these characteristics by quantifying the area of y-H2AX

in a sequential manner. To determinate foci area levels, the data was divided by
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the total cell number of each replicate. Later for normalization, foci levels were
divided to background levels (0 Gy) for each cell line. First comparison was
performed between BL41 mutant p53 and wtp53 cells levels. Figure 4.13 below
illustrates that the foci area value in Photon 2 Gy treated BL41 mutant p53 cells
levels at 1h post-irradiation was found to be 3.7-fold higher than the foci area
levels of BL41 wtp53 cells. Photon 5 Gy treated BL41 mutant p53 cells foci area
levels were determined 4.8-fold and 2.5-fold higher than BL41 wtp53 foci area
levels at 24 h and 72h post-irradiation (p < 0.01), respectively while there was no
significant differences between BL41 mutant p53 and wtp53 cells at 1 h post-
irradiation (Figure 4.13).

In BL41 mutant p53 cells, Proton 2 Gy foci area levels were determined as
2.8-fold higher (p < 0.05) than foci area values of BL41 wtp53 cells at 1 h post-
irradiation. After increasing the dose to Proton 5 Gy, foci area levels in BL41
mutant p53 cells at 1 h post-irradiation were determined 4.7-fold (p < 0.05) higher
than foci area levels of BL41 wtp53 cells. After 72 h post-irradiation, Proton 5 Gy
treated BL41 mutant p53 cells foci area levels were found 4-fold higher (p < 0.05)
than foci area levels of BL41 wtp53 cells (Figure 4.13). In a similar manner,
Carbon 1 Gy foci area levels in BL41 mutant p53 cells were recorded to be 7-fold
(p < 0.05) higher than foci area levels of BL41 wtp53 cells at 1 h post-irradiation.
Nevertheless, Carbon 3 Gy treated BL41 mutant p53 cells foci area levels were
determined significant (p < 0.05) higher than BL41 wtp53 cells foci area levels at
1 h post-irradiation (Figure 4.13).

Additional observation is, as a result of increasing dose, in BL41 wtp53 cells,
Photon 5 Gy foci values were found significantly (p < 0.01) higher than Photon 2
Gy foci area values in BL41 wtp53 cells at 1 h and 24 h post-irradiation. Proton 5
Gy treated BL41 foci area levels were determined significantly (p < 0.05) higher
than Proton 2 Gy levels at 72 h post-irradiation in BL41 mutant p53 and wtp53
cells. Also, it was found that Carbon 3 Gy levels in BL41 wtp53 cells were
significantly higher (p < 0.05) than Carbon 1 Gy levels at 1 h and 72 h post-
irradiation (Figure 4.13).
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In regard, Proton 5 Gy IR 1 h post-irradiation foci area levels were
determined to be the highest foci area levels among all radiation qualities and
doses in BL41 mutant p53 and wtp53 cells. At 24 h and 72 h post-irradiation, foci
area levels Carbon 3 Gy IR was found as to be the highest level in BL41 wtp53
and mutp53 cells. Additionally, in BL4 mutant p53 cells, Proton 5 Gy levels were
found significantly (p < 0.01) higher than Carbon 3 Gy levels when Carbon 3 Gy
levels also were determined significantly (p < 0.05) higher than Photon 5 Gy
levels at 1 h post-irradiation (Figure 4.13).
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Figure 4.13. Dose and different radiation responses of YH2AX foci area in BL41 lymphoma cell
lines that expressing wild type and mutated p53. The total foci area was divided by the total
number of cells counted to calculate the average of each time point. The data from the untreated
levels of YH2AX foci area was used to normalize the whole data to enable the comparison of the
DNA repair kinetics. The standard deviation is represented by the error bars for independent
replicates per time point.

In order to determine the effect of (the presence of) p53 on foci area levels,
similar to the analysis of foci per nucleus, BL41 wtp53 cells foci area levels
normalization was performed with the BL41 mutant p53 backgrounds foci area
levels. With this, BL41 wtp53 cells area levels increased when compared to
Figure 4.13 BL41 wtp53 foci area levels. Additionally, BL41 mutant p53 foci

area levels were used the same as in Figure 4.13. In Photon 2 Gy, at 1h post-
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irradiation foci area levels in BL41 wtp53 cells was found to be 3.7-fold higher
than the levels of BL41 mutant p53 cells at 1 h post-irradiation. Following this, in
BL41 mutant p53 cells, Photon 5 Gy foci area levels were determined to be 3.5-
fold higher (p < 0.01) than BL41 mutant p53 levels at 1h post-irradiation. As a
result of increasing dose to Photon 5 Gy, there was significant (p < 0.01)
differences between Photon 5 Gy and Photon 2 Gy foci area levels in BL41 wtp53
cells (Figure 4.14). Proton IR (2 Gy and 5 Gy) area levels in BL41 wtp53 cells
were higher than BL41 mutant p53 cells foci area levels and the significant
differences (p < 0.01) between BL41 mutant p53 and wtp53 cells foci area levels
were observed in treated with Proton 2 Gy at 1 h and Proton 5 Gy 72 h post-
irradiation. Also, there are significant differences after exposed Carbon IR, such
as; Carbon 1 Gy treated BL41 wtp53 cells foci area levels were determined 18-
fold higher (p < 0.01) than BL41 mutant p53 cells levels at 72 h post-irradiation.
Also, Carbon 3 Gy treated BL41 wtp53 cells foci area levels were demonstrated
approximately 2-fold higher (p < 0.05) than BL41 mutant p53 cells levels at 24 h
post-irradiation (Figure 4.14).

Another observation from Figure 4.14 is at 1 h and 24 h post-irradiation, the
highest level of foci area levels was in Proton 5 Gy treated BL41 wtp53 cells. At
72 h post-irradiation, Carbon 3 Gy IR foci area levels were observed as the
highest foci area levels when compared all levels in BL41 wtp53 cells (Figure
4.14).
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Figure 4.14. y-H2AX foci area levels of BL41 cells exposed to three different radiation levels
normalized by mutant p53 background levels. The total foci area was divided by the total number
of cells counted to calculate the average of each time point. The data from the untreated levels of
YH2AX foci area was used to normalize the whole data to enable the comparison of the DNA
repair Kinetics. The standard deviation is represented by the error bars for independent replicates
per time point.

In a similar manner with BL41 foci area analysis, we start to compare with
differences between J3D mutant p53 and wtp53 cells foci area levels. Regarding
this, results depicted in Figure 4.15 shows that Photon 2 Gy treated J3D mutant
p53 cells foci area levels at 1h post-irradiation were found 2-fold higher than the
foci area levels in J3D wtp53 cells. The use of Proton 2 Gy and Proton 5 Gy
resulted in higher levels of J3D mutant p53 cells foci area levels at 1 h post-
irradiation compared to J3D wtp53 cells levels. Carbon IR to 3 Gy, at 1 h post-
irradiation foci area levels in J3D mutant p53 cells were shown to be as 1.4-fold

higher (p <0.01) than J3D wtp53 cells.

General observation in Figure 4.15, Proton 5 Gy treated J3D mutant p53 cells
levels were recorded significantly higher than Photon 5 Gy levels at 1 h (p < 0.05)
and 72 h (p < 0.01) post-irradiation. At 1 h post-irradiation, Carbon 1 Gy and
Carbon 3 Gy foci area levels were detected significantly (p < 0.05) higher than
Photon 2 Gy and Photon 5 Gy, respectively in J3D mutant p53 cells. In the case of
J3D witp53 cells, Proton 2 Gy foci area levels which were found significantly (p <
0.01) higher than Photon 2 Gy levels at 72 h post-irradiation. In regard, Photon IR
foci area values were found the lowest values when compared the other radiation

qualities for each time points and both cell lines (Figure 4.15).
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Figure 4.15. Dose and different radiation responses of YH2AX foci area in J3D lymphoma cell
lines that expressing wild type and mutated p53. The total foci area was divided by the total
number of cells counted to calculate the average of each time point. The data from the untreated
levels of YH2AX foci area was used to normalize the whole data to enable the comparison of the
DNA repair kinetics. The standard deviation is represented by the error bars for independent
replicates per time point.

To determine differences between mutant p53 cells and wtp53 cells, J3D
mutant p53 background foci area values were used to normalize J3D wtp53 cells
foci area values. As a result of this, J3D wtp53 cells foci area levels increased in
comparison to J3D wtp53 foci area levels in Figure 4.15. In J3D wtp53 cells
when treating with Photon (2-5 Gy) IR, there were no major differences (p >
0.05) compared to J3D mutant p53 cells foci area levels. Following this, Proton 2
Gy IR treated J3D wtp53 cells were shown to be as 1.5-fold, 1.3-fold and 2-fold
higher than J3D mutant p53 cells foci area levels at 1 h ,24 h and 72 h post-
irradiation, respectively. In J3D wtp53 cells, Carbon 3 Gy 1 h, 24 h, and 72h post-
irradiation foci area levels were demonstrated 1.5-fold, 1.7-fold, and 2-fold (p <
0.05) higher than J3D mutant p53 cells foci area levels, respectively. In addition
to that, as a result of comparing three radiation qualities, it was observed that
Carbon 3 Gy foci area levels were found to be as the highest level in both J3D

mutant p53 and wtp53 cell lines for each time points Figure 4.16).

44



~
=
o

Bl 53D mutps3
J3D wtp53

3

o

o
L

l B 3D mutps3
J3D wtp53

> o
o o
o o

©
o
o

n
5
=3

—

Foci Area-Norm to mutp53

o
o o
—_ 1
-

Foci Area-Norm to mutp53

~
o
o

T I 30 mutp53
J3D wtp53

@
=3
o

o
°
o

a
o
o

©
°
o

N
°
o

o
o

Foci Area-Norm to mutp53
-

o
1

AN
B & A ap Qv

ICarbor\leI ICarbunQGy

Figure 4.16. y-H2AX foci area levels of J3D cells exposed to three different radiation levels
normalized by mutant p53 background levels. The total foci area was divided by the total number
of cells counted to calculate the average of each time point. The data from the untreated levels of
yH2AX foci area was used to normalize the whole data to enable the comparison of the DNA
repair Kinetics. The standard deviation is represented by the error bars for independent replicates
per time point.

4.5. Analyzing the Intensity of yH2AX Signals and Foci Distributions in
BL41 and J3D Lymphoma Cell Lines which were irradiated by Photon,

Proton and Carbon Beams

In respect to y-H2AX foci per nucleus and foci area levels, we quantified the
y-H2AX foci intensity by dividing them through the total cell number of each
replicate. For normalization, foci intensity levels were divided by background
levels for each cell line. Similar to the quantification of yH2AX foci per nucleus
and area levels, all-time points yH2AX foci intensity levels of BL41 mutant p53
were determined to be higher than yH2AX foci intensity levels of BL41 wtp53
cells. However, Photon 2 Gy and 5 Gy foci intensity levels were not found
significant (p > 0.05) difference between BL41 mutant p53 and wtp53 cells at
each time point. After increasing dose Proton IR to 5 Gy, foci intensity levels in
BL41 mutant p53 cells were determined as 18-fold and 9-fold higher (p > 0.05)
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than BL41 wtp53 cells at 1 h and 24 h post-irradiation, respectively. Nevertheless,
after 72 h post-irradiation, there were significant (p < 0.05) difference foci
intensity values between BL41 mutant p53 and wtp53 cells. In case of Carbon 1
Gy treatment, in BL41 mutant p53 cells foci intensity at 1h, 24 h, and 72 h post-
irradiation values were found 14-fold, 9-fold, and 3-fold higher (p > 0.05) than
BL4 wtp53 cells foci intensity levels, respectively. Also, Carbon 3 Gy foci
intensity values were demonstrated to be significantly (p < 0.01) higher than BL4
wtp53 cells at 72 h post-irradiation (Figure 4.17).

Following dose differences, there was significant increase between Photon 5
Gy and Photon 2 Gy in BL41 wtp53 cells foci intensity levels at 24 h (p < 0.05)
post-irradiation. Carbon 3 Gy were determined significantly (p < 0.05) higher
than Carbon 1 Gy levels at 72 h post-irradiation in BL41 mutant p53 cells (Figure
4.17).

Another observation is the comparison of radiation qualities. There is also
significant (p < 0.05) differences between Proton 2 Gy and Photon 2 Gy foci
intensity levels in BL41 mutant p53 cells at 1 h post-irradiation (Figure 4.17).
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Figure 4.17. Comparison of foci intensity levels detection for the condition different doses after
irradiation Photon, Proton and Carbon IR in BL41 mutant and wild type p53 cells. Following
Image J analysis, the intensity of yYH2AX foci per cell was determined by dividing the total
detected foci intensity by the number of counted cells. The average YH2AX foci intensity of
duplicates was normalized to the background levels of each cell lines separately.

As described above, second step is for comparing mutant p53 and wtp53 cells
foci intensity levels, normalization of BL41 wtp53 cells levels was performed
using mutant p53 backgrounds foci intensity levels and the BL41 mutant p53 foci
intensity levels used are the same as in Figure 4.17. Parallel to foci per nucleus
and area analysis, with normalization based on BL41 mutant p53 backgrounds,
BL41 wtp53 cells foci intensity value levels increased compared to Figure 4.17.
General observation is BL41 wtp53 mostly foci intensity levels were found to be
higher than BL41 mutant p53. Photon 2 Gy foci intensity levels in BL41 wtp53
cells was determined approximately 3.5-fold higher than BL41 mutant p53 cells at
both 1 h post-irradiation. In the case of Photon 5 Gy BL41 wtp53 levels were
found 2.7-fold higher (p < 0.01) than BL41 mutant p53 cells foci intensity levels
at 1 h post-irradiation. Additionally, Carbon 1 Gy treated BL41 wtp53 cells foci
intensity levels were found 4.3-fold higher (p < 0.05) than BL41 mutant p53 cells
levels at 72 h post-irradiation. BL41 wtp53 cells foci intensity levels in the case of
Carbon 3 Gy were demonstrated 4.5-fold higher (p < 0.05) than BL41 mutant p53

cells levels at 24 h post-irradiation (Figure 4.18).
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Figure 4.18. Investigation of foci intensity effect of the p53 role by normalization with BL41
mutant p53. YH2AX foci intensity was determined by dividing by the number of counted cells.
The average YH2AX foci intensity of duplicates was normalized to the background levels of BL41
mutant p53 cells levels. The standard deviation is represented by the error bars for independent
replicates per time point.

Later, in this experiment, we started to compare with J3D mutant p53 and
wtp53 cells foci intensity levels and it was observed that J3D wtp53 foci intensity
levels were found mostly higher than J3D mutant p53 cells foci intensity levels.
Photon 2 Gy IR intensity foci levels detected no major (p > 0.05) differences
between both J3D mutant p53 and wtp53 cell lines for each time point. In
comparison to J3D wtp53 foci intensity levels, the Proton 2 and 5 Gy foci
intensity levels of J3D mutant p53 was demonstrated higher than the J3D wtp53

cells foci intensity level for each time points (Figure 4.19).

Another significant (p < 0.05) difference was found between Carbon 3 Gy
and Carbon 1 Gy at 24 h post-irradiation in J3D wtp53 cells (Figure 4.19).

On the other hand, as a result of comparing three radiation qualities, there
were significant differences such as; in J3D mutant p53 and wtp53 cells, Proton 2

Gy were higher (p < 0.01) than Photon 2 Gy foci intensity levels at 72 h post-
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irradiation. Following this, Carbon 1 Gy and Carbon 3 Gy levels were
demonstrated significantly (p < 0.01) higher than Photon 2 Gy and Photon 5 Gy
levels, respectively at 1 h post-irradiation in J3D mutant p53 cells. Besides that, in
J3D wtp53 cells, Carbon 1 Gy foci intensity levels were determined significantly
(p <0.01) higher than Proton 2 Gy levels which were found higher than Photon 2
Gy levels at 72 h post-irradiation (Figure 4.19).
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Figure 4.19. Comparison of foci intensity levels detection for the condition different doses after
irradiation Photon, Proton and Carbon IR in J3D mutant and wild type p53 cells. The intensity foci
levels were detected by dividing the total detected foci intensity to the number of counted cells.
The average YH2AX foci intensity of duplicates was normalized to the background levels for each
cell lines separately. The standard deviation is represented by the error bars for independent
replicates per time point.

Similar to other analysis, for the detection of the effect of (the presence of)
p53, J3D mutant p53 cells background (0 Gy) foci intensity levels were used
when measuring foci intensity levels of J3D wtp53 cells. The result depicted in
Figure 4.20 shows that foci intensity levels of J3D wtp53 were increased when
comparing them with the J3D wtp53 foci intensity levels in Figure 4.19. As was
presented in Figure 4.20, foci intensity levels in J3D wtp53 cells were already
higher than J3D mutant p53 cells, therefore there was remained unchanged (p >

0.05) comparison between J3D wtp53 and mutant p53 cells. One of the significant
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differences was found Proton 2 Gy at 72 post-irradiation, J3D wtp53 cells levels
were determined significantly (p < 0.05) higher than J3D mutant p53 cells at 72 h
post-irradiation. J3D wtp53 cells, Carbon 3 Gy was found as the highest value at 1
h post-irradiation when compared with all levels for each time point (Figure 4.20).
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Figure 4.20. Investigation of foci intensity effect of the p53 role by normalization with J3D

mutant p53. To investigate foci intensity, total detected foci intensity values was divided to cell
number. Later, normalization was performed using J3D mutant p53 cells background levels. The
standard deviation is represented by the error bars for independent replicates per time point.
Later, we showed the foci distribution values of each radiation quality at
different doses and times. Considering the values obtained by Image-J analysis,
cell numbers which include from 1 to 100 foci and we showed that this
distribution is related to foci per nucleus levels. We evaluated this distribution by
taking the sum of the cell’s numbers containing foci 1-5, 6-10, 11-15 and above
16, respectively and separately each radiation time point. Following this, the
average calculated for each replicate. As we compared in foci per nucleus, area,
and intensity, here, we started to compare with mutant p53 and wtp53 cells levels.
At 1h post-irradiation, there were detected several significant differences between
BL41 mutant p53 and wtp53 cells such as; Photon 2 Gy in BL41 mutant p53
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number of cells containing 11-15 foci, were shown to be as 34-fold higher (p <
0.01) than BL41 wtp53 number of cells at 1 h post-irradiation. Photon 5 Gy
treated BL41 mutant p53 cells levels which include 6-10 foci and 11-15 foci were
found significantly (p < 0.05) 101-fold and 8-fold higher than BL41 wtp53 cells

levels, respectively at 1 h post-irradiation (Figure 4.21).

At 1 h post-irradiation, 11-15 foci containing cell numbers, Proton 2 Gy
BL41 mutant p53 number of cells were shown as 44-fold higher (p < 0.05) than
BL41 wtp53 cells levels. In a similar manner, Carbon IR (1 and 3 Gy) treated
cells BL41 mutant p53 levels were higher than BL41 wtp53 cells numbers. One of
significant difference is Carbon 1 Gy treated BL41 mutant p53 cells levels (6-10
foci) were demonstrated 6.9-fold higher (p < 0.01) than BL41 wtp53 cells levels
at 1 h post-irradiation. Another significant was found in Carbon 3 Gy treated
BL41 mutant p53 cells numbers which include 11-15 foci as 56-fold higher (p <
0.01) than BL41 wtp53 cells levels (Figure 4.21).

The general observation is that the majority of cells numbers which were
exposed to Photon, Proton and Carbon irradiation showed in average the presence
of 16 foci and above per cell. However, Proton and Carbon IR cell numbers
which containing 11-15 foci was higher than Photon IR levels. As an example of
this, in Carbon 1 Gy treated BL41 mutant p53 cells numbers which include 11-15
foci, were determined significantly (p < 0.05) higher than Photon 2 Gy levels. In
the case of BL41 wtp53 cells, Proton 5 Gy levels (6-10 foci) were significantly (p
< 0.05) higher than Photon 5 Gy levels. For above 16 foci, BL41 wtp53 Photon 5
Gy and Carbon 3 Gy at 1h post-irradiation foci levels were recorded to be the
highest levels (Figure 4.21).
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Figure 4.21. Frequency of foci distributions per BL41 wild type and mutant p53 cells exposed to
Photon, Proton and Carbon IR after 1 h post-irradiation. The foci distribution was demonstrated
based on Image J analysis. The cell number which have foci between 1-5, 6-10, 11-15 and above
16 foci, average was taken. The standard deviation is represented by the error bars for independent
replicates per time point.

As shown in foci per nucleus, area, and intensity levels graphs, 24 h post-
irradiation levels (foci include cell number) were demonstrated lower levels than
1 h post-irradiation levels. The only significant (p < 0.01) differences between
BL41 mutant p53 and wtp53 cells numbers levels were determined Photon 5 Gy
(1-5 foci) at 24 h post-irradiation. Following Figure 4.22, Photon 5 Gy treated
BL41 mutant p53 cell numbers which include 6-10 and 11-15 foci, were found
also higher than BL41 wtp53 cells levels. Regarding this, after 24 h post-
irradiation. Proton 2 Gy treated BL41 mutant p53 levels were found significantly
(p < 0.01) higher than BL41 wtp53 levels which contains 1-5 foci. Likewise,
Proton 5 Gy treated BL41 mutant p53 cell number levels were 3-fold (p < 0.05)
higher than BL41 wtp53 levels which contains 1-5 foci. In the case of Carbon IR
treated BL41 mutant p53 cells number levels mostly were found higher than
BL41 wtp53 cells levels. In Carbon 1 Gy treated BL41 mutant p53 cell number
levels (1-5 foci) were demonstrated significantly (p < 0.05) higher than BL41

wtp53 cells levels (Figure 4.22).

Comparing of three radiation qualities, the cell numbers which include 11-15
foci, Carbon 1 Gy and Proton 2 Gy were recorded significantly (p < 0.05) higher
than Photon 2 Gy in BL41 mutant p53 cells. In general, the cell numbers were
contained 6-10 and 11-15 foci at 24 h post-irradiation for three radiation qualities
(Figure 4.22).

52



24 h 24 h

5001 Sﬂﬂl

30 - - Bl BL41 mutp53-Photon 2 Gy 30 - Ml BL41 mutp53-Proton 2 Gy
30 M BL41 wip53-Photon 2 Gy 30 M BL41 wip53-Proton 2 Gy
25 Il BL41 mutp53-Photon 5 Gy 25 I BL41 mutp53-Proton 5 Gy

I BL41 wtp53-Photon 5 Gy I BL41 wip53-Proton 5 Gy

# of Cells
# of Cells

"
"
<
"
"

N N N
& < o o 0 B o
© «© © © «© «© ‘)\° «©
x

24 h

500
301 - - = = Il BL41 mutp53-Carbon 1 Gy
30 B BL41 wip53-Carbon 1 Gy
25 Il BL41 mutp53-Carbon 3 Gy

I BL41 wtp53-Carbon 3 Gy

# of Cells
@ 3 @

Figure 4.22. Frequency of foci distributions per BL41 wild type and mutant p53 cells exposed to
Photon, Proton and Carbon IR after 24 h post-irradiation. The foci distribution of yYH2AX foci per
cell was calculated by some of number of cells and taken average of two replicates. The average
YH2AX foci intensity of triplicates was normalized to the untreated level. The standard deviation
is represented by the error bars for independent replicates per time point.

After 72 h post-irradiation, in the case of Photon treated, there were no major
(p > 0.05) differences between BL41 mutant p53 and wtp53 cell number levels
which include 1-5, 6-10, 11-15 and more than 16 foci, except, Photon 2 Gy
treated BL41 mutant p53 cells numbers levels (11-15 foci) were found 9-fold (p <

0.05) higher than BL41 wtp53 cell levels.

Another observation is that Proton 2 Gy cell number levels (11-15 foci and
above 16 foci) were determined significantly (p < 0.05) higher than Photon 2 Gy
levels. Additionally, Carbon IR treated cells numbers were determined higher
than Photon and Proton R treated cells numbers for each foci range when 16 and
more foci values were taken into consideration (Figure 4.23). Generally, at 72
post-irradiation levels were found lower than 24 h and 1 h post-irradiation levels.
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Figure 4.23. Frequency of foci distributions per BL41 wild type and mutant p53 cells exposed to
Photon, Proton and Carbon IR after 72 h post-irradiation. The foci distribution of YH2AX foci per
cell was calculated by some of number of cells and taken average of two replicates. The average
YH2AX foci intensity of triplicates was normalized to the untreated level. The standard deviation
is represented by the error bars for independent replicates per time point.

Foci distributions and determination of foci containing cell numbers were
carried out in the same manner as analysis of BL41 cells foci distribution. Cell
counts were evaluated considering that they contain a range of foci; 1-5, 6-10, 11-
15 and 16 above, respectively. Firstly, mutant p53 and wtp53 cell lines were
compared at different time intervals, and then significant differences between the
three radiation qualities were shown. When Photon IR treated the cell numbers
containing between 1-5 foci, 6-10 foci, and 11-15 foci are compared, there was
found no significant (p > 0.05) difference between J3D mutant p53 and wtp53
cells levels. However, Photon 5 Gy treated J3D mutant p53 cells levels (more
than 16 foci) were found 4.6-fold (p < 0.05) higher than J3D wtp53 cells levels at
1 h post-irradiation. Following this, Proton 2 Gy cell numbers levels in J3D
mutant p53 was determined significantly (p < 0.05) higher than J3D wtp53 cells
numbers which are containing 11-15 foci. Besides that, Proton 5 Gy treated J3D

mutant p53 cells number levels were found also significantly (p < 0.05) higher
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than BL41 wtp53 cells levels (6-10, 11-15, and 16 above foci). Carbon 1 Gy
treated significant (p < 0.001) differences between BL41 mutant p53 and wtp53
were found in cell numbers which include more than 16 foci. Furthermore,
Carbon 1 Gy and 3 Gy values were recorded as the highest value when compared

Photon and Proton IR treated cells for both cell lines (Figure 4.24).
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Figure 4.24. Quantification of YH2AX foci distribution after 1 h post- exposed Photon, Proton and
Carbon IR in the J3D mutant p53 and wild type p53 cells. The foci distribution of YH2AX foci per
cell was calculated by some of number of cells and taken average of two replicates. The average
yYH2AX foci intensity of triplicates was normalized to the untreated level. The standard deviation
is represented by the error bars for independent replicates per time point.

After 24 h post-irradiation, there were no significant (p > 0.05) differences
between J3D mutant p53 and wtp53 cells numbers levels for each foci range. In
the case of Proton 2 Gy and Proton 5 Gy treated J3D mutant p53 cells number
levels were found 2.5-fold (p < 0.01) higher than J3D wtp53 cells numbers which
are containing 6-10 foci. Carbon 1 Gy, the number of cells levels detected in J3D
mutant p53 cells was significantly (p < 0.001) higher than J3D wtp3 cells
numbers (above 16 foci), while after increasing the dose to Carbon 3 Gy, the
number of cells levels in J3D mutant p53 cells was found to be approximately 3-

fold higher than in the J3D wtp53 cells (6-10 foci).
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A comparison between the different radiation qualities were found, that
Carbon IR treated cell numbers have a higher value for each foci range compared
to Proton and Photon IR treated cell numbers levels and this observation is valid
for both cell lines. It was also found that in J3D mutant p53 cells, Proton 2 Gy cell
number levels (1-5 and 6-10 foci) were determined significantly (p < 0.05) higher
than Photon 2 Gy levels. In addition, Proton 5 Gy cell number levels (1-5 foci)
were demonstrated significantly (p < 0.05) higher than Photon 5 Gy levels. In the
case of J3D wtp53 cells, as seen in foci per nucleus, area, and intensity, Carbon
IR treated levels were higher than Proton and Photon. Carbon 1 Gy cell numbers
which include 11-15 foci, were recorded significantly (p < 0.05) higher than
Proton 2 Gy which significantly higher than Photon 2 Gy. In addition, each level
of the number of cells decreased compared to the 1 h post-irradiation number of

nucleus cells (Figure 4.25).
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Figure 4.25. Quantification of yH2AX foci distribution after 24 h post- exposed Photon, Proton
and Carbon IR in the J3D mutant p53 and wild type p53 cells. The foci distribution of YH2AX foci
per cell was calculated by some of number of cells and taken average of two replicates. The
average YH2AX foci intensity of triplicates was normalized to the untreated level. The standard
deviation is represented by the error bars for independent replicates per time point.
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At 72 h post-irradiation, Photon IR treated cell numbers had lower levels
when compared to Proton and Carbon treated cells numbers for both cell lines,
therefore there were no major (p > 0.05) differences between J3D mutant p53 and
wtp53 levels for each foci range except, Photon 2 Gy treated J3D mutant p53 cells
number levels (1-5 and 11-15 foci) were found significantly higher than J3D
witp53 cells levels. Even though some of Proton IR and Carbon IR treated J3D
mutant p53 cell levels were detected higher than J3D wtp53 cells levels, there was
no significant (p > 0.05) differences between J3D mutant p53 and wtp53 cells

levels.

As a final observation, among the 3 radiation qualities, the number of cells
levels found at 72 h post-irradiation had low levels comparing with Figure 4.24
and 4.25. Besides that, there are significant (p < 0.05) differences between
radiation qualities such as; in J3D mutant p53 cells, Carbon 1 Gy cell number
levels (1-5, 11-15 and more than 16 foci) were found significantly higher than
Photon 2 Gy levels at 72 h post-irradiation. Also, in J3D wtp53 cells, Carbon 1
Gy cell number levels (1-5 and 6-10 foci) were determined also significantly (p <
0.05) higher than Photon 2 Gy levels (Figure 4.26).
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Figure 4.26. Quantification of yH2AX foci distribution after 72 h post- exposed Photon, Proton
and Carbon IR in the J3D mutant p53 and wild type p53 cells. The foci distribution of YH2AX foci
per cell was calculated by some of number of cells and taken average of two replicates. The
average YH2AX foci intensity of triplicates was normalized to the untreated level. The standard

deviation is represented by the error bars for independent replicates per time point.

4.6. Kinetics of The Decline of yH2AX Residual Foci: Analysis and
Comparison of Photon, Proton and Carbon IR in Mutant and Wild Type
Cell Lines

To investigate how the p53 activation would affect the DNA damage repair
capacity, the residual of y-H2AX foci was investigated by comparing the level of
residual foci 24 h and 72 h following Photon, Proton and Carbon irradiation.
Hence, 24 h and 72 h residual levels were calculated with proportion to 1 h post-
irradiation levels: for foci number, foci area, and foci intensity residual
percentages levels. The residual YH2AX foci levels in BL41 mutant p53 cells,
following exposure of Photon 2 Gy was 37% after 24 h and 28% 72h post-
irradiation. Nevertheless, in the BL41 wtp53 cell line, the residual foci were
found 14% and 4% after 24 h and 72 h post-irradiation. Similar reduction between
values over time also were obtained in BL41 mutant p53 cells and BL41 wtp53
cells for the Photon 5 Gy residual foci percentages, namely 48% to 16% and 23%
to 10% at 24h and 72h post-irradiation, respectively. For the Proton 2 Gy treated
BL41 wtp53 cell lines, we were not able to calculate residual foci of YH2AX foci
at 24 h post-irradiation. Besides that, BL41 mutant p53 residual foci values of
Proton 2 Gy and Proton 5 Gy were found similar compared to 24 h and 72 h post-
irradiation. However, in Proton 5 Gy treated BL41 wtp53 cells the residual foci
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between 24 h and 72 h post-irradiation were observed as 22% and 18 %,
respectively. In Carbon 1 Gy treated BL41 mutant p53 cells at 24h post-
irradiation residual foci percentages levels were found to be 35% and at 72h post-
irradiation was found 4%. However, Carbon 1 Gy treated BL41 wtp53 cells
residual foci decreased from 51% to 38% at 24 h and 72 h post-irradiation. In
Carbon 3 Gy treated BL41 mutant p53 cells, the residual foci at 24 hours were
23% and 11% at 72 hours post-irradiation. Another significant differences
between BL41 mutant p53 and wtp53 cells residual foci levels were found in
Carbon 1 Gy levels at 72 h post-irradiation. The residual foci Photon 5 Gy treated
BL41 mutant p53 cell lines decreasing was slower as a function of time, however,
Carbon 3 Gy treated BL41 mutp53 decreasing over time was much faster (Figure
4.27).

Another observation is comparing three radiation qualities. Following this, in
BL41 mutant p53 cells residual foci levels, Proton 2 Gy levels were significantly
(p < 0.05) higher than Photon 2 Gy levels at 24 h post-irradiation. In similar
manner, Carbon 3 Gy levels were demonstrated higher than Photon 5 Gy levels at
24 h and 72 h post-irradiation. In BL41 wtp53 cells, Carbon 1 Gy levels were
determined Photon 2 Gy levels at 72 h post-irradiation (Figure 4.27).
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Figure 4.27. Overview of the residual foci percentages of BL41 cell lines. The percentages of the
residual foci following ionizing radiation were calculated based on the data from the average foci
number at 1 h post-irradiation.
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In a similar manner, Photon, Proton and Carbon IR treated residual foci
percentages were found to be decreasing over time for both J3D wtp53 and
mutp53 cells. Addition of observation which reduction over time, Photon 2 Gy
72h post-irradiation residual percentages levels were determined as 29% and 27%
in J3D mutant p53 and wtp53 cells, respectively. In J3D mutant p53 cells Proton 2
Gy and 5 Gy residual foci levels at 24 h post-irradiation was demonstrated higher
than residual foci levels at 72 h post-irradiation. However, in Carbon treated cells

did not decrease significantly in both cell lines (Figure 4.28).
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Figure 4.28. Overview of the residual foci percentages in J3D cell lines. The percentages of the
residual foci following ionizing radiation were calculated based on the data from the average foci
number. Percentage values were calculated based on 1 h post- irradiation values.

To investigate the repair kinetics of BL41-J3D cell lines following exposure
to Photon, Proton and Carbon IR, the residual area percentage levels of y-H2AX
foci were compared at 24 h and 72 h post-irradiation and also between mutant p53
and witp53-cell lines. Based on foci area levels, residual area levels were
calculated. The residual area percentages were determined 36% and 29% in
Photon 2 Gy treated BL41 mutant p53 cells. BL41 mutant p53 cells levels were

detected as 11% and 4% at 24 h and 72 h post-irradiation, respectively.
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In the Photon 5 Gy treated BL41 mutp53 residual area levels were
demonstrated to be 56% and 24%. Proton 5 Gy treated BL41 wtp53 residual area
levels were 20% at 24 h post-irradiation and decreased to 10% at 72 h post-
irradiation. In Carbon 1 Gy treated BL41 mutant p53 cells were 20% and 4% at
24 h and 72 h post-irradiation, respectively. Nevertheless, Carbon 1 Gy treated
BL41 mutant p53 cells were 20% and 4% at 24h and 72 h post-irradiation. These
levels were lower than BL41 wtp53 cells residual area levels which were found
50% and 25% at 24h and 72 h post-irradiation, respectively. Carbon 3 Gy treated
BL41 mutant p53 cell lines behaved nearly similarly at 24 h and 72 h post-
irradiation (Figure 4.29).

As a final observation, comparing three radiation qualities there is significant
difference between radiation qualities such as; Carbon 1 Gy and Proton 2 Gy
residual foci area levels were demonstrated significantly higher than Photon 2 Gy

levels at 72 h post-irradiation (Figure 4.29).
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Figure 4.29. Comparison of the 24h and -72 h post-irradiation residual foci area levels in BL41
mutant p53 and wild type p53 cells. The percentages of the residual foci following ionizing
radiation were calculated based on the data from average foci area. Percentage values were
calculated based on the situation 1 h post-irradiation.
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In the case of J3D cells residual area levels, we calculated them similar to
BL41 residual area levels based on 1 h post-irradiation foci area levels. Photon 5
Gy residual area percentages were detected 12% and 6% at 24 h and 72 h post-
irradiation in J3D mutant p53 cells, respectively, whereas in J3D wtp53 cells, the
Photon 5 Gy residual foci area percentages were found to be 22% and 17% at 24 h
and 72 h post-irradiation. The residual foci in Proton IR treated J3D wtp53 cell
lines after 24 h and 72 h were nearly similar which Proton 2 Gy treated J3D
mutant p53 cells levels were demonstrated 6% and 5% at 24 h and 72 h post-
irradiation, respectively. Finally, both Carbon IR treated J3D mutant p53 and J3D
wtp53 cell levels showed no decrease at 24 h and 72 h post-irradiation. However,
J3D wtp53 cells residual area levels were found higher than J3D mutant p53 cells

levels for each time points (Figure 4.30).
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Figure 4.30. Comparison of the 24h and -72 h post-irradiation residual foci area levels in J3D
mutant p53 and wild type p53 cells. The percentages of the residual foci following ionizing
radiation were calculated based on the data from average foci area. Percentage values were
calculated based on the situation 1 h post-irradiation.
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Figure 4.31. y-H2AX signaling kinetics determination with foci intensity residual levels in J3D
mutant and wild type p53 lymphocyte cells after exposure to different radiation qualities. The
percentages of the residual foci following ionizing radiation were calculated based on the data
from average foci area. Percentage values were calculated based on the situation 1 h post-
irradiation.

Due to technical reasons, we are not able to present BL41 wtp53 and mutp53
residual intensity percentages. For the J3D wtp53 and mutp53 cell lines, residual
intensity values were calculated based on foci intensity values. Additionally, like
foci and area levels, we were not able to calculate Photon 2 Gy treated levels at 24
h post-irradiation. The residual intensity levels in J3D mutp53 cells after 24 h was
27%, however, we had the impression that residual intensity levels started to
increase at 72 h post-irradiation. Interestingly, Proton 2 Gy 24 h post-irradiation
foci intensity residual percentages were 35% in J3D mutant p53 cells, while at 72
h post-irradiation foci intensity residual percentage levels in J3D mutant p53 cell
line were found 17%. The measurement of Carbon IR treated residual intensity
levels in both J3D wtp53 and mutp53 cell lines, showed a similar trend at 24 h

and 72 h post-irradiation (Figure 4.32).
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5. DISCUSSION AND CONCLUSION

Radiotherapy is used as a treatment for different types of cancer and can have
dangerous effects on patients. There are sufficient studies which have investigated
and determined the effects of the risks associated with radiotherapy (87). We
present a comprehensive comparison of the differences between the mechanisms
of DNA repair, where we investigated three radiation qualities (Photon, Proton,
and Carbon) used in wild type and mutant p53 lymphoma cell lines. Our
hypothesis was that reactivation of the wild type p53 protein increases the RBE of
radiotherapy. We showed that different radiation qualities effect in cells is DBSs
and that, accordingly, monitoring y-H2AX focus numbers can be a useful
biomarker to detect the individual ionizing radiation (IR) effect on B-cells. The
ability to detect DSBs by measuring y-H2AX-foci protocol has been described by
Rogakou et al (38) providing an opportunity to assess the induction and repair of
DNA damage in vivo after relevant radiation doses. Besides that, to quantify
DNA damage with y-H2AX is more accurate through to use fluorescent
microscopy. With this method, the number of foci per cell and/or the size of the
foci can be measured through to a high-throughput imaging system. Unlike early
studies quantifying the total amount of YH2AX-phosphorylation in tissue or cell
area (57), we counted the absolute number of yYH2AX-foci formed per nucleus. In
addition, it is a very sensitive method due to its ability to stimulate the y-H2AX
foci at low doses up to 1.2 mGy in-vitro in cell culture. Also, it was shown that a

linear relationship exists between the number of foci and doses (58).

An alternative method for y-H2AX analysis is flow cytometry and is often the
preferred method when analyzing large sample sizes (i.e. >10,000 cells). The
main difference between these methods is that microscopy allows the scoring of
individual foci while flow cytometry detects total fluorescence intensity in each
cell (59). Hence, the microscopy method is a better alternative to quantify DNA
damage with y-H2AX. In this study experimental data sets were generated
through staining procedures, imaging, and YH2AX foci quantification. In order to
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understand the potential DNA damage response and optimization of particle

radiation therapy, we used this measurement technique (60).

In this study, the cell lines which was used in the measurement of the y-
H2AX method, are temperature sensitive. When the cells are grown at 37°C, the
mutated non-functional form of p53 is expressed. To induce the formation of the
functional wild type p53, the cells can be grown at a lower temperature (32°C).
We used the cells with low the temperature and exposing them 2 and 5 Gy for
Photon and Proton and 1 and 3 Gy for Carbon radiation qualities. All cell
numbers counted as a result of analyzes obtained by monitoring y-H2AX were
compared between wild type and mutant p53 cell types. The BL41 mutant p53
cell number was 4.4-fold higher than the BL41 wild-type p53 cell number, while
no major difference was observed between J3D wild-type and mutant p53 cell
numbers. The reason of this could be J3D cell lines delivered from mouse
whereas BL41 cell lines human cell models. Also, these results imply that the
functional activation of wild type p53 results in a decrease in cell viability of the
BL41 cells. It was well known that p53 takes the cell to apoptosis when it is
active, and therefore it achieved fewer cells (61). Ramqvinst et al (55) already
showed that activation of wild type cell lines might result in an increase in the

frequency of apoptosis.

Previous studies showed that the y-H2AX response can be measured at later
post-irradiation times to follow the progression of DNA repair (62). To study
whether the functional activation of p53 would affect the DNA damage response
capacity of BL41 and J3D cell lines following the exposure to three irradiations,
we quantified the initial induction of y-H2AX foci at the 1 h, 24 h, and 72 h post-
irradiation. Firstly, the cells containing foci were proportioned with cell numbers
as a percentage and the foci percentage levels were determined for each replicate
of samples. Based on these foci percentage levels, mutant p53 and wild type p53
species of BL41 and J3D cell lines were shown to show time-dependent foci
change. However, we were not able to analysis Photon 2 Gy 24 h foci levels in

J3D mutant p53 and wtp53 cells levels and in BL41 mutant p53 cells, Proton 2 Gy
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at 24h foci levels. The general observation from our results was found that the
initial radiation-induced y-H2AX foci substantially decreased at the late time
points. The significant decrease in time was observed in exposed BL41 mutant
p53 cells in each radiation quality.

As a confirmation of our results, Bylicky et al. showed that radiation-induced
v-H2AX foci display a statistically significant decrease between 24 h, 48 h, and
72 h and suggest that a significant percentage of y-H2AX foci have resulted in the
activation of the repair mechanism (63). Following radiation exposure, H2AX
phosphorylation occurs to trigger DDR activation and initiate repair. After the
DNA repair mechanism is activated, H2AX phosphorylation is not required for
DDR activation, which results in a decrease in y-H2AX foci formation over time
(65). This is also in accordance with the findings of Rogakou et al. who observed
that following DSB formation, y-H2AX foci induction occurs rapidly. Moreover,
repair of DSBs were started after 1 and 3 hours and afterward it caused the
dephosphorylation and loss of the y-H2AX foci within the nucleus (38). In cells
which exhibit signs of defective DNA repair mechanisms, there is a persistence of
v-H2AX foci seen which is due to failure to resolve these DNA DSBs (66).

After foci positive levels were determined, regarding this, the y-H2AX foci
number, foci area, and foci intensity levels were calculated in unirradiated (which
was shown as background levels) samples for both BL41 and J3D cells mutant
p53 and wtp53 types. These unirradiated samples levels (background levels) were
used as the control for each cell lines separately. Foci per nucleus, foci area, and
foci intensity values were higher in unirradiated both BL41 and J3D wtp53 cells
as compared to unirradiated BL41 and J3D mutant p53 cells. Even though these
were not exposed the IR, y-H2AX foci were recorded. Indeed, foci levels in

unirradiated samples can occur momentarily e.g. through sunlight (67).

However, the reason of the differences between mutant p53 and wild type
p53 cell lines could be, as described above, wtp53 presents p53 protein, whereas
mutant p53 has a loss of p53 function. wtp53 induced apoptosis and this leads to
increasing the y-H2AX foci. Also, Rogakou et al. (38) showed evidence that
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apoptotic DNA fragmentation induces y-H2AX formation. In the case of DNA
repair, this would keep the two DNA ends in close, whereas apoptosis y-H2AX
might facilitate the packaging of fragmented DNA into apoptotic bodies. Besides
that, y-H2AX have a role to recruit other endonucleases that may mediate both
DNA repair and/or apoptosis. In the presence of damage, ATMs may be active
through mediators and cause phosphorylation of H2AX. This phosphorylation by
ATM may be increased through the activation of p53 (68).

To investigate the response of the cells to three different types of radiation, y-
H2AX foci number, area, and intensity were measured post-IR by fluorescence
imaging. The superior RBE of Proton and Carbon beams are measurable based on
the kinetics of DNA repair. Following this hypothesis, in general, we observed
that Proton IR and Carbon IR were found higher than Photon IR for each time
point. In regard to this matter, there are several significant observations when
compared to three different radiation qualities. The first result was observed as
Proton 5 Gy foci per nucleus levels were significantly higher than Photon 5 Gy
levels at 1 h and 72 h post-irradiation in BL41 mutant p53 cells. In BL41 wtp53
cells, Carbon 1 Gy foci per nucleus levels were higher than Photon 2 Gy levels at
1 h and 72 h post-irradiation. In the case of J3D mutant p53 cells, Proton 5 Gy
and Carbon (1 Gy-3 Gy) were demonstrated significantly higher than Photon 5 Gy
levels at 1 h post-irradiation. Finally, in J3D wtp53 cells, Proton 2 Gy foci per
nucleus levels were recorded higher than Photon 2 Gy levels at 1 h and 72 h post-
irradiation. Also, Carbon 1 Gy foci per nucleus levels were significantly higher

than Photon 5 Gy levels at 1 h and 24 h post-irradiation.

Similar to these observations in y-H2AX foci per nucleus results, the
measurement of YH2AX foci area and intensity levels were detected the similar

trend as the obtained from the foci per nucleus levels.

The high y-H2AX foci of Carbon and Proton IR may be due to they caused
more complex damage and higher RBE. Carbon ions slow down and stop the
growth rate within the tumor in time before causing damage to healthy tissue.

Carbon ions are different from Photons and Protons in terms of accumulating high
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LET concentration at the Bragg peak. Just like Proton beams, Carbon beams can
also provide normal tissue protection to its narrow Bragg peak (69)(21). Carbon
IR and Proton IR produce dense ionization and create clustered DNA damage if
compared to Photon IR, which produce diffuse ionization and DNA damage.
Thus, it can be said that Carbon and Proton IR have more tumor-killing potential
than Photon IR. In addition to that, even when using a higher dose of Photon

radiation, Carbon and Proton ion beams still lead to more severe damage (56).

Furthermore, according to Suit H. et al showed also Carbon and Proton IR
result in higher cell damage than Photon IR. When compared to Photon IR,
particle therapy for cancer performed either with Proton or Carbon ions offers the
advantage of their distinct physical characteristics exploits greater RBE (70).
Greater RBE, in turn, may lead to better tumor control and improve patient
survival. Additionally, up to date, there are no convincing clinical data that
confirm the effects of particle therapy (either with Protons or Carbon ions) in
lymphoma treatment (71). Therefore, in this thesis, we have shown that this

treatment may be useful againstlymphoma cancer.

Our other goal in this thesis was to investigate the IR response with re-
activation of p53. From this, we first normalized the foci per nucleus, foci area
and foci intensity values with their own unirradiated levels (background levels).
We compared mutant p53 and wtp53 values in this manner. In general, we
showed that mutant p53 values were higher than wild type values (Norm to 0 Gy)
such as; Carbon 1 Gy BL41 mutant p53 foci per nucleus levels were determined
significantly higher than BL41 wtp53 cells at 72 h post-irradiation. In the case of
J3D mutant p53 cells were higher than wtp53 cells in Photon 5 Gy at 1 h post-

irradiation.

Later, wtp53 cell lines levels of foci per nucleus, foci area, and foci intensity
were investigated with normalization using mutated p53 unirradiated
(background) values. Using mutated p53 values as control, all values increased
after normalization in Bl41 and J3D wtp53 cell lines. There were several

significant foci levels after using mutant p53 background levels for normalization.
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Regarding this, we compared same mutant p53 levels with wtp53 levels which
were normalized to mutant p53 background levels. As an example of this, BL41
wtp53 cells Photon 5 Gy at 1h post-irradiation foci per nucleus values were found
to be significantly higher than BL41 mutant p53 values. Also, in J3D wtp53 cells,
Proton 5 Gy levels were significantly higher than J3D mutant p53 levels at 72 h
post-irradiation. This trend was also observed for the different radiation qualities,
as well as the foci area and intensity values. This result provides experimental
evidence that functional p53 increase the kinetics of repair while p53 presents in

wild type p53 cells.

One explanation why this wild type p53 values are much higher than mutated
p53 could be because wild type p53 related to the H2AX protein. In the case of
DNA damage, H2AX proteins are phosphorylated. Min-Kyoung et al. showed
that after exposure to irradiation, DSBs occur and it leads to activation of p53
protein which rapidly co-localizes with y-H2AX (74). Therefore, in the case of
activation p53 caused higher y-H2AX as a response of DNA damage. Moreover,
after DSBs occurred, histone H2AX is phosphorylated by ATM. DSBs induction,
a fraction of the nuclear ATM pool relocates to the damaged DNA and
colocalizes with y-H2AX foci. Besides, the p53 binding protein 1 (53BP1) also
colocalizes with y-H2AX foci and also this protein can be phosphorylated by
ATM in response to DNA damage (88). Thus, activation of p53 is observed to
provide more y-H2AX foci formation.

Considering YH2AX foci area results, the dose responses for the number of
foci per nucleus were fitted with the area of foci levels. The foci area and foci
intensity values present size and extent of radiation-induced DNA double-strand
breaks, respectively. We observed that mutant p53 levels were higher than wild
type p53 levels in both BL41 and J3D cells. The differences between Photon IR
and particles were also demonstrated similar in foci area levels. Radiation has the
effect of starting the cell cycle or inducing a change in chromatin condensation. A
change in nucleus size due to an alteration in the cell cycle would be reflected by

an average increase or decrease of the nucleus area. Additionally, the size of the
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nucleus may change depending on dose and time. After high dose exposure,
intensification can occur at G2 phase cell cycle. Thereby, in this thesis, we
showed alterations of the nucleus area distribution depending on the experimental
setting and time after irradiation (72).

The intensity and kinetics of the resulting cellular DNA damage signaling
were determined using YH2AX focus scoring to verify if this response varied with
clinical radio sensitivity. Normally, in foci per nucleus and foci area analyzes,
when normalization is performed with 0 Gy, mutant p53 levels are generally
higher than wt p53 levels, while wtp53 levels are higher than mutant p53 values
when normalized with 0 Gy of mutant p53 levels. J3D wtp53 values were higher
than mutant p53 values in both cases. One explanation of this measurement of
intensity depends on staining quality (60). However, even though foci intensity
values of wtp53 were also increased after normalization to mutated p53, wild type
p53 values were not found higher than mutated p53 values, similar to the foci per
nucleus and foci area. One reason could be due to foci intensity values are
somewhat dependent on the staining quality, which this highlights the necessity

for conducting experimental replicates.

Later, we also showed the foci distribution at each time points. At 1 h post-
irradiation, all radiation qualities have mostly above 16 foci. The reason for this,
as discussed above, 1 h post-irradiation levels were found to be highest compared
to 24 h and 72 h post-irradiation levels for all radiation qualities. After 24 h post-
irradiation, the levels of cells which contain foci decreased compared to 1 h post-
irradiation. At 72 h post-irradiation, the levels of the cell were decreased more
and determined for each foci range. These levels shifting can be observed due to
DNA damage breaks are repaired over time (76). In irradiated cells at the highest
dose and radiation quality, we found that the average number of foci per cell
increased with the irradiation dose and quality. We analyzed the number of foci
per cell to show that there is no saturation effect caused by overlapping focus

signals as shown by Hernandez et al. (89).
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In the final part of this work, we investigated the decay kinetics of the foci in
J3D and BLA41 cell lines by calculating the level of residual y-H2AX foci at 24-
and 72-hours post-IR. Residual percentages give information about the DNA
repair kinetics of the cell. In BL41 and J3D cells, we observed that after 24 hours
the radiation-induced y-H2AX foci level decreased to a value comparable to the
endogenous values and remained on this levelfor the next 72 hours. In J3D
mutant p53 cells, the significant reduction was found Proton 2 Gy and 5 Gy over
time. However, there was no significant reduction in Photon and Carbon IR in
J3D cells.

Residual foci and foci area, in Photon IR treated BL41 mutant p53 levels
were demonstrated higher than BL41 wtp53 cells levels whereas Proton IR and
Carbon IR treated BL41 wtp53 residual levels were determined higher than BL41
mutant p53 cells levels at each time point. The general observation is Carbon IR
residual damage frequency was higher than Photon and Proton IR at late time

points, this related to Carbon IR caused complex damage in BL41 cells.

In contrast, in J3D cells, there were no significant residual levels between
J3D mutant p53 and wtp53. Also, for three radiation qualities was not showed
significant decreasing as a function of time except Proton 2 Gy and 5 Gy residual
foci levels.

The particles have much more resistant DSB still at the late time points
thereby, they are declining less. Repair of complex DSB breaks may require
longer time and shows the slow repair. Radiation-type like Photon induces rapid
repair and particles need slower repair (64). The lower levels of y-H2AX at late
time points might imply that the cells have a decreased capacity to repair IR-
induced DNA lesions. Our results intimate a reduction in the kinetics of DNA

repair as a function of time depicted by the retention of YH2AX residual foci.

The results in this thesis have clearly shown the higher efficiency of particle

therapy compared to traditional Photon IR and how the radio-sensitivity varies
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largely with dose, as well as highlighting the important role that p53 plays in
DNA repair for all types of IR.

Since over 50% of human cancers have p53 mutations, mutational
inactivation is a major molecular mechanism behind p53 dysfunction. As such the
difference between the expression levels of wild type p53 and mutant p53 might
be a critical determinant of cell fate in response to DNA damage as a result of IR.
In this study, it was shown that inducing p53 caused killing cells better. Thus, the
development of novel strategies to re-activate mutant p53 is required to provide
clues to effectively treat malignant cancers bearing p53 mutations (83). This could
be an idea as a therapy of lymphoma. Radiation may induce apoptosis in case of
loss of function of the p53 protein (77). With respect to further clinical treatments,
the detection of y-H2AX with other scales could provide a new way of treatment
for patients who are exposed to IR. These findings can be expanded to the
identification of new druggable pathways and the development of more precise

diagnostics and therapies based on the genetic profile of individual tumors.

Although further validation of these findings is required, we have provided
evidence that particular cancer-specific mutations in the DDR pathway alter DNA
repair kinetics and respond differently to ionizing radiation. Our findings may
prove to be valuable in the context of clinical data and may potentially identify

novel biomarkers for personalized radiotherapy.
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Intern Department of Histology-Embrylogy ' '
Laboratory Cerrahpasa Me(_hcme Faculty, Istanbul University 01.2013-02.2013
Intern Department of Histology-Embrylogy

Foreign Languages

Language Reading* Speaking* Writing*
English Advanced Good Advanced
German Intermediate Beginner Intermediate

* Evaluated as advanced, good, intermediate, beginner

Exams

Name of the Exam

Quantitative Equally Weighted

Verbal

ALES**

81 82

**ALES: Akademik Personel ve Lisansiistii Egitimi Girig Sinavi
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http://deneyseltip.istanbul.edu.tr/en/idarikadro
http://deneyseltip.istanbul.edu.tr/en/idarikadro
http://deneyseltip.istanbul.edu.tr/en/idarikadro

Computer Skills

Program Ability to Use
Microsoft Office Advanced
MATLAB Beginner

R Studio Beginner

* Evaluated as advanced, good, intermediate, beginner

Scholarships

Type Institution Years
MSc. Program of Medical | Actbadem Mehmet Ali Aydinlar 2016-2019
Biotechnology, 100% Scholarship University
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