-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by Duisburg-Essen Publications Online

Molecular and cellular assays after radiation expagre
Part 1: Influence of temperature during irradiation on the level of
DNA damage
Part 2. Comparison of individual radiosensitivity of peripheral
blood lymphocytes from prostate cancer patients antiealthy

donors

Inaugural-Dissertation
zur
Erlangung des Doktorgrades
Dr. rer. nat.

der Fakultat
Biologie und Geografie

an der

Universitat Duisburg-Essen

vorgelegt von
Kinga Brzozowska

aus Tarnow, Polen

April, 2010


https://core.ac.uk/display/33798891?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Die der vorliegenden Arbeit zugrunde liegenden [Expente wurden im
Forschungszentrum Julich GmbH, im Strahlenbioldggec Labor des
Geschaftsbereichs Sicherheit und Strahlenschuthdafiihrt.

1. Gutachter: Prof. Dr. Wolfgang—Ulrich Muller
2. Gutachter: Prof. Dr. Jurgen Thomale

Vorsitzender des Prifungsauschusses: Prof. Dh&eNalbant

Tag der mundlichen Prifung: 29.09.2010



Table of Contents iii

Table of Contents

TabIe Of CONIENES ...t e et e e e e e e e e e e e eeas iii
Y 013 1 = Lo ST TPPPPPPP 1
1R [ o o (1 Tox 1T o AP PPUPPTP 3
1.1  Short introduction to the history of radiation...............ooovveviiiiiiiiiii e, 3
I = To [ F= 11 o] o PSRRI 4
1.3 The biological effects of ionising radiatioN................oovvviiiiiiiiiiiii e, 5
1.3.1 Radiation effects in tissues and organshsistic versus deterministic effects and
acute Versus late effeCtS..........ooi i 5
1.3.2 Physical and biological effects of IR at tedlular level.............c.cccooooviee. 8
1.3.3 Radiation-induced genomic instability...........cccccce i, 9
1.4 Radiosensitivity related to radiotherapy e «coeeeeeeeeeeiiiniiiiiiaree e e eeeeeeeee e 11
1.5 Clinical versus cellular radioSENSItIVILY ..cceevvvveeeiieiiiiiiiieiee e eeeeeeeeeeeeeeeeeee e 12
i - [l PSPPI 13
1.6.1 PrOStal® CANCEN.......ccieeeeiie e ieeem oot e e e e e e e e e e e e 13
1.6.2 SuscCeptibility 10 CANCEN .....ccooeeeeeeeeeeeeeee e 14
1.6.3 Detecting cancer susCeptibility.......ocoooooeiiiiiiiiiiiiiiee e 15
1.7 Molecular aspects of individual radioSENSIHIMIL. .........ccoeveeiiiiiiiiiiiiiiiieee e, 16
1.8 Measurement of cellular SeNSItiVity iN VitrO.........ccoooeeeeeeeiiiiiiiiee 17
1.9 The impact of temperature on radiation-inducgdgenetic damage ..............cccceeeeee 18
1.00 TRESIS @IMS ..uttiiiiiiiiiiiiiieeeeeee s s ettt ettt et e e e aeeeaasesssssaaasbbnnaeaeeeeeeeeaeessssaannnnans 18
[I. Materials and MEtNOAS .........iiiiii e s 20
Part 1: Influence of temperature during irradiatiomthe level of DNA damage............... 20
pZ R |V = 1= = | OSSR RRRPPPP 20
2200 Nt Nt I = 11 11 = o | 20
2.1.1.2 Consumable materials and chemicalS . ccvveeveeiiiiiiiiiiiiiiiieeeeeeenn. 20
2.1.1.3 Buffers and SOIULIONS..........cooiiiceeeee e 21
2.1.0.4 SOMWANE ...t e e e e e e e e e e e e e e ee e e e e eeeeeerree 22
2.1.2 MEENOUS ...ttt 22
2.1.2.1 Collection of blood SaMPIES........ooeeeeeee e 22
2.1.2.2 Isolation of lymphocytes from whole bload...............cccccceiiiiiiiiinnn, 2.2
2.1.2.3 EXPOSUIe CONGITIONS .....ccceuvirteet e eeeeetettteeaa s s s e e e eeeeaeeeeeeeesssnnnnneesssnnns 22
2.1.2.4 MICIONUCIEUS @SSAY ......eeevvvevririeeeaeeeeeesennnnnnnniaaaaeeeaaaeasseseesssssrnnnnnsessnnnes 23
2.1.2.4.1 Slide preparation and SCOrNg Criteria............ccuvvvvvivvrniiiiiiieeeeeeeeenn 23
2.1.2.4.2 Treatment With DMSO .......coooiiiiiiieiee e 24
2.1.2.4.3 Statistical analysis of micronucleus gssa...........cccccvvvvvvveiiiinnnnnn . 4.2
2.1.2.5 AlKaliNE COMEL ASSAY........cevrrrrs e eeeeesssnnnnnsasaeeeaaasaaseseesesssrnnnnnsessnnnns 24
2.1.2.6 Neutral COMEt ASSAY ........uuuuuuumicceeeeeieettiiiaaaa e e e e e e e aaeeeeeeeeesrennnneeesennes 25
2.1.2.7 COMEL ANAIYSIS ...cceeeieieeeeiieeeet s e e e e eeeeeeeeeeateaa s e e e e e e e eaeeeaaaaaeaaaeeeeees 26
2.1.2.8 Statistical aNalYSIS ........uuuuuuiieieiiieiee e 26
Part 2: Comparison of individual radiosensitivifyp@ripheral blood lymphocytes from
prostate cancer patients and healthy doNOrS...............oooiiiiiiiiiii e 26
2.2. 1 MALETIAIS ...ttt ettt et e e e e e e e e e e e e e e e e e e e n e e e e e e e e e e e e e e e 26
PN Nt R =T [0 1111 1= o | U 26
2.2.1.2 Consumables and ChemiCals..........cccceeeeiiiiiiiiiiiiiiiiieee e 27
2 TG B | PRSP 28
2.2.1.4 Buffers and SOIULIONS..........oooiiicmmeer e 28
2.2.1.5 ANTIDOAIES ..ot a e 28

2.2.0.6 SOMWALI ... e 29



Table of Contents iv

YA |V =1 T To PP RSRRPP 29
2.2.2.1 Sample COIECHION ... .uueeiiee e rr e e e e e e 29
2.2.2.2 DONOKS ...ttt ettt ettt e e ettt e e e ettt e a et eennnn— e e e eeaaanns 29

2.2.2.2.1 Prostate canCer Pati€NtS ......cccceeeeeeeieeee e eeeeeee s 29
2.2.2.2.2 Healthy dONOIS ........oooiiiiiiiiteeemmme e 30
2.2.2.3 THE G2 @SSAY ...iiiieeeeeeiieeeeeeete ettt s e e e e e e e e e e e e e aeeeeeesetrennnneessnsnnnnnns 31
2.2.2.3.1 SlIdes Preparation ........... ..o e 32
2.2.2.3.2 SCONNQ CHLEIIA ..iie i i i e e e e e e ee e ceeeee ettt e s e e e e e e e e e e e e eeeeeeesseennnneeesnnnes 33
2.2.2.3.3 Statistical analysis of chromatid ab@Ie.............c.cceeeeeiiiiiiiiiiiiiiiiiienns 33
2.2.2.3.3.1 Mean spontaneous and radiation-indabedation yields .............. 33
2.2.2.3.3.2 Analysis of aberration distributioreitcordance with the 50
QLS (o= o1 1] = PSSR 34
2.2.2.3.3.3 Analysis of aberrations diSPersion...........ccooeevvvieiieeiiiiiiiiniiineeenn 34
2.2.2.3.3.4 Determining radioSENSItIVILY .....coemmeeerrreniiiiieieeeeeeeeeeeeseeeeennnnenns 34.
2.2.2.4 Isolation of lymphocytes from whole bload...............cccccceiiiiiii, 5.3
2.2.2.5 Sample irradiation fgrH2AX assay and apoptosis/ necrosis assay ......35
2.2.2.6 TNEFHZAX @SSAY -.uiiiieeeeeiiiieeeeieiiiitte e s s e e e e e e e e e e e e eaeeeennnenees 35.
2.2.2.6.1 Slide preparation and fOCIi SCOMNQG..ceueerrvrrrrueiiiiiiiieeeeeeeeeeeeeeeeeariieees 36
2.2.2.6.2 Fluorescence intensity analysisS (FACS) . ooovveeeeiiiiiiiiiiiiiiiiiieee e 37
2.2.2.6.3 Statistical analysispH2AX data ............cvvvvviiiiiiiiieeeeeeeeeeeeeeeeiiine 37
2.2.2.6.4 Determining radioSENSILIVILY ..o eeeeeeeeeiieiiieiiiiiiiiinaeee e e e ee s 37
2.2.2.7 The apOptOSIS/NECIOSIS ASSAY ..... . eeererrrrrrmnmnniaaiseeaaaeeeseemrmmmmemeeeees 38
2.2.2.7.1 FIOW CYLOMELIY ..eeiiiiiiiiieienee s eeesees s s s e e e e e e e e aaeeeeeeeeeessssnnnnnsennes 38
2.2.2.7.2 Apoptosis/ NeCrosis MeasuremMeENnt ......ueeeevvveeerrerreneiiiieeeeeeeeeeaeeeenen 9.3
2.2.2.7.3 Statistical analysis of apoptosis/nesrdata...............ccceevvvvivirieiiiinnnnnnn. 40
2.2.2.7.4 Determining radioSENSItIVILY ..o eeeeeeeereerrieeiiiiiiiinnseeeeeeeeeeneens 41
LI R ESUIES .ottt e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeebaebb s 42
Part 1: Influence of temperature during irradiatiomthe level of DNA damage............... 42
3.1.1 MICIONUCIEUS @SSAY .....ceeeiiiiiiieiitceeeeeeeeitiaaa s s s e e e e e e e e e e eeeeeeeaeeennnnnnnnsesn s 42
TN 2 O] 1 =] =TS T- | U PRSPPI 45
Part 2: Comparison of individual radiosensitivifyperipheral blood lymphocytes from
prostate cancer patients and healthy dONOrS..cccccc.cooooviiiieeiec e, 48

.21 TNE G2 @SSAY ... e eeiieiiieeieeitit e e e e e e e e ettt ettt a e e e e e eea e e e e e e e e e aaaaaeeeeees 48
3.2.1.1 Mean spontaneous and radiation-inducedatmar yield......................ccc... 48
3.2.1.2 Distribution of donors based on radiatieddiced chromatid aberrations...... 49
3.2.1.3 Determining the degree of cancer pronemesgd on the frequency of
spontaneous and radiation-induced aberrations...............ccoocooviiiii i, 50
3.2.1.4 Analysis of aberration diStriDULION .. .vvvveeeieiiieee e 56

3.2.2 ThEp-H2AX TESUILS .....oeiiiiiiiiiiiiieeee e 56
3.2.2.1 Fluorescence intenSity data .........ouueeeeeeeeeeneniriaieeeeeeeereeeeeeerenrennnnnnenn. 56
3.2.2.2 Determining the degree of cancer pronemasgd on the relative FITC
fluorescence values measured in not irradiatedraadiated lymphocytes. .............. 57
3.2.2.3y-H2AX fOCI NUMDET ... e 59

3.2.3 APOPLOSIS/ NECIOSIS rESUILS ...t ceeeeeeiiieie e e ee e s 61
3.2.3.1 Early apOptOSIS rESUILS.... oo 61

3.2.4 Determining the degree of cancer proneneasdardance to the results of the
90thpercentile cut-off analysis as measured by GRB2AX- and apoptosis/necrosis-

tests. Potential application of the used tesfmedictive assays..........ccccceevvvvvvvvnnmm 67
[V DISCUSSION ...ttt e e st s e 4o e e e e e e e e e e ee ettt bbb a e e s e e e eeeaaaaaeeeeeeeeaeeeeeeesnnrnnnnnn 71
Part 1: Influence of temperature during irradiatiomthe level of DNA damage............... 71
4.1.1 Comparison of micronucleus and comet aSSAMEL. .........ccoevvviiiiiiiiiiiiineeeeeeeeenn. 71

4.1.2 Comet assay results at 0°C and 37°C . eeeereeeerrrinnnniiinaaeeeaeaeaseesseeeeeeees 12



Table of Contents Y

4.1.3. The possible explanation of sparing effédbw temperature .............cccvvveennnnnn. 73
4.1.4 Summary of the first part the thesiS ....ccccoo oo, 76
Part 2: Comparison of individual radiosensitivifyperipheral blood lymphocytes from
prostate cancer patients and healthy dONOrS..cccccc.cooooivieeeiiec e, 76
4.2.1 Chromosomal aberrations. Cancer suscepfibilit.............ccccvviiiiiiiiiiiiinnenn. 177
4.2.2 Clinical versus cellular radiosensitivity maeed by G2 assay .........cccceeeeeeveeeeeee. 80
4.2.3 TNEI-H2AX @SSAY ...vvvvvieiiiiiiiiiieeeee e e ettt e e e e e eaaeens 83
4.2.4 APOPLOSIS/ NECTOSIS ASSAY ......vvvrrs o e eseesssssnssnassasssasassessesesssmmmmnnmesssssmnnns 85
4.2.5 Prediction of cancer proneness using &B2AX- and apoptosis/necrosis assays
................................................................................................................................ 87
V. Summary and final CONCIUSIONS .........oooiiie e 89
F o LoV L=To [o =T o g T= T o £ SR URSRR 92
(=] (=T o T RS RURPPPPP 93
ADDIEVIATIONS ...ttt e e e e e 109
Y o] o 1= T [ G PP 111
LISt Of TADIES....eeeiiiiieiieeee e 111
LISt OFf FIQUIES ..ttt ee e e e e e e e e s e s s 113
R LT - | - PP PPPUTPPPPPPR 115

EPIC QUESHIONNAITE.... ..ot e e e e et e e e e e e e e e e e eeeeeeeeenannes 120



Abstract 1

Abstract

Part 1. The level of cytogenetic damage induced by iomgjzmadiation under in vitro
conditions in human peripheral blood lymphocyteanalyzed for the purpose of biological
dosimetry and for assessing the intrinsic radiageitg of the blood donors. A factor that is
often not regarded, but may influence the leveDBA damage is blood temperature during
exposure. Hence, this part of the thesis was cdaduo analyse the impact of temperature
during irradiation of lymphocytes at 0°C and 37°€@ ihe level of DNA damage using
micronucleus assay and comet assay.

Whole blood cultures were kept at 0°C and 37°Clfamin before and during exposure to 2
Gy of X-rays. In some experiments isolated PBL waatditionally incubated in the presence
of 0.5 M DMSO (radical scavenger).

A significantly higher level of micronuclei was fod when lymphocytes were kept 15 min
before and during exposure at 37°C when compardif@ This effect disappeared in the
presence of DMSO, what indicates that the obseemgberature effect in micronucleus assay
is due to the indirect action of radiation. No tergiure effect was observed using alkaline

and neutral versions of comet assay.

Part 2: There is some evidence that approximately 10% @fpopulation show an enhanced
intrinsic radiosensitivity of normal tissue and berhave a higher risk for developing side-
effects during or after radiotherapy. Moreover, heig cellular radiosensitivity may also
indicate cancer susceptibility. For that reasomnetli®a need for a fast and robust test to assess
individual cellular radiosensitivity. Hence, themaof the second part of the thesis was to find
out whether PBL from prostate cancer patients (Ri€) strong clinical side effects following
radiotherapy show enhanced rates of in vitro razhaihduced DNA damage when compared
to patients without side effects and healthy agdeheal donors. The study included 20
prostate cancer patients without and 20 patienth acute side-effects during and after
radiotherapy, as well as 20 healthy age-matchedrdor-rom each donor, blood samples
were collected, exposed to a radiation dose of3y®r 1 Gy ofy—rays and analysed for the
following biological endpoints: the initial levelf @lsb and the repair kineticy—-H2AX—
assay), apoptosis (Annexin V/Pl-assay) and thectimlu of chromatid—type chromosomal
aberrations (G2—assay). Significant higher chramaberration yield was found in prostate
cancer patients when compared to healthy donorsdiNerences were observed between
both patients groups in any in vitro assay. Clihiediosensitivity in vivo assessed on the
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basis of the EPIC questionnaire correlated withutzel radiosensitivity in vitro assessed on
the basis of chromatid aberration"™@6ut-off value analysis for 50-62 % of prostate a&n
patients.

However, based on the results of all chosen asgysstate cancer patients were identified

as cellular sensitive, whereof 4 of them were alsocally sensitive.
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|. Introduction

1.1 Short introduction to the history of radiation

Since over 100 years big efforts have been undamtédk understand the influence of ionising
radiation (IR) on biological tissue. Under certaimcumstances a person or even entire
populations might be exposed to radiation and insequence suffer from the acquired
damage. Nuclear bombings of Hiroshima and Nagdsak®45 during the ¥ world war are
the best known examples for nuclear warfare. Nudleactors accidents (e.g. Three Mile
Island in 1979, Chernobyl in 1986) affected staféan-up workers and the residents of the
region close to the place of accident as well asdHiving many hundred kilometres away.
The natural sources of IR such as cosmic radiatioradiation present in the earth’s crust
(e.g. radon, radium, uranium from the natural radiive series) contribute to the natural
exposure of the population. An approximately equuadtribution is due to exposure because
of medical diagnostics and therapy. Cancer treatrtika radiotherapy enables killing of
tumour cells but is also responsible for the damafyéghe surrounding healthy tissue of
patients.

The discovery of ionising radiation by Wilhelm CadrRontgen in 1895 and of radioactivity
by Henri Becquerel in 1896, further work of Mari&l@lowska-Curie, Pierre Curie, and
many other scientists resulted in a huge enthusasirhopeful expectations at the beginning
of the 2¢" century. Wearing watches painted using radioactiements, radium baths,
radium bread and candies, drinking of water thataioed radioactive elements enjoyed great
popularity.

Thereafter, many cases of suspicious illnesses ramtuduring manufacturing of these
watches and when radon bath, radioactive creamsvete used. Those events brought home
to public opinion that ionising radiation might dangerous when used improperly and that is
why there was a need to investigate precisely ghisnomenon. The other reason to
concentrate the efforts towards understanding #tare of ionising radiation, especially its
interaction with tissue is common use of ionisiags in therapy of cancers as well as for the

purpose of the biological dosimetry.
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1.2 Radiation

The term “radiation” describes a flux of energy time form of electromagnetic waves
(photons or light) or subatomic particles. The ggeof the electromagnetic waves and

particles determines the effects of radiation agaarsms and cells.

The energy deposited in non-ionising radiation as mgh enough to overcome the binding

energy that keeps electrons in their orbital shetisthat no ions are produced. lonising
radiation (IR), on the contrary, contains energghhenough to create electrically charged
particles (ions). The rate at which the energy epasited along the track of radiation

classifies the various types of IR into high- ovdoET (LET = linear energy transfer).

High LET radiation, such as protons, neutrons @particles produce dense ionisation tracks.
These kinds of high-LET ionising radiation possdgferent amount of energy, mass and

speed. As example;particles and protons have a larger mass but arlspeed and deposit a

large amount of energy over a short distance. posipe, neutrons, which are uncharged, are
highly penetrant (Hall 2000).

Low-LET ionising radiation consisting of X-rays anegrays produce sparsely ionisation

tracks. Those types of ionising radiation are &fésctive at creating ions but penetrate deeply
into tissues.

lonising radiation, such as X-rays, electrons anotgms are used during radiotherapy of

tumours.

The energy deposited by the radiation in a unitsxedgnatter is called the absorbed dose of
IR and measured in Gray (Gy), whereof 1 Gy = 1 &ilg. Due to the difference in the
density of ionisation tracks between high- and Id&F the term “equivalent dose” was
introduced and measured in Sievert (Sv). In casewfLET radiation (e.g. X-raysy-rays)

1 Gy = 1 Sv, whereas in case of densely (high-LEa@)ation the situation is more complex.
For example, for-particles 1 Gy = 20 Sv (Wakeford 2004). In thiedis the peripheral
blood lymphocytes were exposed to low-LET radiat{@nrrays andy-rays). The effective
dose, also measured in Sievert, is used to comparestochastic risk of a non-uniform

exposure of IR with the risks of a uniform exposof¢he whole body.
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1.3 The biological effects of ionising radiation

Exposure to ionising radiation of a biological gystinitiates a cascade of processes that
differ in time and therefore, can be divided inethiphases: physical, chemical and biological
(in accordance with Steel 1993).

The physical phase takes 0“f0seconds and involves the interactions betweengebar
particles and molecules in the exposed tissue.nguhis phase ionisations occur followed by
excitation and emission of an electron and itstejacfrom the orbital shell. This electron
may excites other atoms and thus starts a chaon#ations.

During chemical phase free radicals and damagecdeculds react with other cellular
elements (18° — 100 seconds). Free radicals have an un-paieetreh in the outer shell and
thus, they are highly reactive. They result, amotigers, from the radiolysis of cellular water
and are able to induce DNA damage. In this case [Didmage is due to indirect action of
lonising radiation (see section 1.3.2).

The biological phase begins approximately 1 secater exposure and may extends to the
entire lifespan and subsequent generations. Tlasebonsists of damage recognition and its
repair. When DNA damage is substantial the celly madergo programmed cell death

(apoptosis), whereas improper repair of smalleratpga may lead to mutations (Steel 1993).

Very high doses of ionising radiation on the whdledy are lethal, whereas given as
fractionated doses to a tumour during radiotherapies this treatment very effective.
Biological effects of radiation to tissues/orgam&l an the cell/DNA level are described in
more details in the sections 1.3.1 and 1.3.2.

1.3.1 Radiation effects in tissues and organs: stwastic versus deterministic effects and
acute versus late effects

The effects of IR to normal tissues and organsusally classified into two categories,
depending on the mode of action on the body andirie period considered after exposure.

These categories are referred to as stochastictefied deterministic effects.

Stochastic effects are usually associated with sx@oto low level of IR over a long period
of time (e.g. years). They are not certain to octwt the probability of their occurrence

increases with the dose. The most important of stmthastic effects are cancer and genetic
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defects. For most of stochastic effects, radiat®mot the only known cause and the
determination whether an effect results from raolatexposure or not is generally not
possible (IAEA 2004).

Despite some controversies, the currently accegddition protection principles regarding
stochastic effects are based on the following apsioms:

» There is no threshold level of radiation dose behdvich we can certify that cancer or
genetic effects will certainly not occur.
» The dose response curve is linear for solid cararealdinear quadratic for leukaemias.

» The severity of stochastic effects is not dose-ddpst.

Deterministic effects occur only if the dose isajex than a threshold value, affect all
individuals in the exposed group and usually oafter a shorter period of time (seconds
to tens of days) than stochastic effects. Detestimieffects have two characteristic

features:

» There is a threshold radiation dose, below which teterministic effects are not
observed.
» The severity of deterministic effects are dose-ddpat (IAEA 2004).

Depending on the time, an organism or organ/tissgmsed to IR can express a response as
an early (acute) or as a late reaction to injurywelt as both.

Early side reactions appear during and within 9sddter exposure to IR.

When the body is exposed to IR, the total bioldgéféect of radiation depends on the dose
delivered and the proportion of the body exposetdiation. The changes are mainly seen in
highly proliferating hierarchical tissues such ks sbone marrow and the intestinal track, so
that early effects are represented by inflammatieukopenia, oedema, denudation of
epithelia and haemorrhage.

The response of an organism to acute total bodgiation is described as one of the three

known specific acute radiation syndromes (reviewedall 2000):

» The bone marrow syndrome, which starts 1 h to & ddier exposure to a dose
between 0.7 — 10 Gy, however the mild effects magup after a dose of 0.3 Gy.
The bone marrow syndrome includes the destructioth@ bone marrow stem
cells, resulting in infection and haemorrhage. bimhans the death caused by

haematological damage occurs after about 30 daysjpto 60 days is possible.



. Introduction 7

For this reason in animal models death due to Iboaeow damage described as
term of LDyg/30 (Lethal Dose; a dose causing the death in 50 éxpbdsed subjects
by 30 days). Llsoin humans (a dose causing the death in 50 % of s&o
subjects by 60 days) is between 2.5 — 5 Gy, if ediocal treatment is carried out.

» The gastrointestinal syndrome (Gl), which startsegally within few hours after
exposure to a dose higher than 1 — 2 Gy. In hurtiten& D060 (2 dose necessary
to kill 100 % of the exposed subjects within 60 g)ag applied to measure deaths
due to damage in gastrointestinal track.i4dgo in humans is about 10 Gy.
Medical treatment may postpone somewhat the timdéeath, but cannot prevent
it.

» The cardiovascular/central nervous system syndrstags within minutes after
exposure to a dose higher than about 50 Gy, howsesre symptoms may
develop after 20 Gy. Death follows within 3 dayssulting from collapse of

circulatory system and increased pressure in thérgog cranial vault.

Late side reactions of radiotherapy occur aftegntperiods between 3 months and many
years, sometimes decades of years (cancer) or enoffspring of exposed humans
(genetic/teratogenic effects). They may be caugatidbabsorption of radiation directly in the
target tissue, or as a consequence of acute damage.

These reactions to total body exposure include abtissue damage such as telangiectasia,
atrophy or leukaemia. The induction of a secondiamyour is also observed (Hall 2000).

During radiotherapy of cancer patients usually anlymall area of the body is irradiated and
the total dose delivered as well as the dose petidn is well determined. For example, all
prostate cancer patients participating in the preseidy received a total dose in the range of
70.2 - 72 Gy at 1.8 or 2 Gy per fraction.

Many cancer patients receiving radiotherapy wiNalep very little side effects, but in most
patients the normal tissue will show some degresiadé effects. This varies in type and
amount, depending on the body part, which wasedgdhe area of normal tissue included in
the treatment (Steel 1993), and the individual aselnsitivity. Patients may present different
combinations of both early and late effects. Irs tsiudy only the clinical side effects on the

bladder and the rectum were evaluated in refereéacmdividual radiosensitivity, as the
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bladder and rectum are the most relevant orgamskain prostate cancer radiotherapy (for
details see Materials and Methods, section 2.4.2.2.

Several trials have been undertaken to work oubrapcehensive system for grading and
reporting of normal-tissue reactions to IR aftatiotherapy, such as RTOG/EORTC system,
WHO, French/ltalian- or European systems. Theyedtieer clinically (e.g. RTOG/EORTC)
and/or biologically relevant. The ideal system vabbe relevant for both the clinical aspects
and radiobiology (Steel 1993, chapter 12).

For the purpose of the presented study the climoamal tissue response to IR in prostate
cancer patients was assessed on the basis of iReduestionnaire (the Expanded Prostate
Cancer Index Composite; described in the chaptetefiéds and Methods, see also
Appendix).

1.3.2 Physical and biological effects of IR at theellular level

When cells are exposed to ionising radiation thst finteraction is the excitation and
ionisation of atoms or molecules of the tissue.sTtasults, among other types of DNA
damage, in the induction of DNA double-strand bseédsb), which, if not- or incorrectly

repaired, might lead to lethal chromosomal abemati This can finally cause the loss of
proliferative capacity (Dikomey et al. 2003). A seguence of this is an effect on cell

function or cell death.

Physical effects of ionising radiation are basedvem effects, the direct and the indirect one
mediated by radicals.

When direct action takes place the ionising rayseract with the molecules of the critical

target in the cell such as with DNA and induce sation or excite it through Coulomb

interactions. This may lead to successive eventsgchwproduce biological damage. Direct
actions dominate in case of exposure of biologmaterial to high Linear Energy Transfer

(LET) particles as for example neutrons or heawmgio

Indirect action of radiation arises from the int#ian of DNA with radiation-formed reactive
species. Reactive oxygen species (ROS) are maimipefd following radiolysis of water
resulting, among others, in the formation of higtdgctive hydroxyl radicals QH).

Following low exposure LET most DNA damage is ineldidy hydroxyl radicals rather than
by direct action of IR (Friedberg et al. 1995).
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DNA molecules are considered to be the criticajets for IR in the cell and changes in bases
as a response to oxidative stress after irradiation examined widely (Dizdaroglu and
Karakaya 1999, Evans et al. 2004). More than 2€miht types of base damage were
identified as consequences of oxidative stressechby ionising radiation (Lindahl 1993).
Single strand breaks (ssb) and double strand bréddts) might be induced directly by
ionising radiation or result from a conversion loé hase damage (Cline and Hanawalt 2003).
Cell response to oxidative damage (ROS) consistsewtral steps. First line of defence
includes enzymes such as catalase, superoxide @isepiamino acids, vitamins (e.g A, C, E),
thiols and polyphenols (Slupphaug et al. 2003).ré@afker, enzymes that hydrolise oxidised
dNTPs prevent incorporation of damaged bases ihA.OT'he third action is the repair of ssb
and dsb in DNA by complex mechanisms of DNA repaig. mismatch repair (MMR),
homologous recombination (HR) and non-homologoussjeming (NHEJ; Slupphaug et al.
2003), described more detailed in section 1.7. Masthe induced lesions in wild-type
mammalian cells can be repaired whereas only al $raefion is irreparable. It is commonly
postulated that single-strand breaks (ssb) areratsty repaired while double-strand breaks
(dsb) cause often lethal events (Tounekti et 8@3).9

It has also been observed that the differencedoracy and efficiency of DNA damage repair
influences the cellular radiosensitivity (Bishayatt 2001). Moreover, double-strand breaks
are assumed to be the major cause of the lethadtefon cellular level (Cline and Hanawalt
2003). Tounekti et al. (2001) have demonstrated dioable strand breaks are intrinsically
300 times more cytotoxic when compared to singlenst breaks. Furthermore, un-repaired
dsb generate the induction of apoptosis, causeragment cell cycle arrest or mitotic cell
death. Incorrect repair of double strand breakslead to carcinogenesis and finally dsb are
precursors for the formation of chromosome abemnatiafter exposure to IR (Dikomey et al.
1998).

1.3.3 Radiation-induced genomic instability

The term “radiation-induced genomic instability"fees to the elevated rates of different
genomic changes such as gene mutations, chromostastabilization or an increased level
of apoptosis in the unexposed offspring of irraglilatells (Morgan 2003a and 2003b) and
organisms. The radiation-induced genomic instabilias also observed in un-irradiated cells
that had contact with either irradiated cells atdas produced by these irradiated cells. This
phenomenon is known as “bystander effect” (reviewedorimore et al. 2003).



I. Introduction 10

Increased ROS production and oxidative stress baea suggested as possible mechanisms
responsible for radiation-induced genomic instapil(Clutton et al. 1996). Genomic
instability was found in cancer cells and differgehomic instability syndromes (e.g Ataxia
telangiectasia, Fanconi anemia) are associatedspihific cancer types. Radiation-induced
genomic instability seems to play an important foleadiation-induced carcinogenesis.

In contrast to structural DNA damage, which gengmalay be repaired, gene mutations result
from unrepaired changes in the base sequence of &MNAcannot be recognized after cell
division and are, therefore, transmitted to thegpny of the originally affected cell. The
biological effect of mutations depends on the pladeere they occur. For example, a
mutation of a gene may lead to a decrease in thenalocontrol mechanisms of cell
proliferation and may result in cellular transfotioa (Steel 1993).

Physical and biological effects of IR

Tissue Cell and DNA
Early effects Late effects Direct and indirect Delayed effects
\ { Effects
Inflammation Fibrosis Base damage Genomic instability
Erythema Telangiectasia Single strand breaks Cancer
Leukopenia Atrophy

Mutation induction
Double strand breaks
Cell cycle arrest

Apoptosis

Figure 1.1: The effects of ionising radiation on tissue andutat level (adapted from
Giotopoulos 2008).
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1.4 Radiosensitivity related to radiotherapy

The term “radiosensitivity” means the relative spdility of cells, tissues, organs or
organisms to the damaging effect of ionising radmat(IR). In the cellular response to
ionising radiation different processes are involvedch as generation of free radicals,
apoptosis, inflammation and DNA repair. Nuclear DI¢Athe most susceptible target of IR,
therefore the repair of DNA damage after irradiatiseems to be one major protective
mechanism (Gudkov and Komarova 2003). Hence, naumstin proteins that constitute the
repair pathways are related to genome instability sadiosensitivity. Defects in these
proteins also give rise to many genetic disordeuehsas cancer predisposition,

neurodegeneration, immunodeficiency etc.

Radiotherapy is one of the most effective treatsesft cancer. Therefore, there is great
interest among clinicians in the in vitro detectincellular radiosensitivity as an indicator
for the risk of side effects in normal tissue affertreatment (Brock, Tucker 2000). The aim
of curative radiotherapy is inactivating cancerlsceéb reach tumour control with lowest
damage of the surrounding normal tissue. This igrgortant parameter that serves a better
quality of life for the patients during and aftaedtment. However, despite of many
therapeutic improvements, efficient cancer theiastill limited by side effects occurring in
the normal tissue due to radiotoxicity (section.l).3A number of patients- and treatment-
related factors are known to affect the variabitifyside effects, but more than 70 % of cases
remain unclear (Turesson et al. 1996). Even, whahems are treated using similar
radiotherapy schedules, they differ significantty mormal tissue damage (Bentzen and
Overgaard 1994, Turesson et al. 1996, Russel agd B@02). It is supposed that 5-10 % of
all radiotherapy patients suffer from differentesidffects of normal tissue (Turesson et al.
1996, Andreassen et al. 2002). The identificatibrihose sensitive individuals before the
onset of therapeutic treatment has great importésrcan optimized and therefore individual

radiotherapy and consequently for a patient’sléfegth and its quality.

Approximately 50 % of patients with malignant tumewvill be offered radiotherapy with
curative or palliative intention (Bentzen 2006)adtivation of tumour cells require absorbed
doses of tens of Gray (typically in the range 2®G- Gy). Too low dose may lead to
incomplete treatment, whereas too high dose reguléslverse side effects in normal tissue
surrounding a tumour, so that the highest priantsadiotherapy is to deliver accurate dose to
the tumour (IAEA 2004).
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The most common tumours treated with radiotherapybeeast cancer, prostate cancer, lung
cancer, colorectal cancer, head and neck cangenphbma, and cancer of the larynx. It is
well known, that cells are most susceptible to amalged by IR during the G2-phase of the
cell cycle and mitosis and that most cancer celtidifprate rapidly. Thereby, cancer cells are
more likely to be damaged by radiation becauseethe more cells undergoing division than

in the normal cell population (Steel 1993).

Cellular radiosensitivity is directly proportion&d the rate of cell division and inversely
proportional to the degree of cell differentiatid¢tence, as example, lymphoid organs, bone
marrow and blood are highly radiosensitive, wherdmain and muscle show low

radiosensitivity (Rubin and Casarett 1968).

1.5 Clinical versus cellular radiosensitivity

As mentioned above, efficient radiotherapy of nradigt tumours is limited by the adverse
normal tissue side effects. That is why duringldst few decades great efforts were focused
on the development of in vitro assays to predietriobrmal tissue reactions to IR after tumour
treatment.

Several authors have found an enhanced cellulansewkitivity in the cancer patients that
developed severe clinical side reactions afterothdrapy (Borgmann et al. 2007, Hoeller et
al. 2003, Widel et al. 2001). Lee et al (2003) habserved such a correlation in prostate
cancer patients. In contrast, Lisowska et al. (20061 Wang et al. (2005) have found no
correlation between cellular radiosensitivity ahd tlegree of acute reactions.

The recent advances in both molecular geneticdartogy allow the investigation of clinical
radiosensitivity by predictive assays based on tgeo aspects such as cellular
radiosensitivity or subcellular damage endpointt€s and McKay 2001; see section 1.8).
This would allow a reduction of the total dose patients with high cellular radiosensitivity
and thus alternative options for therapy may beeriakito account. Normal and resistant
patients may be exposed to a higher dose of IR. SBwend option applies especially to
tumour entities for which dose escalation is pdssitor example in case of prostate cancer.
Such an individualization of radiotherapy could noye the whole therapy success rate by
more than 20 % (Bentzen 1997, Tucker et al. 1999).
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1.6 Cancer

The most important of the stochastic radiation affds cancer, whose development is a
complex and multi-stage process usually taking mgars (IAEA 2004). Cancer is one of
the leading causes of death in the world (Karim-lk€bsl. 2008). It is that in the European
Union there will be approximately 1.25 million canaeaths until 2015, which means almost
130 000 (11 %) more deaths than in 2000. The iseréa the predicted number of cancer
deaths in 2015 is proportionally greater in mal&3 ¢) than in females (10 %) and also
larger in the acceding countries than in the curigdh member countries. The highest number
of cancer deaths in the current EU member countvi#gprobably occur in 2015 in France
and Germany, the Netherlands, Spain and Polanch{Catial. 2003).

Over 200 different types of cancer are known, hetrmost common besides skin cancer are
breast, lung, large bowel (colorectal) and prostatecer. These four cancer types account for
over half of all diagnosed cases. Cancer affectslynalder people, whereof about 64 % of
cases diagnosed are 65 years old and older (wweeoasearch.org).

Cancer is a complex disease and carcinogenesisdthwersion of a normal cell into a cancer
cell) is a complex multi-step process during whadinormal gene expression due to several
mechanisms, such as DNA damage and abnormal gensctiption or translation occurs
(Sarasin 2003). The causes of cancer in many easawot clearly defined, however it is very
well known, that both external (radiation and eammental chemicals; Montesano and Hall
2001) and internal factors (immune system defectggenetic predisposition; Peto and
Houlston 2001) usually play an important role im@er initiation. As example, known genes
associated with hereditary cancer include the aherBRCA1l and BRCAZ2 genes that
increase breast cancer risk and the HNPCC gene ishdinked with colon cancer

(www.cancerresearch.org).

1.6.1 Prostate cancer

Among cancers, the most commonly diagnosed in si@nastate cancer (PC). It is estimated
that one of six men will be diagnosed with thisaarentity over the course of a lifetime. In
spite of many risk factors, which have been suggke$br prostate cancer, the data are
inconsistent (Nomura 1991 and Ross 1996). Over Gif #ases are diagnosed in men older
than 65 years and about 25 % in men older thaned@ssy which categorizes PC as old men
disease. Prostate cancer ranges from a slow-gro{idglent) to a highly aggressive form
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(Fitzpatrick 2008). The risk of PC grows almostelnly with age, from 0.005 % in men

younger than 39 years to 2.2 % in men at age rgriiggtween 40-50 years. In man at age 60-
79 years the risk of being diagnosed with PC egualteost 14 % (Stangelberger 2008).

The prostate cancer cells may spread from the gieo$d other parts of the body, mostly to
the bones and lymph nodes. Prostate cancer mag paus problems in urinating and during
sexual intercourse, or erectile dysfunction (wwwiger.gov).

The common use of prostate-specific antigen (PSA9 screening test remains controversial.
There is no agreement that measurement of PSA kaseh predictive value for the risk of
prostate cancer (Herman et al. 2009). Its inhefack of specificity has led to several
unnecessary biopsies (Lin et al. 2008). Also tHecézeness of digital rectal examination
(DRE) for PC screening is not well established @uil2008).

All prostate cancer patients chosen for this stedffered from low-stage (T1-3NOMO)
prostate carcinoma. Moreover, two further factarshsas age and gender are also in this case
homogeneous. It is especially important in viewhs fact that both factors age and gender
are often revealed as affecting the level of DNAndge (Papworth et al. 2001, Mendoza-
Nunez et al. 2001).

1.6.2 Susceptibility to cancer

Approximately 80 % of most common cancers are ghord0-15 % of cases are the result of
mutations in one or more low penetrance genesiaictiens between gene and environment
or both and 5-10 % are inherited and arise dueigbhjh penetrant mutations (Nagy et al.

2004). The majority of the discovered genes prexdigy to cancer are highly penetrant, but
also occur too rarely to be responsible for thauatidn of more than few percent of most
cancer types (Nagy et al. 2004). The second irttegesbservation is the varying penetrance
of the genes. For example in many cases of breasiec the genes BRCAL1 and BRCA2
which are highly predisposing in heterozygotesiavelved. Whereas the ATM gene, which

causes Ataxia telangiectasia (AT), is only mildgnptrant in obligate heterozygotes. The full
gene penetrance appears only in the homozygota#t €hal. 1986).

Now it is well known that a high proportion of cans arise due to genetic susceptibility. One
maintains, however, that the relevant genes arekavetrant and hence, do not cause large

multiple families cancer cases.
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1.6.3 Detecting cancer susceptibility

Over 30 years ago Taylor et al. (1975) observedssociation between cancer predisposition
and the in vitro hypersensitivity of human fibraftle to ionising radiation. Indeed, the
elevated chromosomal radiosensitivity has been doturther in cancer patients when

compared to healthy donors (e.g. Scott et al. 1B88assi et al. 2000, Lisowska et al. 2006).

The identification of individuals with cancer suptibility (cancer-prone) would allow early
detection and effective treatment.
Therefore, this study was undertaken to assesprémdictive value of the chosen in vitro
assays for cancer predisposition.

Identification of genes responsible for cancer spsbility causes often trouble because of
their low penetrance, gene combination and gene@maent interactions. The only reliable
and successful known mechanism for identifying lpanetrance genes is the analysis of
polymorphisms at candidate loci. The effect of spotymorphisms in combination with each
other and also with environmental risk can be adgessed when very large collectives of
donors were investigated. Taken this into accouist @bvious that alternative methods must
be found.

Recently, micro-array technology was developed gladly used. This technique allows the
screening of the expression level of various geaesdifferent times and thus the
transcriptional activity of certain regulatory genas a characteristic of tumours can be
assessed. Finally, mutations in potential low pamee genes can be found. Other analytical
tools, based on chromosome aberrations such asomo@eus assay, FISH assay
(fluorescence in situ hybridisation), comet assgypptosis assay-H2AX assay etc. are

investigated as potential tools for prediction ahcer susceptibility.

By use of a selection of the above mentioned assaysvanted to find out, whether the
prostate cancer patients in this study show anatdevlevel of radiation-induced DNA

damage in their lymphocytes, when compared to imgadibnors.
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1.7 Molecular aspects of individual radiosensitivig

There are a number of classification systems cheniamg the extent of side reactions in
radiotherapy patients (e.g. Wei et al. 2000, Hoateal. 2003). The results from a clonogenic
assay are presented in values of survival fradi#) and parametessandp describing the
survival curve. Measurement of DNA repair kinetassd the amount of repaired damage at
certain analysed time points after exposure arpasgd to give also some information about
the possible development of side effects (MlllealeR001, Borgmann et al. 2002).

Mutations in genes, which are involved in DNA repaathways often lead to an increase in
radiosensitivity (Bishay et al. 2001). The firssasiation between a defect in DNA repair,
radiosensitivity and cancer was published by Cle&¥868) who observed that Xeroderma
pigmentosum (XP) patients have a genetic defetttarability to repair DNA damage caused
by ultraviolet (UV) light. Lately is has been showrat also several other common hereditary
forms of cancer are associated with DNA repair cdsfand radiosensitivity (Bourguignon

et al. 2005). These disorders result mostly fromtathons in genes attending in DNA
signalling or repair pathways, cell cycle and taimtion. The described situations occur in
Fanconi anaemia (Duckworth-Rysiecki and Taylor 19&oom’s syndrome (Wang et al.
200), Nijmegen breakage syndrome (Demuth and Dig\2€@7) etc.

In the repair of dsb, which are regarded as thet mratical type of radiation-induced DNA
damage (Tounekti et al. 2001), two main repair raa@ms are involved — homologous
recombination (HR) and non-homologous end-joinikglEJ; Smith et al. 2001).

Homologous recombination (HR) uses as a templaté&dmologous sister chromatid and acts
post-replication during the late S/G2 — phase, eaemMNHEJ “works” in Gl/early S — phase
(Rothkamm et al. 2003). Both HR and NHEJ play aliobles in the repair of lesions that
arise in certain tissue types. The mutation of egitiof these pathways can lead to
developmental defects and finally embryonic deatbrease of cancer induction as well as
defects in neurogenesis (Tsuzuki et al. 1996). Nkgkess, there are examples in which the
knockout of a certain gene does not lead to a turdeuvelopment, as demonstrated by mice
with knocked out Rad52 and Rad54 genes codingipsotevolved in HR (Smith et al. 2001).
Cell lines that are defective in any of the NHEd&geshowed also a high sensitivity to IR and
have significant deficiencies in DNA dsb repair (R@amm et al. 2003). There are some
defects in repair pathways which do not act digectin DNA repair, but cause
radiosensitization, such as telomere shorteniggasitransduction, transcription or regulation
of cell cycle and cell death. For example, highegreation level and elevated apoptosis rate
was found in mTR mice (G5 mTR mice; mice lacking the RNA component of telomerase)
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when compared to wild-type controls. In fifth gestésn mTR™ mice telomeres are 40 %

shorter than in wild-type mice (Goytisolo et al0P0.

1.8 Measurement of cellular sensitivity in vitro

The concept developed since over 40 years agdiNat damage is one of the crutial initial
events for the development of radiation sensitivitgs the reason why great efforts were
undertaken to measure DNA damage and repair.
It is well known, that different biological featwesuch as repair capacity, induction of
chromosomal aberrations as well as biological emdposuch as apoptosis and cell survival
are affected by individual radiosensitivity. Theistig experimental endpoints include
measurement of:
» apoptosis (programmed cell death)
» induction of cellular death (loss of metabolic aityi)
» cytogenetic changes such as micronuclei, chromdsdmamatid aberrations and
chromosomal instability
» clonogenic survival
» initial and residual DNA damage and repair capaagyng y-H2AX assay, comet
assay or pulsed field gel electrophoresis (PFGE)
(Bourguignon et al. 2005, Joubert et al. 2008)

In the present thesis the G2 assay, apoptosis asshyH2AX foci assay were chosen to
analyse the chromatid-type aberration yield, apsipt@te as well as foci induction and repair
in peripheral blood lymphocytes from prostate cangatients and age-matched healthy
donors.

As the G2 assay was used in several studies (eoit & al. 1994, 1996, 1999, Terzoudi et al.
2000, Lisowska 2006 etc.) and investigated in lyogytes of many cancer patients and
healthy donors, the results of chromatid-type attierms were regarded in the thesis as point

of reference.
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1.9 The impact of temperature on radiation-inducedytogenetic damage

The common application of ionising radiation sosréer agricultural, military or medical
goals in normal life increases the risk for ovesyre of people. In case of accidental
exposure the estimation of the absorbed dose andnfluence on cellular damage is
necessary.

The level of cytogenetic damage induced by ionigi@gjation under in vitro conditions in
human peripheral blood lymphocytes (PBL) is analy$er the purpose of establishing
calibration curves used in biological dosimetry &mdassessing the intrinsic radiosensitivity
of the blood donor (International Atomic Energy ehgy [IAEA] 2001, Lisowska et al.
2006). It indicates that blood exposure in vitrowd be conducted under strictly controlled
physical conditions to obtain a high reproduciilitf the dose. Temperature control during
irradiation in vitro is a factor that often is negled. However, it has been announced that
temperature has influence on radiation-induced rabsmme aberrations (e.g Bajerska and
Liniecki 1969, Gumrich, Virsik-Peuckert and Hardg386, Claesson et al. 2007). Mostly a
sparing effect of low temperature during exposumettte level of cytogenetic damage was
observed (Bajerska and Liniecki 1986, Gumrich et1#86). Contrary, there are results
showing no influence of temperature on DNA damafjejéwodzka et al. 1996).

In the first part of this study the influence ofmjgerature on radiation-induced DNA damage
was investigated to find out, whether the tempeeatwndition during irradiation is a factor

which should be strictly controlled for the purpadénigh reproducibility of the results.

1.10 Thesis aims

The goals of this thesis were
In part T Influence of temperature during irradiation oe tevel of DNA damage.
= To find out, whether different temperature condialuring irradiation of peripheral
blood lymphocytes have an influence on the radmaithmluced level of chromosomal

damage.

» To check, whether the cytogenetic temperature eifieperipheral blood lymphocytes

is related to the direct or indirect action of iain.
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In part 2 Comparison of individual radiosensitivity of peneral blood lymphocytes from

prostate cancer patients and healthy donors.

To compare individual cellular radiosensitivity Wween prostate cancer patients with
and without clinical side effects after radiothegragnd age-matched male healthy
donors to find out, whether the level of DNA damagay be associated with cancer
susceptibility.

To find out whether one or more of the chosen asgaght be appropriate to predict

the risk for side effects after radiotherapy ofgtade cancer patients.
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[l. Materials and methods

Part 1: Influence of temperature during irradiation on the level of DNA

damage.

2.1.1 Materials

2.1.1.1 Equipment

Centrifuge, MPW Med. Instruments, Poland

Cell incubator, NuAire, USA

Electrophoresis chamber, own construction

Eppendorf cups, Eppendorf, Germany

Fluorescence microscope, Nikon Labophot-2, Tokgpad

Irradiation source:*’Cs Gammacell 40, Fa. Atomic Energy, Canada
Irradiation source, X-ray machine, Andreassen, @bpgen, Denmark
Light microscope, Nikon, Poland

Water bath, MPW Med. Instruments, Poland

Zeiss Fluorescence Microscope Axioplan 2 Imagiray] Ceiss, Germany

2.1.1.2 Consumable materials and chemicals

Acetic acid, Sigma, Poland

Agarose Type VII (low melting point), Sigma, Poland
Agarose Type IA (regular agarose), Sigma, Poland
Cytochalasin B, Sigma, Poland

DAPI (4'.6-diamidino-2-phenylindole), Sigma, Poland
DMSO (dimethyl sulphoxide), Gibco, Poland

EDTA, Sigma, Poland

Falcon tubes, Sarstedt, Poland

Gradisol, Sigma, Poland

Sodium acetate, Sigma, Poland

Tris base (Tris(hydroxymethyl)aminomethane), SigRaand
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Tris-HCI (Tris Hydrochloride), Sigma, Poland
Trypan Blue, Sigma, Poland

Microscope slides, Marienfeld, Germany

RPMI 1640 medium, Sigma, Poland

Fetal calf serum, Gibco, Poland

GiemsaSigma, Poland

Methanol, Sigma, Poland

N-lauroylsarcosine, Fluka, Germany

PBS, Sigma, Poland

Sodium ethylenediaminetetraacetic §SBTA), Sigma, Germany
Tubes for blood culture, Greiner Bio-One, Germany
Sodium chloride (NaCl), Fluka, Germany
Phytohaemagglutinin (PHA), Gibco, Poland
Penicillin/Streptomycin, Gibco, Poland

Triton X-100, Sigma, Poland

2.1.1.3 Buffers and solutions

Micronucleus assay Alkaline comet assay Neutral comet assay
Fix solution I: Lysis buffer, pH 10 Lysis buffer, pH 9.5:
methanol 2.5 M NaCl 2.5 M NaCl
0.9 % NaCl 100 mM NaeEDTA 100 mM EDTA
acetic acid 10 mM Tris base 10 mM Tris-HCI
at a ratio of 12:13:3 1 % Triton X-100 1 % N-lauroylsarcosine
0.5 % Triton X-100
10 % DMSO
Fix solution II: Electrophoresis buffer, Electrophoresis buffer:
methanol pH 13: 300 mM sodium acetate
acetic acid 1 mM NaEDTA 100 mM Tris HCI, pH 8.3
at a ratio of 4:1 300 mM NaOH
Neutralising buffer: Neutralising buffer:
0.4 M Tris, pH 7.5 0.4 M Tris, pH 7.5

21
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2.1.1.4 Software

Comet v.3.0 Kinetic Imaging, Liverpool, UK

Metafer4, version 3.4, MetaSystems, Germany

2.1.2 Methods

2.1.2.1 Collection of blood samples

Peripheral blood lymphocytes were collected by wsnguncture from two male non-
smokers, age 26 and 46 years and two female ocedsimokers of the same age.

For micronucleus assay and alkaline comet assayewdiood or isolated lymphocytes were
irradiated and set up for cultures. In all neut@inet assay experiments isolated lymphocytes

were used, which resulted in a better quality ohets.

2.1.2.2 Isolation of lymphocytes from whole blood

Peripheral blood lymphocytes (PBL) were isolateddbysity gradient centrifugation using a
lymphocyte separation medium (Gradisol). 15 ml whiolood from each donor was diluted
with 15 ml of pre-warmed RPMI 1640 medium. 15 micofd Gradisol was added to two 50
ml falcon tubes and 15 ml of diluted donors’s blaeas carefully poured onto the Gradisol
solution. The tubes were centrifuged 0.5 h at 4@0ax room temperature (RT) and after that,
4 layers were distinguishable. The lymphocytes wer/ested from the thin white layer,
mixed with 30 ml warm RPMI 1640 and finally centigied 20 min at 300 x g at RT. The
supernatant was carefully removed and the pellet washed 2-3 times by resuspension in
RPMI 1640, centrifugation as described above andllfi the supernatant was discarded.
Immediately after the last washing step the cdlep#as resuspended in 1 ml of RPMI 1640

and the cell number was counted using trypan blue.

2.1.2.3 Exposure conditions

Whole blood or isolated lymphocytes were alwayguadied into Eppendorf cups, which were
placed in 150 ml plastic cups, filled with watei3aC and 0-4°C (crushed, melting ice). Two
cups were incubated at 37°C and further two at@44t 20 min before and during exposure.
For each temperature condition one sample was takencontrol and the other exposed to 2
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Gy X-rays (dose rate 0.5 Gy/min) for micronuclessay and alkaline comet assay. For the
neutral comet assay, cells were irradiated witlosedof 20 Gy-rays at a dose rate of 0.74
Gy/min.

2.1.2.4 Micronucleus assay

Directly after irradiation lymphocyte cultures weset up by adding either 0.5 ml of whole
blood (donors 1, 2 and 3) or isolated lymphocy&o(t 1.5 x 18 donor 1) to 4.5 ml of pre-
warmed RPMI 1640 medium, supplemented with 20% f=H serum, 10 pg/ml PHA, 100
U/ml penicillin and 100 pg/ml streptomycin. Lymplytes were then incubated at 37°C in a
humidified atmosphere and 5 % €@tfter 44 h cytochalasin B at a final concentrat®6
png/ml was added to block cytokinesis of the cdfisllowing 72 h of culture time the cells
were harvested and fixed according to the protafoFenech (2000). The cultures were
centrifuged for 15 min at 900 rpm, then the sup@amawas carefully removed and after
resuspension of the pellet 7 ml of 0.14 M KCI wekswvy added to the cells. During addition
of the hypotonic solution the tubes were vortexedgét a single cell suspension. The
hypotonic treatment for 5 minutes at RT inducesstivelling of the lymphocytes which is an
important precondition for the bursting of the celembrane during dropping the cells on
slides.

Following hypotonic treatment the samples were rdeigied at 900 rpm for 15 minutes and
after removing of supernatant, 7 ml of fresh fixuson (I) was added. The cells were then
centrifuged as described above. The pellet was @a8K3 times with fresh fix solution (11),
each time removing the supernatant, vortexing auing fresh fixative. The cells were kept
one or few days at 4°C. Directly before slide prapan the suspension was centrifuged

again as above and the cell pellet was resuspanded@ ml of fresh fix solution (II).

2.1.2.4.1 Slide preparation and scoring criteria

The cells were dropped (from a height of approxetya# cm) on clean slides and allowed to
air-dry over night at RT. Slides were stained wbtBo Giemsa for 7-10 minutes and dried
over night. Slides were coded and scored at 40@nifieation using a light microscope. For
each experimental dose point 1000-2000 binucleestid (BNC) were taken into account
with exception of few cultures incubated shortlyhaioxic DMSO. Micronuclei were scored

in agreement to the criteria published by Fene®oQ2



Il. Materials and methods 24

2.1.2.4.2 Treatment with DMSO

For the experiments with DMSO isolated lymphocytese used. Use of whole blood was
unpractical because of the haemolytic propertiesDMSO. DMSO was added to the
lymphocyte cultures 5 min before exposure (finahaatration 0.5 M) and removed by
centrifugation for 5 min at 1100 rpm directly afexposure. The set up of the cultures for

micronucleus assay was performed as described above

2.1.2.4.3 Statistical analysis of micronucleus assa

Chi-square test for Poisson-distributed events {$at984) was used to compare the
frequencies of micronuclei exposed at different gematures. Dispersion index (DI) was
calculated for micronuclei by dividing the varianmgthe mean value. The u test (Edwards et
al. 1979) was used to assess a significance ofatiewifrom a Poisson distribution. The
paired, two sided Student’s t-test was used to ementhe mean values of micronuclei per
treatment (P < 0.05). The proliferation capacity tbé lymphocytes was estimated by

calculating the replication index (RI) accordinghe formula:

Rl = Mono + Bi2 + Tri3 + Tetra(+)4/ N,

where: Mono, Bi, Tri and Tetra(+) indicate cellsthyirespectively 1, 2, 3, 4 or more nuclei,

and N is the number of scored cells.

2.1.2.5 Alkaline comet assay

The level of DNA damage was determined using tkeli@le version of the comet assay in
accordance with Wojewodzka et al. (1998). For eagheriment four Eppendorf cups with
0.5 ml blood were prepared. Two of them were intedbat 37°C and two at 0-4°C each for
20 min before and during irradiation. One sampleulrated at 37°C and one at 0°C
(described as 37°C 2 Gy and 0°C 2 Gy) were irradiaNot irradiated controls were

described as 37°C 0 Gy and 0°C 0 Gy. Following sxp®, about 50 ul of whole blood was
mixed with 0.5 ml RPMI 1640 (donors 2, 3 and 4)efdafter, 200 pl of suspension was
mixed with the equal volume of warm (~ 37°C) low liimg point agarose at a final

concentration of 1 %. Finally 100 pl of this susgien was coated carefully on a microscope
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slide and covered with a cover slip. Glass slidesewprepared in advance by precoating with
0.5 % standard agarose diluted in deionised waigidaed over night.

The slides were then left for few minutes on ice.nfinimize the influence of DNA repair
after irradiation the following order for samplenliéing was practised: 37°C 2 Gy, 0°C 2 Gy,
37°C 0 Gy and 0°C 0 Gy. After solidification of thgarose, slides were incubated in 50 ml of
freshly prepared, cold lysis buffer to release dgedaDNA. After 1 h, the slides were washed
twice in PBS and placed on a horizontal gel elgdtovesis chamber filled with fresh, cold
electrophoresis buffer. The slides were incubateithis buffer for 40 minutes at 4°C to allow
DNA unwinding. Electrophoresis was performed fd B.at 4°C and a power supply setting
of 2 V/cm. Thereatfter the slides were washed tlirees with cold neutralization buffer for 3-
5 minutes, stained with 1 uM DAPI and kept in thdde over night. After staining at least 50
randomly selected comets per slide were captur@@@k magnification using a fluorescence
microscope. Digital images were acquired usingGoenet v.3.0 Kinetic Imaging software.
The Olive Tail Moment (OTM) was selected for funtlamalysis.

2.1.2.6 Neutral comet assay

The comet assay in neutral version was performetkasribed by Wojewodzka et al. (2002)
with some modification.

Directly after irradiation all samples were put i@e to minimise DNA damage repair and
immediately transported to the laboratory (aboutniifiutes). The cell suspension (4 x°10
cells/ml) was mixed with the equal volume of prerwad (37°C) low melting point agarose at
a final concentration of 0.75 %. Thereafter, 10@fu$uspension was coated on a microscope
slide precoated with a thin layer of 0.5 % standagdrose, covered with a cover slip and kept
for 5 min on ice to allow solidification of the agae. After removing the cover slips, the
slides were left at 4°C in the dark for 1-2 h isigybuffer. After lysis the slides were washed
three times for 1-2 min with electrophoresis butiad left in a horizontal gel electrophoresis
chamber filled with cold electrophoresis buffer fbrh in the dark for DNA relaxing. The
electrophoresis was performed for 1 h at 14 V Y0@&n, 4°C). Then, slides were washed three
times for 3-5 min with 0.4 M Tris, pH 7.5, staineath DAPI (1 pg/ml) and kept in a fridge
over night.

The next day slides were analysed. Images from0&®0réandomly selected comets per slide
were automatically captured at 200 x magnificating the fluorescence microscope and

the Metafer4 software. The Olive Tail Moment walested for further analysis.
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2.1.2.7 Comet analysis

The Olive Tail Moment is defined as the productled tail length and the fraction of total
DNA in the tail. The Tail Moment allows the measuent of the smallest detectable size of
migrating DNA (reflected in the comet tail lengtim)d the number of relaxed / broken pieces,

represented by the fluorescence intensity of théi\the tail.

2.1.2.8 Statistical analysis

The average values of the tail moment were estoifare4 donors in the alkaline version and
for 3 donors in the neutral version of the comsagsat each dose and temperature.
The paired, two sided Student’s t-test was usemnopare the mean values of the Tail

Moment per treatment and p < 0.05 was consideggfisiant.

Part 2: Comparison of individual radiosensitivity of peripheral blood

lymphocytes from prostate cancer patients and hediy donors.

2.2.1 Materials

2.2.1.1 Equipment

Casy Counter TTC, Scharfe System, Germany

Centrifuge Multifuge 1s-r, Heraeus, Germany

Centrifuge 5415R, Eppendorf, Germany

Cytospin centrifuge Rotofix 32A, Hettich, Germany

Cell Incubator MCO-20 AIC, Sanyo, Japan

Irradiation source-*’Cs Gammacell 40, Fa. Atomic Energy, Canada
Flow cytometer FACSCanto TMBD Biosciences, Germany
Spectrafuge mini C1301, Labnet International, USA

Waterbath SW22, Julabo, Germany

Vortex FB15013 TopMix, Fisher Scientific, Germany

Axioplan 2 Imaging Microscope, Zeiss, Germany
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2.2.1.2 Consumables and chemicals

AccuMax, PAA, Austria

Acetic acid, Merck, Germany

Albumin from bovine serum (BSA), Sigma, Germany
Colcemid, PAA, Austria

Culture flasks (25 cf), TPP, Switzerland

Culture tubes (4.5 ml), Greiner Bio-One, Germany

Ethanol, Merck, Germany

Falcon tubes (50 ml), Sarstedt, Germany

Fetal calf serum, Biochrom, Germany

Fetal calf serum Gold, PAA, Austria

Filter cards, Hettich Zentrifugen, Germany

Formaldehyde, Fluka, Germany

Giemsa, Merck, Germany

Goat serum, PAA, Austria

Potassium chloride (KCI), VWR, Germany

Lymphocytes Separation Medium, PAA, Austria

Methanol, Merck, Germany

Microscope cover slips, VWR, Germany

Microscope slides, VWR, Germany

Microscope slides Superfrost® Plus, Thermo Scient$ermany
PBS(phosphate buffered saline without Mand C3), PAA, Austria
Penicillin/ Streptomycin, PAA, Austria

PHA (phytohaemagglutinin), PAA, Austria

Pipette tips (2.5 pl, 10 ul, 20 ul, 100 pl, 1000 Epbpendorf, Germany
Prolong®Gold antifade reagent with DAPI, Invitrog&iSA
RPMI 1640 with 2 mM stable glutamine, PAA, Austria

Triton X-100, Sigma, Germany

Tubes (1.5 ml, 2 ml), Eppendorf, Germany

S-Monovette for blood transport, 10 ml, NH4, Saist&ermany
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2.2.1.3 Kits

Annexin V- FITC Apoptosis Detection Kit, BD Biosciees, Germany

2.2.1.4 Buffers and solutions

y-H2AX assay

1.5 % formaldehyde TBP buffer
2 ml 37.5 % formaldehyde 0.2 ml Triton
48 ml PBS 1g BSA
100 ml PBS
0.25 % Triton FACS buffer
0.25 ml Triton X-100 10 ml FCS
100 ml PBS 90 ml PBS

5 % goat serum

2 ml goat serum
38 ml PBS

2.2.1.5 Antibodies

y-H2AX assay

Primary antibody: Anti-phospho-histone H2A.X (se9)}Xlone JBW301, Maus, Upstate,
USA

Secondary antibody: Alexa Fluor 488 goat anti- nedgss, Invitrogen
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2.2.1.6 Software

Metafer4, version 3.4, MetaSystem, Germany

FACSDiva, BD Biosciences, Germany

2.2.2 Methods

2.2.2.1 Sample collection

Blood samples from prostate cancer patients, ak agefrom healthy age-matched donors
were collected between September 2007 and May 2808lood samples were collected in
9 ml tubesand transportedo Forschungszentrum Julich GmbH in a polystyreor for

ambient temperature as well as to avoid breakagagltransport (~1 hour). Then peripheral

blood lymphocytes were immediately isolated and3@rassay blood cultures were prepared.

2.2.2.2 Donors

2.2.2.2.1 Prostate cancer patients

The study was based on patients with localized N@M30 prostate carcinoma, who were
treated with three-dimensional conformal radiotpgrim between the years 2005 and 2006 at
the Department of Radiation Oncology, RWTH Aachenversity, Germany.

The average patient age was 74 years, ranging6foto 84 years. The therapy was based on
performing computer tomography (CP) scans in supiostion with a slice thickness of 5
mm. Patients were asked to have a full bladder battre making a CT scan and receiving
the radiotherapy fraction. In all scans prostatewe, planning target volume (PTV), bladder
and rectum were delineated by identifying the exkrcontours. The treatment plans were
calculated with the use of a four-field box techuagwith 15 MeV photons and a multileaf
collimator. All patients have received a total doséhe range of 70.2 - 72 Gy at 1.8 or 2.0 Gy
daily fractions. All patients have been surveyedspectively before (time A), at the last day
(time B), two months (median, range 6 weeks-6 m®n#fter (time C) and sixteen months
(median, range 12-20 months) after (time D) racicdpy with the use of a validated
questionnaire, the Expanded Prostate Cancer IndexpGsite (EPIC) (Wei et al 2000; Volz-
Sidiropoulou et al. 2008). Acute toxicity was assekat times B and C, whereas late toxicity
at time D. The EPIC form consists of 50 questiagarding the urinary, bowel, sexual and

hormonal condition. In this study only the clinicadle effects on the bladder and the rectum
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were evaluated in reference to individual radiogmity. The multi-item scale scores were
transformed lineary to a 0-100 scale. The highersitores the worse is health-related quality
of life (QoL). In agreement with the literature damean scores below 5 points was
characterised as clinically not significant, 5-Iiints was described as “little” changes, 10-20
points corresponded to “moderate” changes and 80epoints represented “very much”
changes (Ososba et al. 1998, Pinkawa et al. 2008).

Because the most critical organs at risk in prestancer radiotherapy are bladder and
rectum, urinary and/or bowel quality of life (Qothanges were a very important criterion
connected with/without side effects after radio#ipgr. Patients with severe, side effects were
defined as having at least one, but preferably marery or bowel bother score changes in
comparison to the baseline level: >40 points aetBn >20 points at time C or >10 points at
time D — corresponding to those 25% of patientshwite most severe reactions at the
respective point in time, if the results of allipats are considered. Patients without relevant
reactions were defined as patients with urinanpawel bother score decreases below the
mentioned cut-off levels at all times, but preféyaddways <10 points.

Additionally the patients provided the informati@oencerning smoking, chronic illnesses,
taking medicine, diet and allergy (see Table 2.1).

The information about prostate cancer patients wbtained from Professor Michael Eble
and Doctor Michael Pinkawa from the Department afiidation Oncology, RWTH Aachen
University in Germany.

Blood samples were obtained from 50 prostate capatents after radiotherapy, 25 of them
showed strong clinical side effects after radiadipgrand 25 showed no side reactions. By the
G2 assay 44 patients were tested, 22 with and 2Routi severe clinical reactions after
radiotherapy. The apoptosis/necrosis assay wasrpeetl for 41 patients, thereof 20 with and
21 without reactions. In the-H2AX assay, measuring the mean fluorescence inyehg
FACS, 45 patients were analysed, thereof 23 with 2&h without severe side reactions after
radiotherapy. Thg-H2AX foci were scored for 44 patients, where 2bwéd side reactions

and 23 had no reactions after radiotherapy.

2.2.2.2.2 Healthy donors

Additionally blood samples from 23 age-matched ntaalthy donors were collected. The
mean age of all healthy volunteers was 67 yeargimgnfrom 47 to 85 years. All healthy
volunteers filled a questionnaire comprising quesi about smoking, chronic illnesses,
taking medicines, diet and allergy (Table 2.1).
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Table 2.1: Characteristic of prostate cancer patients antihyedonors.

31

Number of donors
Patients with Patients without Healthy donors
side effects (S) side effects (0) (HD)
No smokers 20 23 18
Passive smokers - - 1
Smokers 5 2 4
Previous illness (-es):

Yes 3 3 16

No 22 22 6

No information - - 1

Taking of drugs:

Yes 23 24 18

No 2 1 4

No information - - 1

Allergy:

Yes 3

No - - 19

No information 1

Weight:

Normal weight 13
Underweight - - 2
Overweight 8

All patients and healthy volunteers agreed withtdst personal information sheet about the
experiments and with the regulations concerning tla¢a privacy protection. Ethical
permission was obtained for the study (EK 130/08)He ethics committee of the medical

faculty, university clinics of RWTH Aachen, Germany

2.2.2.3 The G2 assay

The G2 assay detects chromatid-type chromosomeadibas, mainly chromatid breaks and
gaps occurring after irradiation of the cells dgrithe G2 phase of the cell cycle. The G2
assay was performed according to a modified versidhe method of Scott et al. (1999).

The samples were cultured within 3 hours after wsnpuncture. 1 ml heparinised whole
blood was added to 9 ml of complete, pre-warmed@3 culture medium consisting of RPMI
1640 with 2 % PHA

stable glutamine, 10 % donors ownsmpka 25 %
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(phytohaemagglutinin) and 1 % antibiotics. PHA isndogen stimulating lymphocytes to
become mitotically active cells (Chandler and Yuai&78) by making the plasma membrane
permeable for growth factors. The medium is supplged with donors own plasma and
stable glutaminéo provide the cell culture with factors identifiad essential for growth such
as adhesion factors, hormones, mineral elemengsnivis and binding proteins.

Twenty four hours after stimulation by PHA the RN#mnthesis in the cells increases,
subsequently the nucleus enlarges and the DNA ssistibegins. Hence, the first mitoses are
seen at about 48 hours after stimulation.

The cultures were grown in 25 @rtissue culture flasks in a G@ncubator at 37°C for 72
hours. For each donor 2 cultures were set up, @anierddiation and one as a control to enable
the determination of the spontaneous chromaticratien yield.

After 69 hours, the cultures were irradiated witld@se of 0.5 Gy-rays (dose rate 0.74
Gy/min.) and placed immediately on ice during tpaors Cultures were further incubated at
37°C. Colcemid (final concentration 0.1 pg/ml) wedded 1.5 h before harvest. Colcemid
prevents the spindle formation, which causes agsabyetween metaphase and anaphase and
thus allows the preparation of metaphase chromosomkich are highly condensed and
therefore visible under the microscope.

Thereafter, cultures were centrifuged at 1100 rpmld minutes. Supernatants were removed
and prewarmed 75 mM KCI was added to the pelletsvantexed to resuspend the cells. The
suspension was incubated for 15 minutes at 37°dchwinduces the swelling of the
lymphocytes due to hypotonic treatment. Cells viken fixed 3 to 4 times in cold methanol:
acetic acid (3:1), each time the supernatant alibeecell layer was removed and the
remaining pellet vortexed with fresh methanol: mcatid solution. Tubes containing fixed
lymphocytes were stored at -80°C overnight or lengrecubation of lymphocytes at -80°C

results in higher quality of metaphases on slides.

2.2.2.3.1 Slides preparation

Cell suspension was taken out from the freezercamtrifuged at 1100 rpm for 10 minutes.
The supernatant was removed and the cell pelletdigs®lved in 1 ml of fresh fixative, 100
ul of cell suspension was dropped from a heighapgdroximately 40-50 cm on a clean fat-
free slide. The slide was dried at room temperabues night.

Because irradiation results in a reduced mitotiek) it was necessary to make 2-6 slides to

obtain enough metaphases to score for each ireadssmples. For not irradiated controls 1-2
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slides were sufficientStaining of the slides was performed with 10 % Gianfior a few

minutes. The slides were dried at room temperaiuee night.

2.2.2.3.2 Scoring criteria

Slides were coded for anonymity, placed on the oswmope stage and scanned at 10x
magnification until a metaphase was found. The nfiggtion of the microscope was
changed to 100x objective using immersion oil drelquality of the metaphase was assessed
before scoring for any chromosome damage. Only s@iad metaphases were selected for
analysis. Thereafter, chromosomes were countedalydif there were 46, they were taken
into account. For analysis, 100 cells were scored dberrations, which were mainly
chromatid breaks with a few exchanges and chrongaiid.

Chromatid aberrations were classified accordingsémford et al. (1989) and Scott et al.
(1999), who defined breaks as chromatid discortigsiiwith relocation of the broken
segment and gaps as showing no displacement aketiraent distal to the lesion. Gaps were
included in the final G2 score only in case, ifytheere wider than the chromatid width.
Chromatid breaks and gaps were added togethewé¢ctige total G2 score for both irradiated
and control samples. The spontaneous as well aatiadinduced chromatid yield was

determined.

2.2.2.3.3 Statistical analysis of chromatid aberrains

2.2.2.3.3.1 Mean spontaneous and radiation-inducedberration yields

Mean spontaneous as well as induced chromatid athmrrfrequencies were calculated by
dividing the total number of aberrations observed @0 (the total number of scored cells).
The unpaired t test was used to compare G2 scdorége dnealthy donors with the prostate
cancer patients with side effects after radiothgrags well as with the patients without
effects.

The unpaired t test was also used to compare Gsbetween both groups of patients.
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2.2.2.3.3.2 Analysis of aberration distribution inaccordance with the 5 percentile

The analysis of average values of chromatid aberrat very sensitive on values lying in the
ends of Gauss graph of chromatid distribution. facpse, it means that extreme high or low
average chromatid aberration yields have a vegngtinfluence on the mean value of the
entire group of donors. To assess scope, wheralibgation scores for 50 % patients are
assembled, the aberration yields for each grougoobrs were separately divided by three
quartile values into four equal parts. The middiargl is also known as a median value and
cuts data set (in this case aberrations yield) al. hLower quartile (known also as 25

percentile) cuts off lowest 25% of data and uppertle (or 78" percentile) cuts off highest

25% of data. The area between lower and upperibisagissembled around the median value

and contains 50 % of all the scores in a group.

2.2.2.3.3.3 Analysis of aberrations dispersion

The u-test according to Edwards et al. (1979) vezsido study the distribution of chromatid-
type aberrations amongst metaphase cells in eaobrddhe chance of developing an
aberration in a cell is randomly distributed, whatans that each cell has an equal chance, if
the observed distribution follows Poisson statssti® positive u-value indicates over-
dispersion, whereas negative values indicate udidggersion.

If the u-value is greater than the value of 1.96-1006 then the over-/under-dispersion is
significant.

Analysis of aberration dispersion was performedstonples exposed to 0.5 Gyyefays. Not
irradiated samples were excluded in this analysisabse of very low aberration yields

counted for 100 control cells.

2.2.2.3.3.4 Determining radiosensitivity

The proportion of radiosensitive individuals wadetdmined by using a cut-off value of the
90" percentile of spontaneous and radiation-inducednohtid aberration frequencies per 100
cells for the control population, as proposed bp&tts et al. 1999 and Scott et al. 1999.
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2.2.2.4 Isolation of lymphocytes from whole blood

Peripheral blood lymphocytes (PBL) were isolated dgnsity gradient centrifugation on
Lymphocytes Separation Medium (LSM). 30 ml wholeda per donor was diluted with pre-
warmed 30 ml RPMI 1640, supplemented with 2% stghleamine. 15 ml of cold LSM were
added to a 50 ml falcon tube each and 15 ml otetiliolood were carefully poured onto the
LSM solution. The next steps were performed in accordance with ghotocol above
(2.1.2.2). Immediately after the last centrifugatibe cell pellet was resuspended in 1 ml of
RPMI 1640 and the cell number was counted with &€ACounter. Information about total
cells number per sample, number of vital lymphogyed cell viability were documented.
Thereatfter, 10 % own donor’s plasma and 1 % artdsiovere added, as well as additional
amount of RPMI 1640 medium to get a final conceitraof 1¢ cells/ ml. The culture was
incubated at 37°C, 5 % G@ver night to give the cells time for the repair@¥A damage

and to recover from shearing forces due to isatgpimcedure.

2.2.2.5 Sample irradiation fory-H2AX assay and apoptosis/ necrosis assay

After over night incubation each sample was dividetvo culture flasks, one for irradiation
and one as a control. The flasks were then putentransported to theray machine and
then irradiated with 1 Gy-rays at a dose rate of 0.74 Gy/min. The irradimtiad the return

to the laboratory were conducted also on ice tthinDNA repair.

The irradiated sample and the control were divigach into three volumes (for 0.5 h, 5 h and
24 h cultures) and placed in a 5 % £gassed incubator at 37°C. The experiments for both
v-H2AX assay and apoptosis/necrosis assay wererpatb0.5 h, 5 h and 24 h starting from

the incubation after irradiation.

2.2.2.6 They-H2AX assay

Phosphorylation of the histone H2A occurs withimuates after irradiation as response to the
presence of DNA double strand breaks and is thotagtgcruit repair enzymes to these sites
(Rogakou, Boon 1999; Paull, Rogakou 2000).

When double strand breaks (dsb) are induced inDiN&, a complex cellular response is
triggered. At sites flanking dsb the histone H2Acdraes phosphorylated at the serine 139
residue (Rogakou et al., 1999; Sedelnikova ek@bp). After phosphorylation the histone is
called y-H2AX (Ragakou et al., 1998)Jsing an antivH2AX antibody labeled with a



Il. Materials and methods 36

fluorescent dye, the quantity and the pattery-Bi2AX foci can be detected and visualised.
The induction ofy-H2AX foci and the repair kinetics after irradiatiovith 1 Gy and different
incubation times (0.5 h, 5 h and 24 h) at 37°C, 8@ was analysed.

After the time points 0.5 h, 5 h and 24 h eachdiaed and not irradiated sample (control)
was treated as follows. 1§ymphocytes per sample were centrifuged in Eppéitdoes for 5
min at 3000 rpm (RT), resuspended and pretreatetiOfonin with AccuMax at 37°C in order
to detach cell aggregates. After centrifugationesngtants were discarded and pellets were
resuspended in 0.5 ml of 1.5 % formaldehyde in RB& fixed for 10 min, RT. Following
centrifugation pellets were resuspended first Birl of PBS and 0.7 ml of ice-cold 100 %
ethanol afterwards and kept at -20°C over nightomger (max. 2 weeks)or thorough
fixation. Thereafter, the samples were centrifufgds min with 3000 rpm at RT, then the
supernatant was removed and the cells suspendédnm of 0.25 % Triton X-100 and
incubated 0.5 h on ice to fix the lymphocytes. Tiesence of nonionic detergent such as
Triton X-100 increases the permeability of the plasmembrane for the primary and
secondary antibody. Afterwards cells were centgtligs above and the pellet was incubated
with 0.5 ml of 5 % goat serum, which was used axlihg agent reducing non-specific
binding of proteins. After 1 h incubation at RTygaes were centrifuged, washed with 1 ml
of PBS to reduce background by removing unboundady, and finally incubated under
gentle shaking for 2 h at RT with the primary aatlp, diluted 1:500 in TBP buffer.
Thereafter, 0.5 ml of TBP buffer was added andstimaples were centrifuged for 5 min with
3000 rpm at RT.

The supernatant was removed and the FITC labeleahdary antibody was added to the
pellet for detection of-H2AX foci.

After 1 h incubation in the dark the pellet wasusgsended in 1 ml of FACS bulffer.

2.2.2.6.1 Slide preparation and foci scoring

100 ul aliquots of the above described lymphocyeé suspension prepared for FACS
analysis was taken for cytospin centrifugation. Sl@swere centrifuged for 5 min at 400 x g,
RT. Centrifugation using cytospin centrifugatiotoais to deposit a single layer of cells on a
defined area of a glass slide, keeping the celliltgrity intact. The residual fluid was
absorbed into the sample chamber’s filter card.aBse lymphocytes adhere better to a
positive charged surface Superfrost Plus glaseshere used for this procedure. For each

sample 100-120 cells, stained with DAPI were scolethges were taken using a Zeiss
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microscope equipped with the Metafer4 softwaresioer 3.4. (Metasystem GmbH), which
was used for automatic analysis of foci.

During the analysis microscope slides were scaffiedd by field at 10-fold magnification.
Images were taken by scanning stained cells ubmg®x objective. The desired objects were
automatically identified and image galleries andeots features like foci number or

distribution, as well as its positions were recdrde

2.2.2.6.2 Fluorescence intensity analysis (FACS)

900 pl of lymphocytes, suspended in FACS bufferenaaralysed by flow cytometry using the
FACSDiva software (BD Biosciences). For each sapl@00 events were recorded. Debris
and cell aggregates were excluded from the anabysésstandard approach using the gate for
lymphocytes in the forward (FSC) and side scatieracteristic (SSC). TheH2AX assay,
described in this thesis based on the measurenfi¢hé anedian green Alexa Fluor 488 dye
fluorescence signal. The excitation wavelengtileixa Fluor 488 is 488 nm, the emission
maximum at 519 nm. A greater value of the fluoreseesignal corresponds to the number of
phosphorylated histones H2AX, according to the éigbvel of DNA damage. In contrast, a
low fluorescence signal was interpreted as lowllefg-H2AX foci.

2.2.2.6.3 Statistical analysis of-H2AX data

The unpaired t test was used to compare fluorescémensity or foci number of the
treatment groups for the different time points.tiSt@al significance was designated if
p< 0.05.

2.2.2.6.4 Determining radiosensitivity

The proportion of radiosensitive individuals wadetdmined by using a cut-off value of the
90" percentile of both spontaneous and radiation-ieduelative fluorescence intensity per
10.000 events and foci number per 100 cells for abetrol population, as proposed by
Roberts et al. 1999 and Scott et al. 1999 for closmme aberrations.
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2.2.2.7 The apoptosis/necrosis assay

In normal vital cells phospholipid phosphatidylseri(PS) is located on the inner membrane
surface. During early apoptosis PS is translocétath the inner to the outer leaflet of the
plasma membrane. The protein Annexin V binds bexabigs high affinity to PS. Annexin V
conjugated with the fluorochrome FITC (fluoresceanthiocyanate) allows to detect and to
visualise early apoptotic cells by FACS analysig dnorescence microscopy. The loss of
membrane integrity is a feature of late apoptodistake of Propidium lodide (PI), as an
intercalating DNA binding dye, allows discriminatio between early and late
apoptotic/necrotic cells. In a combined stainingtpcol using Annexin V as well as
Propidium lodide, vital (non-apoptotic) cells (Amme V-FITC and Pl negative), early
apoptotic cells (Annexin V-FITC positive, Pl negall and late apoptotic/necrotic cells
(Annexin V-FITC and PI positive) can be visualisegarately.

This assay can not distinguish between cells that hundergone apoptosis and those that
have died because of the necrotic pathway, bedauseth cases dead cells are stained with
FITC but also with P1.

The Annexin V-FITC Apoptosis Detection Kit | waseas Briefly, lymphocytes (focells/
sample) were washed twice with cold PBS and cemwgeil for 5 min at 300 x g. Thereatter,
the pellet was resuspended in 100 pl of 1x bindwiger, then 5 pl of Annexin V- FITC and

5 ul of Pl were added to the sample. The cells wee incubated for 15 minutes at RT in the
dark. Finally, 400 pl of 1x binding buffer was addend samples were immediately analysed

by flow cytometry.

2.2.2.7.1 Flow cytometry

By flow cytometry the properties of individual patés can be measured. The cell suspension
injected to a flow cytometer is directed into aatn of single particles that can be detected
and analysed by the machine’s detection systemageahby a fluidics system. Each particle
passes through one or more beam lights. The mastomly lights sources nowadays are the
laser and the arc lamp. Light scattered in the &odndirection corresponds with the forward
scatter channel (FSC) and its intensity providdermation about the particle size. Light
measured approximately at a 90° angle to the diaitdine is called side scatter channel
(SSC) and provides information about the granylarita cell.

The excitation wavelength of FITC is in the randge400-550 nm (blue light) with the
maximum peak at 490 nm. The fluorochrome emitsrgfemrescence light above a range of
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475-700 nm peaking at 525 nm. Propidium iodidexsited by green light at 490 nm and

emits light with the maximum peak at 630 nm (red).
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Figure 2.2: Emission spectra of FITC and Pl excited by blgatli490 nm).

2.2.2.7.2 Apoptosis/ Necrosis measurement

Apoptosis/necrosis was measured within 1 h aftesli of sample preparation. The FSC and
SSC values, as well as the compensation values et@rgen using an unstained sample, a
sample stained with Annexin V-FITC dye alone, arsghmple stained with Pl dye alone. The
lymphocyte populations were gated according to jghyscharacteristics on a dot plot
diagramand monocytes as well as debris were excluded fromattadysis. For each sample
10 000 events were analysed. The histograms befogure 2.3) show typical scatters

distinguishing between vital cells, early apoptatdls and late apoptotic/ necrotic cells.
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Figure 2.3: Typical two-parameter histograms for apoptosisiogsr results.
Lymphocytes were stained with FITC (x-axis, FITCeAannel) and PI (y-
axis, PerCP-CY5-5-A channel). Non-irradiated san{j#&) and a sample
irradiated with 1 Gy, both incubated 24 h at 37°feraexposure are
presented.

2.2.2.7.3 Statistical analysis of apoptosis/necresiata

The unpaired t test was used to compare perceapaptotic/necrotic cells of the healthy
donors with those of the prostate cancer patierniis &ffects after radiotherapy, as well as
with the patients without effects at each time polrhe unpaired t test was also used to

compare percent of apoptotic/necrotic cells betwash groups of patients.



41

2.2.2.7.4 Determining radiosensitivity

The proportion of radiosensitive individuals wadedmined by using a cut-off value of the
90" percentile of spontaneous and radiation-inducedy eapoptotic as well as late
apoptotic/necrotic lymphocytes for healthy dondrasged on Roberts et al. 1999 and Scott et
al. 1999).
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l1l. Results

Part 1: Influence of temperature during irradiation on the level of DNA

damage.

3.1.1 Micronucleus assay

The micronucleus assay results for 3 donors andlyse6 independent experiments are
presented in Table 3.1 and Figure 3.1. No diffeeemas detected between not irradiated
peripheral blood lymphocytes incubated at 0°C arftC3 After exposure of PBL to X-rays a
significantly higher frequency of micronuclei (p &05) was observed in the samples
incubated at 37°C in comparison with the samplegt kg 0°C. This is true for both
experiments with whole blood and isolated lymphesy{see Table 3.1, Figure 3.1). The
values for the dispersion index (DI, ranging frot84to 1.29) calculated for all irradiated
samples, indicate that this difference is not duehe presence of a few cells with a high
number of micronuclei, which would occur in casenwfh DI values. The replication indices
(RI) calculated for the 3 experiments with wholedad (donors: 1, 2 and 3) showed that the
proliferation capacity of lymphocytes is similar footh temperatures in exposed samples, as
well as in not irradiated samples. The RI obtaimethe cultures of lymphocytes exposed to
X-rays is graphically shown in Figure 3.2.

Two independent experiments were performed with @M@ ded to the isolated lymphocytes
of donor 1. For the samples irradiated with 2 Gyaxs at 0°C and 37°C in the presence of
DMSO similar frequencies of micronuclei were obseryTable 3.1). The average values for
the frequency of micronuclei in the presence arskabe of DMSO are presented in Figure
3.3.
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Table 3.1:Frequency of micronuclei in peripheral blood lympiies exposed to X-ray.

Number of BNC with Mn

Dose (Gy), State at Mn per 1000
Donor Rad. Type Temp. (C) exposure DMSO 0 1 2 3 24 DI BNC Cells scored
1 0X 0 WB no 1975 22 2 1 0 14.5 2000
0X 37 WB no 1979 21 0 0 0 10.5 2000
2X 0 WB no 1666 289 42 3 0 1,24 191 2000
2X 37 WB no 1438 447 99 14 2 1,09 347.5* 2000
2 0X 0 WB no 998 2 0 0 0 2 1000
0X 37 WB no 996 4 0 0 0 4 1000
2X 0 WB no 729 216 41 12 2 1,18 342 1000
2 X 37 WB no 598 249 108 35 10 1,29 610* 1000
3 0X 0 WB no 998 2 0 0 0 2 1000
0X 37 WB no 989 10 1 0 0 12 1000
2X 0 WB no 906 89 5 0 0 1 99 1000
2X 37 WB no 886 119 12 4 0 1,16 151.8* 1021
1 0X 0 IL no 989 9 1 1 0 14 1000
0X 37 IL no 484 16 0 0 0 32 500
2 X 0 IL no 830 142 27 1 0 1,1 199 1000
2 X 37 IL no 549 127 21 1 0 1,03 246.4* 698
1 0X 0 IL yes 995 5 0 0 0 5 1000
0X 37 IL yes 607 7 0 0 0 11.4 614
2X 0 IL yes 342 33 6 0 0 1,15 118.1 381
2X 37 IL yes 663 68 5 0 0 1,02 106 736
1 0X 0 IL yes 389 3 0 0 0 7.7 392
0X 37 IL yes 308 5 1 0 0 22.3 314
2 X 0 IL yes 544 62 6 1 0 1,11 125.6 613
2X 37 IL yes 182 26 1 0 0 0,94 134 209

WB, whole blood; IL, isolated lymphocytes; BNC, bateated cells; DI, dispersion index

*Difference between treatment groups significarthvpi < 0.05
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Figure 3.3: Average values of micronuclei frequencies afterosxpe of lymphocytes to
X-rays in the absence or pres@fdMSO at different temperatures. Error bars

indicate standard deviations.

3.1.2 Comet assay

Results of the comet assay in the alkaline andralewrsion are presented in Table 3.2 and
graphically illustrated in Figure 3.4 (alkaline)dafor the neutral version in Figure 3.5.

The alkaline version of the comet assay was peddrmith peripheral blood lymphocytes

from donors 1 (2 experiments), 2, 3 and 4. No diiiee was found between samples
incubated at 0°C or 37°C shortly before and duemgosure. The mean radiation-induced
TM = SD was 51.7 + 24.5 and 43.1 + 15.8 for the glas incubated at 0°C and 37°C,

respectively. The values of Tail Moment for notadrated samples are similar for both

temperatures.

Results of the neutral comet assay were obtainediamors 1, 2 and 3. There was no
significant difference between cells incubatedifieent temperatures for both, controls and
exposed samples.

Furthermore, a somewhat higher level of damageaokasrved with both assays in samples

exposed at O0°C. This tendency was not evident int noadiated cells.
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Table 3.2:Results of the comet assay showing the averagewalithe tail moment per experiment and the me&urevfrom 5 (alkaline version) and
3 (neutral version) independent experiments. Staihdieviations are shown in brackets.

Donor number

Comet assay

Dose (Gy) Temp. (°C) version 1 1 2 3 4 Mean
0 0 A 8.1(11.2) 9.4 (7.8) 11.0 (8.2)  54.3(24.2) 7.13(20.5)  23.9 (20.8)
0 37 A 11.3(13.2)  11.8(9.8) 11.3(6.6)  52.9(21.523.5(14.9)  22.2(18.0)
2 0 A 54.5(26.2) 25.4(15.1) 33.7(18.7) 88.98)7. 56.2 (20.5) 51.7 (24.6)
2 37 A 42.7 (24.2) 26.9(16.9) 39.5(23.3) 69.368 37.1(20.5)  43.1(15.8)
Donor number
1 2 3 Mean
0 0 N 0.68(0.29)  0.16 (0.27)  0.28 (0.41) 0.328)
0 37 N 0.34(0.15)  0.75(0.54)  0.20(0.27) 00.29)
20 0 N 2.62 (1.04)  3.96(1.39) 1.14 (1.47) 2540)
20 37 N 1.79 (0.66) 2.87 (0.87) 1.22 (1.56) 1.96 (0.84)

A, alkaline version; N, neutral version of the carassay
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Part 2: Comparison of individual radiosensitivity of peripheral blood

lymphocytes from prostate cancer patients and hedily donors.

3.2.1 The G2 assay

3.2.1.1 Mean spontaneous and radiation-induced abmtion yield

Results were obtained for 44 prostate cancer gatifter radiotherapy who donated blood
for the study. Out of these, 22 patients showenhsgtin vivo side effects after the treatment
whereas no in vivo (clinical) effects were observadthe other 22 patients. Chromatid
aberration yields (number of gaps, breaks and @herrations per 100 metaphases), standard
deviations and standard errors for all groups ob8ldonors are given in Table 3.3. There
was a significantly higher aberration yield in bapontaneous (p = 0.029) and radiation-
induced (p = 0.004) aberrations in patients withese reactions when compared to healthy
donors. In addition, a weak but significant diffece was found in radiation-induced
aberration yields in patients without severe sitfeces in comparison with healthy donors
(p = 0.021), see Table 3.3, also Figure 3.6. Ntedihce was observed in the aberration
yields between patients with and without side éffec

Table 3.3:Mean spontaneous and radiation-induced aberrgigbths for prostate cancer
patients with (S) and without §ije effects after radiotherapy, as well as for
healthy donors (HD).

Donors; Dosis N Mean Stand. Deviat. SEM
S; 0 Gy 22 2.0 2.4 0.5
S; 0.5 Gy 22 73% 45.3 9.7
0; 0 Gy 22 1.2 1.5 0.3
0; 0.5 Gy 22 674 44.8 9.5
HD; 0 Gy 21 0.8 1.0 0.2
HD; 0.5 Gy 21 42 4° 17.6 3.8

S, patients with side effects; 0, patients withgide effects; HD, healthy donors;
N, number of donors; SEM, standard error of the mean,

Difference significant with p < 0.05 between:

a - patients S, 0 Gy and HD; 0 Gy; b - betweerep#iS; 0.5 Gy and HD; 0.5 Gy;
¢ — between patients 0; 0.5 Gy and HD; 0.5 Gy
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3.2.1.2 Distribution of donors based on radiationfAiduced chromatid aberrations

The number of chromatid aberrations in lymphocyegery variable in different individuals.
In order to exclude donors with extremely high éma aberration yields from the analysis,
donors with aberrations frequency between th8 a6d 75 percentiles were selected for
comparison.

Data used for this analysis were obtained by satara of the aberration yield for not
irradiated cells (controls) from radiation-inducalderration yield for each donor separately.
The median value was not included in the halveswdatculating the quartiles. The analysis
allowed determination of regions containing 50 %sabres for the group S (aberration
frequency < 40; 99 >), the group O (aberration gy < 32; 87 >) and healthy donors
(aberration frequency < 28; 54.5 >), separately.

Even if the extremely low and high aberration ssosmere excluded, the differences between
the groups of patients and healthy donors are vabkr (Figure 3.6). Additionally, statistical
analysis (Student's t test) of data for the midelgions (between the #%nd 78' percentiles)
for both patient groups and healthy donors wasoperd. There is a statistically significant
difference between patients with side effects (grBiand healthy donors (p = 0.014), as well
as between patients without side effects (grougind)healthy donors (p = 0.012). The mean =
SD values for the aberration yields are 57 + 19 &né + 18.9 aberrations per 100 cells in
patients S and 0, respectively. The mean = SD madmiwithin healthy donors having
aberration frequencies between lower and uppertitgsamwas 40.64 + 8.17. Notable, the
ranges between 2%and 7%' quartiles for both patient groups are similar, relas for healthy
donors the range is much smaller. The resultsragghgcally shown in Figure 3.6.
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Figure 3.6: Results of chromatid aberration frequency in cedposed ta-rays for 3 groups
of donors. Data are presented as box plots. Thesextend from the &5
percentile to the 75percentile with a horizontal line at a median"{H@rcentile)
and a dotted line at the mean value. Error bars/aland below the boxes
indicate the 99 and 18" percentiles. The points above) (the boxes mean top

extreme values, the points below) Mmean bottom extreme values of aberrations.

3.2.1.3 Determining the degree of cancer pronenesssed on the frequency of

spontaneous and radiation-induced aberrations.

The 90" percentile of the chromatid aberration frequentieshe control group (age-matched
healthy donors) was used to differentiate canceng@ifrom non cancer-prone individuals. For
this reason the number of healthy donors with & kegel of aberrations was assessed on the
basis of a 99 cut-off point, with respect to spontaneous andatazh-induced aberration
yields. Thereafter, using the cut-off value compute healthy donors, the number of cancer-

prone individuals among the cancer patients (batlepts S and 0) was determined.
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The cut-off value in the group of healthy donorsineated in this study was 2 chromatid
aberrations for spontaneous aberration yield. iddais were classified as having a high G2
aberrations yield (indicative of cancer pronenabkdhey exceeded the cut-off value of 2
aberrations per 100 cells. This resulted in 9.5 &althy donors (2/21) and 18 % (8/44)
patients revealing enhanced spontaneous abergasiloh(Figure 3.8, Table 3.4).

The same procedure was applied to define indivelwath an increased radiation-induced
aberration frequency. The cut-off point in the graf healthy donors was assessed to be 57
aberrations per 100 cells. This value allowed tnidy 2 healthy donors (9.5 %) and 22
patients (50 %) as sensitive (Figure 3.9; Table 84nd ***). The amount of 22 (50 %)
radiosensitive patients in vitro (according to freguency of radiation-induced aberrations,
Fig. 3.9; Table 3.4, ** and ***) is in agreementtithe number of patients, which showed
side effects after radiotherapy (22 patients seesih vivo, representing 50 % of all patients).
However, among 22 sensitive in vivo patients, drlywere sensitive in vitro too (see Figure
3.7, Table 3.4). The results of radiosensitivityitro (on the basis of chromatid aberrations
yield) were compared with the radiosensitivity iwo/(on the basis of EPIC questionnaire),
see Table 3.4.

According to the spontaneous aberrations yieldtlep@in the group S and 2 patients in the
group O are sensitive (Table 3.4, *).

In agreement with radiation-induced aberration th&ze are 7 sensitive patients in the group
S and 10 patients in the group 0 (Table 3.4, **).

According to both spontaneous and radiation-indwadsetration yield 4 patients in the group
S and 1 in the group O were assessed as sendiéilake (3.4, ** and ***).

Eleven patients have been assessed to be set&tlvén vivo and vitro (Figure 3.7).
Moreover, ~ 11 % of the patients (P 2, P 8, P 1&7Pand P 19) have been found with
enhanced spontaneous as well as radiation-indumedation yields (see Table 3.4, ***). An
interesting observation is that 4 of them weresifeexi as also clinical sensitive (P 2, P 8, P
18, P 27, see Table 3.4).

Amongst 8 sensitive patients in accordance to spaaus aberration yield, 5 of them (P 2, P
8, P 18, P 26 and P 27) showed clinical side effacvivo, whereas 3 of them (P 12, P 19, P
22) were not sensitive in vivo.

No correlation was observed between elevated speots and radiation-induced aberrations

in any healthy donor.
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Table 3.4:In vivo/in vitro individual radiosensitivity of pagnts.

Aberrations yield for patients

sensitive in vivo (with effects, S)

Aberrations yield for patients

not sensitive in vivo
(without effects, 0)

Patients  Spontaneous 0.5 Gy| Patients Spontaneous 5 Gy
p 2%** 3 161 P 9** 2 79
P 4** 102 P10 1 15
P 8*** 9 118 P 12* 6 32
P11 0 33 P15 1 33
P 13** 2 75 P 17** 0 174
P14 1 44 P 19*** 3 184
P 16 1 43 P 22* 4 27
P 18*** 5 202 P 23 1 26
P 20 1 52 P24 1 24
P 25 1 44 P 29** 0 65
P 26* 7 51 P 30** 1 60
P 27*** 5 60 P 31* 0 95
P 28 2 38 P 35** 0 105
P 33** 2 101 P 37 1 43
P 34* 2 88 P 39 0 43
P 36** 0 66 P 41** 1 96
P 38 1 41 P 42** 0 77
P 40** 0 130 P 43 0 36
P44 0 38 P 46** 1 78
P 45 0 33 P 47 1 56
P 48 1 41 P 52** 0 87
P 53** 0 59 P54 2 42

* patients sensitivén vitro according to the spontaneous aberration yield

** patients sensitiven vitro according to the radiation-induced (0.5Gy) aberayield

55

*** patients sensitivan vitro according to both spontaneous and radiation-indlaterrations yield
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3.2.1.4 Analysis of aberration distribution

Analysis of radiation-induced (0.5 Gy) chromaticeahtion distribution amongst the cells in
all 3 groups of blood donors revealed an over-dspe compared to Poisson distribution.
There are, however, differences between the grollpes.u-values for the patients in group S
range between -1.88 and 9.24, with 5 negative gallié positive, and 11 of them having a
magnitude exceeding 1.96, which is explicitly ctated with significant over-dispersion.

In the group O the u value ranges from -1.034 &8 4for 3 patients u values are negative,
whereas for 19 it is positive. For 9 patients chatich aberrations are significantly over-
dispersed because the u value is greater that 1.96.

For healthy donors the range of u values is thellesteone (-1.67 to 2.74). In 17 healthy
donors the u value indicates an over-dispersion, dnly in 4 cases over-dispersion is

significant (u > 1.96).

3.2.2 They-H2AX results

3.2.2.1 Fluorescence intensity data

Formation and loss ofH2AX foci in prostate cancer patients with (S) amithout (0) side
effects after radiotherapy and in age-matched Imgaftale donors (HD) was investigated. For
statistical data analysis the background FACS signaach sample was subtracted from the
signal obtained in irradiated sample to get theuced yield of DNA damage measured as
mean fluorescence intensity.

As expected, in all groups of donors the maximumression ofy-H2AX foci was detected
0.5 h after irradiationlnterestingly,the highest fluorescence signal 0.5 h after exgos@s
observed in healthy donors (4632 £ 2783). The I0W#EC signal was detected in patients
with severe side reactions (2717 + 1822). The ixa&atluorescence intensity in patients
without side effects was 3636 + 1304. A decreas@efluorescence signal was observed 5 h
after exposure in all groups. The lowest fluoreseesignal was detected in patients 0 (1448 *
689) followed by patients S (1493 £ 1012), and tigatlonors (2201 + 1273). In agreement
with DNA damage repair a further decrease of tHeCFsignal was observed until 24 h after
irradiation. The lowest fluorescence signal wasded in patients S (100 + 454), followed
by patients 0 (161 + 677) and healthy donors (1828&). The fluorescence intensity of the
initial (0.5 h after exposure) DNA damage in patse® was significantly lower than in
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healthy donors (*, p = 0.014, Figure 3.10). A sigaint difference was found 5 h after
irradiation between patients 0 and healthy dontrgp(= 0.02, Figure 3.10).

The values of FITC intensity in not irradiated lyinggytes showed no differences between all
groups of donors for all analysed incubation tinf@able 3.5). This indicates that the
observed elevated level of DNA double strand breakdD lymphocytes is due to ionising

radiation.

3.2.2.2 Determining the degree of cancer pronenesmsed on the relative FITC

fluorescence values measured in not irradiated andradiated lymphocytes.

The 9¢" percentile of the relative fluorescence valuestf@ control group (age-matched
healthy donors) was used to differentiate cancengifrom non cancer-prone individuals.

The analysis was performed for time points 0.5 dh 24 h after irradiation in accordance with
spontaneous and radiation-induced DNA damage. TikefEpoint in the healthy donors was
3037 in not irradiated lymphocytes as measuredrag point 0.5 h, and 2875 after 24 h. In
case of the irradiated lymphocytes, the cut-ofintowere 108 and 3315 for the time 0.5 h
and 24 h, respectively. This procedure identifiegt dvealthy donor (HD 5) according to
spontaneous as well as radiation-induced DNA dambggatients (31 %) exceeding cut-off
point for spontaneous damage as well as 9 pati@its¥) being sensitive according to
radiation-induced DNA damage. Nevertheless, only @ %) patients (P 20, P 26, P 41 and P
45) showed an enhanced DNA damage level (meassrédaescence intensity gfH2AX
foci) for both spontaneous and radiation-inducedwebler, in case of radiation-induced
damage the obtained results concern only for thesmrement of time point 24 h.

In summary, using 90cut-off value the above mentioned 4 patients (e identified to
have an enhanced DNA damage level in agreement lvath spontaneous and radiation-
induced DNA damage 0.5 h as well as 24 h after sx@o Thus, one can postulate that these

patients are cancer-prone.
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Figure 3.10:Radiation-induced FITC fluorescence 0.5 h, 5 h2ht after exposure
to y-rays in prostate cancer patients and healthy dorerror bars indicate
standard deviations.

Table 3.5: The mean fluorescence intensity in not irradiatgdphocytes of patients S,
patients 0 and healthy donors.

Mean + SD Mean = SD Mean + SD

0.5h 5h 24 h
Patients S 2485+ 715 2470+ 639 2454+ 728
Patients O 2555+ 591 2.51+ 466 2474+ 459
HD 2442+ 574 2474+ 474 2514+ 440

S, patients with side effects; 0, patients withgide effects; HD, healthy donors;
SD; standard deviation
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3.2.2.3y-H2AX foci number

The number of the backgrouneH2AX foci in a control lymphocyte sample was salboted
from the number of an exposed sample. In accordaitbeFACS results, the highest level of
DNA damage, expressed as foci number per cell,obasrved 0.5 h after exposure to 1 Gy.
In contrast to FACS data, there was no signifiadifference in the average foci number
between patients S and 0, as well as in healthgrdoihere are, however, differences in foci
number analysed at different time points. The me&D for the foci number measured 0.5 h
after exposure was 7.33 + 4.02; 8.46 £ 2.97 and £.2.72 in patients with side effects,
patients without effects and healthy donors, rebpelg. After 5 h a decrease of the foci
number in all donor groups was measured with amageevalue of 2.9 £ 1.36 per cell in
patients with side effects, 3.27 + 1.38 in patiewtthout side effects and 3.68 + 2.04 in
healthy donors. The lowest mean foci number wasrobsd 24 h after exposure (1.15 + 1.21;
1.49 £1.67 and 1.87 + 1.71 in patients S, patiérdad healthy donors, respectively). In case
of spontaneous foci number a slightly decreasimgléacy with the incubation time was
observed in all donors groups (Table 3.6).

No significant difference could be detected inaalblysed groups (Figure 3)1However, a
slightly higher average foci number was countethattime points 5 h and 24 h in healthy

donors, when compared with patients S and pati&nts
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Figure 3.11:Mean radiation-induced foci number 0.5 h, 5 h aéfer exposure tg-rays in
prostate cancer patients and healthy donors. Hveos indicate standard
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Table 3.6: Mean foci number in not irradiated lymphocyteshs patients S, patients 0 and

HD.
Mean + SD Mean + SD Mean + SD
05h 5h 24 h
Patients S 2.03x15 1.66+ 0.87 1.52+0.77
Patients 0 2.00+ 1.08 1.75+£0.95 1.60+ 0.93
HD 2.08+1.21 1.86+0.84 1.2+1.03

S, patients with side effects; 0, patients withside effects; HD, healthy donors;

SD; standard deviation
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3.2.3 Apoptosis/ Necrosis results

The analyses were conducted with peripheral blgotphocytes using the Annexin V-FITC
flow cytometry assay. Cells were analysed for eadgptosis and late apoptosis/necrosis 0.5
h, 5 h and 24 h post-exposure. This assay doegetognize differences between late
apoptotic and necrotic cells, because of their molggical similarity. Statistical analysis was
done on the means of the data obtained from patigith side effects after radiotherapy (S),
patients without side effects (0) and healthy der(biD). For each donor, the score for a not
irradiated sample was subtracted from the yielexiposed cells to give the radiation-induced
yield of early apoptotic and late apoptotic/neaatells. In addition, the results obtained in
not irradiated samples are presented to show whathechanges in percent of spontaneous
apoptosis/necrosis were or were not observed. @kynem both cases, spontaneous and
radiation-induced apoptosis and necrosis varieavdrt individuals in all donor groups,

representing an intrinsic feature of each donor.

3.2.3.1 Early apoptosis results

An increase of radiation-induced early apoptosis wlaserved in all donor collectives 5 h and
24 h post-exposure. The increase in percentagpaptatic cells between 0.5 h and 5 h was
~0.6 %; ~0.5 % and ~0.8 % in cells of the S pasiematients 0 and healthy donors,
respectively. Between 5 h and 24 h the observerkases of early apoptosis were much
higher; ~8 %; ~7 % and ~13 % in cells of the S g, patients 0 and healthy donors,
respectively. The average percent of apoptoticsdallhealthy donor cells at the time point
24 h is higher (but not significantly) when compmhte both patients groups (p = 0.054, see
Table 3.7, Figure 3.12). Nevertheless, there istatistically significant difference between

patients and healthy donors, or between both pgatalectives neither 0.5 h, nor 5 h nor 24 h
after exposure. In not irradiated lymphocytes aélstamount of early apoptotic lymphocytes

was detected. The lowest level of spontaneousy epdptotic cells was found after 5 h in all

donor groups (~10-11 %). After incubation time<)d h and 24 h a value of about 13-14 %
of early apoptosis was detected. The data conaprspontaneous early apoptosis are
presented in the Table 3.8.
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Table 3.7: Percent of radiation-induced early apoptosis in Rilprostate cancer patients
with and without side effects after radiotherapy &ealthy donors 0.5 h, 5 h and

24 h after exposure.

Donors Time after N Mean SD SEM
exposure (h)

S 0.5 20 0.43 1.87 0.42
0 21 0.26 2.23 0.49
HD 21 -0.04 2.98 0.65

5 20 1.06 1.87 0.42
0 21 0.73 3.15 0.69
HD 20 0.79 2.63 0.59

24 20 9.25 5.98 1.33
0 21 7.99 7.90 1.72
HD 17 13.94 10.57 2.56

S, patients with side effects; 0, patients withgide effects; HD, healthy donors;
N, number of donors; SD, standard deviation; SB&hdard error of the mean

Table 3.8: Mean percent of spontaneous early apoptotic lyroptes in the patients S,

patients 0 and HD.

Mean + SD Mean + SD Mean + SD

0.5h 5h 24 h
Patients S 14.16+ 6.48 11.89+5.70 13.84+ 5.50
Patients O 13.55+ 4.86 10.73+ 4.09 14.06+ 4.64
HD 13.36+ 5.45 11.21+5.36 13.09+ 7.73

S, patients with side effects; 0, patients withgide effects; HD, healthy donors;

SD; standard deviation
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Figure 3.12:Percent of radiation-induced early apoptotic PBpriastate cancer patients and
healthy donors 0.5 h, 5 h @4d after exposure. Error bars indicate standard

deviations.

3.2.3.2 Late apoptosis/necrosis results

The data obtained for radiation-induced late apsiptoecrosis show an increase with time
until 24 h after exposure (Table 3.9, Figure 3.1Ggnerally, the results measured in

lymphocytes of all donor groups 0.5 h and 24 hraftadiation do not differ in each of these

time points between patients and healthy donotsetween patients S and patients 0O (Table
3.9, Figure 3.13). However, the results for healtloyors at time point 5 h are slightly but

significantly higher when compared to patients & (204) and also patients 0 (p = 0.02), see
Table 3.9, Figure 3.14.

The percentage increase of late apoptotic/necostiic between 0.5 h and 5 h was below
0.4 % in all donor groups, whereas the observeckase of early apoptosis was much higher

for the same time points: ~ 9 %; ~ 6 % and 6.6 %eils of patients S, patients 0 and healthy
donors, respectively.
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Nevertheless, no significant difference betweenitheivo sensitive patients (group S) and

patients without any side reactions (group 0) voasd.
Interestingly, in contrast to the results of spaertaus early apoptosis (Table 3.8), an increase
of spontaneous late apoptotic and necrotic lymptescywas observed after 5 h of culture time

and a further increase (about 2-fold when compé&re@l5 h) after 24 h in all donor groups

(Table 3.10).

Table 3.9: Percent of radiation-induced late apoptosis/nesrosiPBL of prostate cancer
patients with and without side effects after rdggsapy and healthy donors 0.5 h,

5 h and 24 h after exposure.

Donors Time after N Mean SD SEM

exposure (h)

0.5 20 0.13 0.45 0.10
0 21 0 0.72 0.16
HD 21 0.023 0.40 0.09
5 20 0.01~* 0.51 0.11
0 21 0** 0.56 0.12
HD 20 0.41%* 0.65 0.15
24 20 9.11 12.63 2.83
0 21 5.80 3.41 0.74
HD 17 7.03 12.84 3.11

S, patients with side effects; 0, patients withgide effects; HD, healthy donors;
N, number of donors; SD, standard deviation; SEEhdard error of the mean
Difference significant with p < 0.05: * — betweeatients S and HD; ** — between patients 0 and HD
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Table 3.10: Mean percent of spontaneous late apoptotic/nechptiphocytes in the patients

S, patients 0 and HD.

Mean + SD Mean = SD Mean + SD
0.5h 5h 24 h
Patients S 2.89+2.02 3.25+ 2.46 5.54+ 3.43
Patients O 2.31+2.09 2.70+1.87 4.85+2.10
HD 3.14+2.76 2.69+2.0 424+ 2.5

S, patients with side effects; 0, patients with&ide effects; HD, healthy donors;
SD; standard deviation
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Figure 3.14: Percent of radiation-induced late apoptotic/necr&®BL in prostate cancer
patients and healthy donors 5 h after exposure @yl1Error bars indicate

standard deviations.

3.2.4 Determining the degree of cancer proneness actcordance to the results of the
90thpercentile cut-off analysis as measured by G2-,y-H2AX- and
apoptosis/necrosis-tests.  Potential application ofhe used tests as predictive

assays.

The 90" percentile analysis was performed for chromatjgetgberrations and FACS analysis
(results described above), as well asyfdt2AX foci and apoptosis/necrosis assay. The aim
of the analysis was to find out whether these assag able to determine an enhanced
spontaneous and/or radiation-induced DNA damagéhénsame donors. Or expressed as
question: Is it possible to predict the cancer prass of donor lymphocytes by using one or

more of these assays?
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The cut-off points were estimated in the group efklthy donors for spontaneous and

radiation-induced DNA damage for each assay seggrat

Generally, no relationship between the assays waadf when sensitive healthy donors

(according to both spontaneous and radiation-indjuaere analysed; in each assay, different
healthy donors were assessed as sensitive (Taklg. #However, in late apoptosis/necrosis
assay and FACS analysis pH2AX assay, one healthy donor (HD 5) showed enddnc

(over cut off point) fluorescence intensity in boibt irradiated and irradiated cells at the time
points 0.5 h and 24 h (Table 3.11).

Thereatfter, 6 patients (P 17, P 18, P 20, P 341 Bnd P 42) were found to have radiation-
induced DNA damage above the cut-off value wherréisalts for spontaneous and radiation-
induced DNA damage of few of the assays were taknaccount (see Table 3.12), what

could indicate these patients as cancer-prone.
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Table 3.11: Sensitive healthy donors assessed on the basis0®fc@t off point for
spontaneous and radiation-induced DNA damage medsussing G2-,
v-H2AX- and apoptosis/necrosis assays.

Assay Spontaneous Radiation-induced
Time after exposure Sensitive healthy donors
G2 HD 7; HD 23 HD 1; HD 2
v-H2AX; FACS
0.5h | HD 5; HD 18 HD 4;HD 5
24 h HD 5; HD 20 HD 5; HD 16
y-H2AX; Foci
0.5h | HD 15; HD 21 HD 7; HD 12
24 hHD 17; HD 24 HD 1; HD 2; HD 16
Early apoptosis
0.5h | HD 3; HD 13 HD 9; HD 13
24 h HD 9; HD 19 HD 19; HD 22
Late apoptosis/necrosis
0.5h |HD 3; HD 23 HD 3; HD 23
24 h | HD 23; HD 24 HD 5; HD 22

HD 5 —healthy donor number 5, etc.
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Table 3.12: Sensitive prostate cancer patients assessed drasiie of 98 cut off point for

spontaneous and radiation-induced DNA damage medsusing G2-,y-H2AX- and

apoptosis/necrosis assays. The cut off points wstiemated for each assay for spontaneous

and radiation-induced DNA damage in healthy don@spectively.

Assay

Time after exposure

Spontaneous

Radiation-induced

Sensitive

Patients

G2 P2;P8P12P 18P 19; P2, P4P 8 P9, P 137 17
P22, P 26;P 27 P18 P 19; P 27; P 29; P 30;
P31, P33 24 P 35; P 36
P 40; ; P 42; P 46; P 52;
P53
y-H2AX; FACS
05h |P8P9P 20 P23;P 25 no sensitive patients
P 26; P 36F 41; P 45
24h |P8;P9; P19 20 P 26; ;P18 P 20 P 26; ;
P 27; P 28} =4 P 40; ; P 40; ;P 42; P 45
P 45
v-H2AX; Foci
0.5h | P16; P 25;P29;P 31;P33; |[P6;P8 P 12; P 13; P 14,
; P 36 ; P 29; P 33 24 P 35;
P 39; P 49
24 h | P 30;P 31 24 (lack of P6;P8P12;
results for P 16; P 25; P 36)
Early apoptosis
05h [P 15P 18§ P 2Q P 44; P 50 P 15; P 165> 17 P 18 P 2G
P 21; P 44; P 50
24 h P6,P8;, P43
Late apoptosis/necrosis
05h |P6;P14;P 16 P6;P 14;P 16
24h |P6;P8 P 14;P 20 P 30 P8 P10;P 14; P 29

P 2 — patient 2 ; P 8 — patient 8, etc.
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V. Discussion

Part 1: Influence of temperature during irradiation on the level of DNA

damage.

The influence of the temperature during irradiatam the level of cytogenetic damage in
peripheral blood lymphocytes is known since a Idimge (Bajerska and Liniecki 1969,
Gumrich et al. 1986, Virsik-Peuckert and Harder @)98n contrast, Claesson et. al (2007)
observed no temperature effect for the DNA dsbdtida by alpha irradiation.

The goal of this part of the thesis was to find whether the temperature has an influence on
the level of DNA damage and if yes, what is thesogafor it, direct or indirect action of

radiation?

4.1.1 Comparison of micronucleus and comet assaystdts

In present study a significantly reduced level aénonuclei in cells exposed to 2 Gy X-rays

at 0°C as compared to 37°C was observed. This masfor both experiments with whole
blood and isolated lymphocytes. This temperatufecefdisappeared when the lymphocytes
were exposed in presence of DMSO, which is knowa eadical scavenger. Thus, it seems
that the observed temperature effect is due torttieect action of radiation mediated by
radicals.

Surprisingly, the results of the comet assay ditlaomfirm the results of the micronucleus
assay. There was no difference between culturessexbto X-rays at 0°C and 37°C, neither
in alkaline nor in neutral version of the cometagss

The alkaline version of comet assay allows detaatiosingle and double strand breaks, also
alkali-labile sites (Singh et al. 1991). Howeveiisiwell known, that 1 Gy of X-rays induces
about 1000 ssb and only about 40 dsb per cell (V¥888; Whitaker 1992). Thus, combining
low radiation dose and alkaline comet assay, gipeeerally the information about ssb.

The neutral comet assay, generally detects DNA(G¢lve and Banath, 1993, Wojewodzka
et al. 2002).

Altogether, single and double breaks have a patemd generate chromosomal damage
(Nowak and Obe, 1984MHence,the temperature effects observed at the level ofanuclei
should also be seen in both alkaline and neutnalet@ssay. However, many literature data
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do not confirm such a correlation. For example Wogt al. (1996) observed an adaptive
response in lymphocytes, characterized as lesalidamage and an increased repair capacity
measured with the comet assay. Intriguing, theltesfichromosomal aberrations analysed in
the lymphocytes of the same donors, did not refleetcomet assay data. On the contrary,
Wojewodzka et al. (1996) have found an adaptivparse to ionising radiation in peripheral
blood lymphocytes for the induction of micronudbeit not for DNA damage measured by the
alkaline comet assay.

The reason for this disagreement is not cleas kiniown, however, that DNA damage can be
measured by the comet assay regardless of thdepative status of the analysed cells. In
contrast, chromosome aberrations can only be alys dividing cells which undergo
mitosis. Hence, the results of the comet assayednased by early apoptosis (Choucroun et
al. 2001, Lankoff et al. 2004T.he results of dispersion index values of microausltest for
cultures exposed to the different temperaturescatdi however, that no selective cell
elimination influenced the discrepancy between ho#thods. In addition, the replication
indices (RI) obtained in cultures of donors 1, 2 8&nin micronucleus test exposed to 0 Gy
and 2 Gy at 0°C and 37°C showed no impairment pliaation of lymphocytes kept at 4°C
when compared to 37°C.

Another possible explanation deals with the chramstructure. Long time ago it has been
proposed that the variation in the chromatin stmgcttould be responsible for differences in
the induction of DNA damage between cell lines ¥®let al. 1986,Jorgensen et al. 1990,
Ward 1990, Ljungman 1991,Schwartz et al.1993) and also in cellular radiogsity
(Gordon at al. 1990, Lynch et al. 1991). MoreoWudstra et al. (1996) have showed that a
modified chromatin structure was able to modify ¢k#ular radiosensitivity.

4.1.2 Comet assay results at 0°C and 37°C

A further interesting observation was somewhat éigfiail Moment values in samples
exposed to X-rays at 0°C as compared to 37°C. fBmdency was true for both alkaline and
neutral comet assay. In not irradiated samplesttarsd was not observed. It is well known,
that repair of DNA damage starts very effectivelytwm minutes after irradiation (Dikomey
and Franzke 1986). In our experimetits irradiation for the alkaline version of comssay
took 4 min and for neutral version 27 min, so i cells had enough time to start repair of
ssb and dsb.
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DNA repair at 37°C is much more effective than &€ ,0so that the difference in the cellular
ability to repair DNA damage during and within mies after irradiation may be a factor
preventing the detection of temperature effectsdayiet assay.

4.1.3. The possible explanation of sparing effect mw temperature

The lack of agreement between micronucleus assdy@met assay results does not change
our conclusions drawn from experiments with mici@aus test in presence and absence of
radical scavenger (DMSO).

There is still one question left to be answeredy vane lymphocytes more sensitive to
irradiation performed at 37°C when compared to 0°C?

Densely ionising radiation acts on DNA mainly thgbuan indirect effect (Roots et al. 1985),
so if our assumption concerning indirect actionradliation is true, there should be no
temperature effect or minimal effect after exposufréhe cells at 0°C and 37°C to high LET
radiation. For this reason, the blood from dorbbend 3, used in the experiments described
in this thesis were also exposed to 6 MeV neutedr®C and 37°C and about 1000 cells per
dose point were scored. The exposure to high LEd Mm scoring were conducted by
Christian Johannes (Essen, Germany) and the reselts published (Brzozowska et al.
2009). Surprisingly, a significantly reduced leaémicronuclei was found in cells exposed to
neutrons at 0°C, when compared to 37°C. No diffezenwere found between not irradiated
samples, incubated at 0°C or 37°C (Brzozowska. &0419).

On the contrary, Claesson et al. (2007), who aedlysDNA damage induction after gamma
and alpha irradiation, observed a temperature teffecells exposed to gamma but not to
alpha particles. However, Claesson et al. usecereift radiation types, also different cells
(fibroblasts) and endpoints, which could causediserepancy between our results. In spite of
this, we should remember that even at very high k&diation the indirect effect exists and
may contribute as much as 30 % of the whole bickgeffect of radiation (Ito et al. 2006).
Additionally, exposure to neutrons is also conngetéh the emission of gamma rays, which
corresponds to 10 % in case of exposure to 6 MeXroes (Wuttke et al. 1998).

In summary, the comet assay results, as well adattie of agreement between data of
Claesson et al. (2007) and Brzozowska et al. (20@9hot exclude the hypothesis about a
temperature effect in association with the indieféct of radiation.

There are a number of publications revealing aisgaffect of low temperature on radiation-
induced DNA damage. In 1959 Deschner and Gray feut8 % reduction of the aberration
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frequency when the temperature was lowered fron€33°3°C during irradiation. Belli and
Bonte (1963) observed a 25 % higher mean letha¢ dosHelLa cells exposed at 5°C in
comparison to 37°C. Bajerska and Liniecki (1969ehabserved a reduction in the yield of
dicentrics and acentric fragments at 20°C as coetptr 37°C. However, the frequency of
rings and minutes was similar at 20°C and 37°CoA&simrich et al. (1986) found a reduced
dicentrics yield in lymphocytes kept at 4°C for 30-min before, during and 10 min after
irradiation when compared to 37°C. Moreover, Gumret al. observed characteristic S-
shaped temperature dependency, where the dicehtienosome aberration yield was low in
a temperature range between 4°C and 10°C, achiewemgmum aberration frequency at
20°C. During last 10 years series of experimenteeming the temperature effect have been
conducted by Elmroth and co-workers. They foundr@teative effect of low temperature
(2°C) using halo assay before and during exposukerays on inhibition of DNA supercoils
rewinding in MCF-7 cells when compared to 37°C (Elth et al. 1999a). The same results
were obtained using diploid fibroblasts (Elmrotrakt1999b). Also the experiments from the
colony forming assay confirmed a protective effe€tlow temperature during exposure
(Elmroth et al. 2000a).

However, in presence of radical scavenger DMSOnduexposure at 37°C the radiation-
induced damage in diploid fibroblast cells was =t No effects were observed, when the
cells were irradiated in presence of DMSO at Ofdjdating the temperature dependence of
the indirect effect (ElImroth et al. 1999b and 2000b

Somewhat confusing, no temperature effect assess#tk level of micronuclei was detected

in human fibroblasts (Larsson et al. 2007). Thesalts remain unexplained.

Even, if the reasons of the discrepancy betweenltseexamined with the use of different
methods are still not clear, there are enough gi&tsenting that irradiation in low temperature
makes cells less sensitive to ionising radiationemvhcompared to the physiological
temperature of 37°C. There are many possible eapitars for this effect.

The first hypothesis is the assumption, that hypotha leads to condensation of the
chromatin, what makes the chromatin less acces®bl&ee radicals and thus protects the
DNA from damage. In this context it is interestita recall the results of Vergani et al.
(2004). They confirmed that internal and externallutar factors, such as for example
temperature, induce changes in the cell shape r@nabde to remodel the chromatin structure
and gene expression. Lowered temperature causeslydegisation of microtubules
(Cassimeras et al. 1986), what causes histone ty&dimn and finally condensation of the
chromatin (Le Beyec et al. 2007).
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The role of chromatin conformation in the cell respe to radiation has been investigated
already in the 70s. A higher frequency of DNA damags observed in euchromatin when
compared to heterochromatin (Holmberg and Jona%9@@8; Bauchinger and G6tz 1979).
Lately, Falk et al. (2008)bserved less susceptibility to dsb inductionybgys in condensed
chromatin in comparison to decondensed (open) ctiam

Altogether, a reduced level of micronuclei aftepesure to low LET radiation in cells kept at
0°C when compared to 37°C can be expected duestghtomatin condensation at lowered
temperature in association with the indirect effefatadiation.

The second possible explanation of the temperatiieet in cells during irradiation could be
inhibition or elimination of the bystander effect Bbwered temperature. Although the
occurrence of the bystander effect has been foand variety of biological systems, no
mechanism responsible for this effect was idemtifig is supposed, that multiple pathways
are involved in this phenomenon, moreover, diffecatl lines respond in different ways (Hei
et al. 2007). The bystander effect appears as segorence of a signalling cascade in the cell
(Hei et al. 2007) and thus, should be inhibitedoat temperatures. Ryan and co-workers
assessed bystander effect to be responsible f602&- of the observed damage induced by
radiation (Ryan et al. 2007). This agrees withrémults of present thesis, where the sparing
effect in cells exposed to X-rays at 0°C was inrdmege 20 - 45 %. Additionally, our results
with DMSO also support the assumption, since ikm®wn that the bystander effect is
mediated by reactive oxygen species (Hei et al8R0Revertheless, there are no evidences
indicating that the bystander effect does not o@u@°C, so that the assumption that the
bystander effect could be responsible for the teatpee effect during irradiation remains
hypothetical.

A last factor, which was taken into considerationld be a possibly decreasing of the ability
to proliferate for cells exposed at 0°C. In consame, the cells with a high level of DNA
damage would divide slower and remain undetecteadarmicronucleus assay, as it has been
presented by Hoffmann et al. (2002). Nonethelessjifferences were found in replication
indices in PBL irradiated at 0°C or 37°C, what tates that the temperature effect is not due

to decreased proliferation capacity of cells kefii°&.
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4.1.4 Summary of the first part the thesis

Taken together, the results obtained in this pathe study confirmed the previous reports
about the sparing effects of low temperature durmadiation to the level of cytogenetic

damage. This effect disappeared in the presendheofradical scavenger DMSO, which
indicates the indirect action of radiation beingpensible for the result observed.

The mechanisms, possibly responsible for the efédédemperature during irradiation and
measured with micronuclei, could be a condensaifochromatin at lowered temperature or
inhibition/abolition of the bystander effects.

The lack the temperature effect as measured wiletbomet assagmains unexplained and

needs further investigation.

The conclusion derived from this part of the stuslythat control of temperature during
irradiation is critical for reliable and reprodulgbresults. Keeping cells at 37°C during
transport to irradiation source and during irradiatallows the maintenance of physiological
conditions. On the other hand, when transportraaiation source and back takes 20 minutes,
like in this study, the temperature could decreaven the container with samples was
opened, especially during the wintdn this case the conditions during transport and
irradiation cannot be permanently controlled. Fos teason it has been decided to transport
and irradiate the lymphocytes and blood culturesnfiprostate cancer patients and healthy

donors in the second part of this study on ice.

Part 2: Comparison of individual radiosensitivity of peripheral blood
lymphocytes from prostate cancer patients and hedily donors.

Over 30 years ago Taylor et al. (1975) observedssociation between cancer predisposition
and the hypersensitivity of cells to ionising rditia in vitro. This finding was confirmed by
many researches in the following years. Some omthHeund an enhanced level of
chromosome aberrations in lymphocytes of canceremst when compared to healthy
individuals (Scott et al. 1999, Roberts et al. 19980owska et al. 2006). It was, therefore,
postulated that a higher cellular sensitivity tdiaéion in vitro might indicate a susceptibility

to cancer development. The present study objewtasgto find out whether, indeed, prostate
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cancer patients show an enhanced cellular semgitidien compared to age-matched healthy
donors.

The second aspect of this part of the thesis deitilsthe dependence between clinical side
effects and individual cellular radiosensitivity. hd association between individual
radiosensitivity and the risk of acute side effedter radiotherapy appears to be not obvious;
some reports showed a clear correlation (e.g. Batbal. 2000a, Widel et al. 2003), whereas
other authors revealed no evident relationship. ®egg et al. 1993, Rudat et al. 1997 and
1998). If the individual risk of side effects woule known before radiotherapy, a cancer
treatment could be conformed to each patient iddiaily. For this reason it was highly
interesting to find out whether the assays choeethis study might be used as reliable tools
for prediction of a risk for side effects developrhen the basis of individual cellular
radiosensitivity. Hence, all prostate cancer pasigrarticipated in this study, have donated
blood samples minimum 12 months after the compietwd radiotherapy treatment This
allowed clinical identification of those patienthavdeveloped early and/or late severe side
effects (patients S) and patients who showed mdedii@écts (patients 0) during this time.

Exposure to IR during tumour treatment induces sévehromosomal aberrations, which
might be found in peripheral blood lymphocytes nhsnand years after radiotherapy. In the
present study, however, chromatid aberrations sischreaks and gaps were analysed. As
chromatid aberrations are induced followed by iafdn of lymphocytes that are in G2-
phase of cell cycle and not in GO-phase, the pateinfluence of radiotherapy on the level of

chromatid aberrations should be considered asinarg

4.2.1 Chromosomal aberrations. Cancer susceptibiiit

Enhanced G2 chromosomal radiosensitivity as medsuith the G2 assay was observed in
various cancer patients compared to controls. Lskawet al. (2006) analysed 38 larynx
cancer patients (mean age 57) after radiotheragyl@rhealthy donors (mean age 47). Thirty
four patients and 36 healthy donors were male.riban frequency of aberrations in patients
was significantly higher compared to healthy donoislditionally, 39.5 % of patients
showed an enhanced chromosomal radiosensitivitywe®k but significant correlation
between aberration frequency and age was obsdfledated G2 chromatid radiosensitivity
was also observed in fibroblasts from individualsthwdyskeratosis congenita, when
compared to healthy donors (DeBauche et al. 198@9se authors supposed that increased
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susceptibility of chromatid breakage induction byrays could be a cellular marker of
diagnostic value.

A number of published data deal with chromosomdiosensitivity in breast cancer patients
(Scott et al. 1994 and 1999, Terzoudi et al. 2008zdarani et al. 2005). The majority of the
data has been collected for breast cancer patishtse lymphocytes were exposed to
radiation in the G2 phase of cell cycle. Scottle{094)analysed DNA damage in PBL of
50 breast cancer patients and 74 healthy donoges fiund out that breast cancer patients are
significantly more cellular sensitive than controlhese data were later confirmed with a
larger number of cases (130 breast cancer pa@geats 05 normal donors, Scott et al. 1999).
Using a cut-off point of the $0percentile of healthy donors they found about 46e¥sitive
patients. Howe et al. (2005) observed an elevage@l |of radiation-induced chromatid
aberrations in patients with benign prostatic hgissia (BPH) or prostate cancer in
comparison with healthy donors. The study was peréal with blood samples drawn from 15
patients with BPH, 17 prostate cancer patients aadhealthy donors. Using the "0
percentile cut-off value they detected 7 % of Heattonors, 40 % of the BPH patients and ~
88 % (15 patients) of the prostate cancer grougetmadiosensitive.

In this thesis a significantly higher level of ration-induced chromatid aberrations was
observed in PC patients when compared to healthgrdo

Moreover, using the 90percentile cut-off method, 50 % (22/44) of prosteancer patients
were identified to be radiosensitive in vitro or thasis of radiation-induced aberration yield.
Our results are in agreement with the data of Satadt. (1994, 1999), Howe et al. (2005) and
also Lisowska et al. (2006) which indicates that pnocedure used in these experiments was
prepared correctly. Although the case numbers dceerceed 22 in the patients and healthy
donors groups, on the basis of the data publislye@dott et al. (1994, 1999), the results
obtained in this study should be accredited aalvkdi

Additionally, in both groups of prostate cancerigiats also a higher spontaneous aberration
yield was observed. This finding supports the sstige of Bonassi et al. (2000, 2004), that
an enhanced level of spontaneous aberrations ipHgoytes may be a marker for cancer
predisposition.

The difference in average spontaneous aberratigald lpetween patients with side effects
after radiotherapy (S) and healthy donors was fogmt. Eight patients (18 %) were found to
have spontaneous aberration frequencies abovedthpedcentile of the cut-off value. Out of

these 5 showed also side effects (clinically semsih vivo).
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For only 5 patients the aberration yield for bathontaneous and radiation-induced
aberrations was above the cut-off thresholds. Thesing correlation between spontaneous
and radiation-induced aberrations above th& @@-off point suggests that different cellular
mechanisms may be responsible for the G2-sengitafter irradiation and the spontaneous
DNA damage.

Further, there are also known data revealing nterdifice in G2 radiosensitivity between
cancer patients and healthy donors. Hence, Barial.ef{2001) observed no elevated
lymphocyte sensitivity in patients with cervix alwhg cancer. A somewhat confusing result
was published by Papworth et al. (2001). Thesecasittound an enhanced radiosensitivity
only in those larynx cancer patients that were gaeurthan 45 years old.

The reason for the lack of agreement between thdtseobtained in this study with the data
of Baria et al (2001) and Papworth et al. (200I)asclear. A possible explanation could be
different temperatures during exposure and transgothe samples. Papworth et al. (2001)
performed all steps at 37°C, whereas in these ewpats the transport to the irradiation
source in another building and back to the laboyat@s well as the exposure were conducted
on ice. Furthermore, some differences in the paltohave to be mentioned. Papworth et al.
(2001) added colcemid 0.5 h after irradiation amel ¢ells were harvested after 1 h, whereas
in these experiments colcemid was added 1.5 h edjeosure followed by cell harvest after
further 1.5 h. The experiments described by Batiale (2001) have been performed in
agreement with Papworth et al. (2001). Finallyaetdr, that should be taken into account is
the individual differences between persons in mbabarrations analysis.

In view of the potential importance of the chrordasinalysis for detecting of individual
radiosensitivity and predisposition of cancer thisr@a need to find out which mechanisms
underlie the hypersensitivity. Scott et al. (1999ve suggested that G2 chromosomal
radiosensitivity is a marker for low penetrancedsposing genes in a substantial number of
breast cancer patients. This observation was datgirmed by Parshad et al. (1996) and Patel
et al. (1997). Howe et al. (2005) have found thdbtic inhibition values were lower in
benign prostatic hyperplasmia patients (BPH) thamprostate cancer patients (PC). Thus,
mitotic inhibition indicates different mitotic dsefaimes in lymphocytes from BPH and PC
patients. It has been, therefore, suggested tffateht cellular and molecular processes occur

in response to exposure to IR in these both caratents groups (Howe et. al 2005).
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4.2.2 Clinical versus cellular radiosensitivity meaured by G2 assay

The goal of curative radiotherapy is inactivatidrcancer cells one the one hand and greatest
achievable protection of the normal tissue on ttleerohand. Nevertheless, the success of
radiotherapy is limited by the risk of side effectfie reduction of possible side effects after
radiotherapy offer the patients a chance for aebédifie quality. It is well known, that the
occurrence of side effects depends on many fadoch as total dose, tumour volume,
comorbidity of patients and many others (Bentzesh@muergaard 1994, Turesson et al. 1996).
It should be also kept in mind that even after Eimiadiotherapy treatment, patients develop
a broad range of radiation injury in the normasuis (Turesson 199®orger et al. 1994,
Burnet et al. 1998Raaphorst et al. 2002). This is due to the vamatioindividual intrinsic
radiosensitivity, largely determinated by genetictbrs (Turesson et al. 1996, Borgmann et
al. 2007).

Taken together, the main question is whether thrensbsomal radiosensitivity of in vitro
irradiated lymphocytes can be used to predict tble of side reactions in cancer patients
before radiotherapy?

A number of scientists have undertaken trials nal fa correlation between the reactions of
healthy tissue to radiotherapy and the chromosomadiosensitivity in peripheral blood
lymphocytes. A positive correlation was reported bveast cancer (Hoeller et al. 2003,
Borgmann et al. 2008), cervix cancer (De Ruyckl.e2@05,Widel et al. 2001) as well as for
prostate cancer (Lee et al. 2003). In contraryyelationship between cellular and clinical
sensitivity was found by Lisowska et al. (2006)pwarth et al. (2001), Wang et al. (2005),
Slonina et, al (2000) and Barber et al. (2000).

Hoeller et al. (2003) conducted a study with 86guds after breast conserving surgery and
irradiation with a median dose of 55 Gy. Thereaftee stage of fibrosis (grades: 0, 1, 2 and
3) was compared with radiosensitivity in vitro, &seasured with radiation-induced
chromosomal damage (GO assay). They observed l&-8igher annual rate for fibrosis in
patients with high cellular radiosensitivity in cparison with patients with intermediate and
low radiosensitivity.

Borgmann et al. (2008) observed an enhanced indiVicadiosensitivity in PBL of breast
cancer patients and in patients with different tumseites showing acute reactions after
radiotherapy of grade 2-3. Intriguing, these resulére true for the in vitro exposure dose of
6 Gy and not so clear after irradiation with 3 Gfe authors concluded that determining of
individual radiosensitivity after irradiation with Gy seems to be a good tool for prediction of
acute effects after curative radiotherapy.
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Continuing, Lee et al. (2003) irradiated ex vivenlghocytes from prostate cancer patients
before the onset of radiotherapy to find out whethe level of micronuclei correlates with
the clinical reactions after treatment. They foansignificant greater level of micronuclei in

PBL of over-reacting patients when compared toayeireacting patients.

In contrast, Lisowska et al. (2006) observed nati@hship between radiation-induced
aberration frequencies and the degree of acutéisaacAdditionally, Papworth et al. (2001)
observed no significantly greater DNA damage assorea with G2 and GO assays in young
head and neck tumour patients with enhanced tgxioitradiotherapy. Wang et al (2005)
analysed DNA damage and repair using comet asséa@ldmasopharyngeal cancer patients
after radiotherapy (total radiation dose of 70 Gyenty-one patients showed an enhanced
initial radiation damage and 19 patients showeeéduced DNA repair capacity 15 and 30
min after exposure. These patients were supposbd tadiosensitive in vivo. However, the
obtained data indicate no apparent relationshipvéxn the acute skin reactions and in vitro
radiation effects in lymphocytes. Only 3 of theigats suffered from enhanced acute skin

reactions after the treatment.

In present study 22 from 44 prostate cancer patiegsitowed an increased clinical
radiosensitivity (side effects) as assessed orb#sts of validated EPIC questionnaire (the
Expanded Prostate Cancer Index Composite). Twenty d@f the patients showed also
elevated radiation-induced chromosomal radioseiityitas assessed on the basis of' 90
percentile cut-off point. However, an intriguing salovation was that only 11 from 22
radiosensitive in vitro patients were also clinligakensitive. Moreover, the other 11
radiosensitive in vitro patients showed no clinisigle effects.

Hence, the correlation between clinical sensitiuityivo and cellular radiosensitivity in vitro

observed in this thesis on the basis of radiatmmluced aberration yield was true for 50 % of
the analysed prostate cancer patients.

In agreement with the results for spontaneous atienr yield and 90 percentile cut-off
value 8 prostate cancer patients have been assassansitive in vitro, whereof 5 of them
showed also clinical side effects. So that theeatation between clinical sensitivity in vivo
and cellular sensitivity in vitro observed in spreous aberration yield was true for 62 % of

the analysed PC patients.
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Taken together, using G2 assay, we found 22 (500f6)he prostate cancer patients,
participated in the study, which showed an elevasetiation-induced chromatid aberration
yields, whereof 11 of the patients were also céltyc sensitive. Elevated yields of
spontaneous aberrations were found in 8 prostateecgatients (18 %), whereof 5 of the
patients were also clinically sensitive.

Hence, the clinical individual radiosensitivity wasflected in this study at the level of
cellular sensitivity in 50-62 % of prostate canpatients.

In conclusion, the results for clinical versus gkt sensitivity seems to be promising,

however further studies are suggested.

Concerning the discrepancy in results revealedutlgoas above named, there were several
different factors in the experiments such as agé&hefblood donors, tumour volume, total
dose of radiation, daily fraction of radiation atiee most important, the different tumour
entities, that could influence the results. Fomepke the patients examined by Papworth et al.
(2001) were at the moment of diagnosis younger Btalyears, the average age of patients
examined in this study was 72.5 years and all domare older than 58 years. A significant
influence of age on chromosome aberration levels wlaserved by many authors (e.g.
Papworth et al. 2001, Lisowska et al. 2006).

However, it does not explain existing (Hoeller 20B8rgmann 2008) or lack of correlation
(Scott et al. 1994, 1999, Lisowska 2006, Howe 20@H)veen clinical sensitivity in vivo and
cellular sensitivity in vitro.

Andreassen et al. (2002) suggested that “clinicalmal tissue radiosensitivity should be
regarded as so-called complex trait dependent®@adigregate effect of many ‘minor genetic
determinats’ and that single nucleotide polymornmsigSNPSs) could account for a proportion
of such genetic component”. Moreover, the authoggpesed that some genetic variations
affect mostly normal tissue response to IR, wheothsrs behaved differently. At present, a
great attention is focused on SNPs analysis.dupposed that there is a correlation between
SNPs and clinical response to ionising radiationd@assen et al. 2002 and 2003). As SNPs
represent a very numerous type of genetic variat@mmd tens or hundreds of genes could
participate in the response to IR, it seems tormerstandable that the potential correlation
between radiosensitivity in vivo and in vitro cout@ very complex. The present state of
knowledge and assumptions concerning SNPs shouldstiie however, regarded as

preliminary.
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In conclusion of G2 assay, a significantly enhanlesel of chromatid aberrations was found
in PBL of prostate cancer patients in accordanckoth spontaneous and radiation-induced
aberration yield when compared to healthy donors. difference was observed between
patients with and without side effects.

The present results show that the chromosomal sedsitivity of prostate cancer
lymphocytes may be a marker of cancer predisposi#o predictive value for the risk of
developing side effects to radiotherapy was truthis study for 50-62 % of prostate cancer
patients, when the clinical sensitivity in vivo dine basis of the EPIC questionnaire and
cellular sensitivity on the basis of spontaneoud eadiation-induced chromatid aberrations

level were analysed.

4.2.3 They-H2AX assay

“The DNA damage induced directly after irradiatisnconsidered by several authors to be
responsible for clinical radiation sensitivity, beise a large amount of DNA damage will be
harmful to the cell” (Wang et al. 2005).

Moreover, the current theory suggests that the giarylation of the histone H2A is a marker
of the induction of DNA dsb as well as of radioggwisy (Rothkamm and Lobrich 2003).

The literature gives information revealing the nmaxim number of phosphorylatgeH2AX
histones in human lymphocytes in the range betwEgmmin — 1.5 h after irradiation
(Takahashi and Ohnishi 2005, Lobrich et al. 2006dievski and Wilkins 2009). In this
study the maximuny-H2AX foci expression was assessed after 0.5 lhuitime at 37°C, 5
% CGQ. This is in agreement with Lébrich at al. (2004)onassessed a maximum foci number
at 0.5 h after exposure of lymphocytes to 1 Gy. E\av, they found a higher foci level (20
foci/cell/ 1 Gy) in comparison to the results praed in this thesis (~ 7-8 foci/cell/ 1 Gy).
One basic difference in the mode of evaluationhis nanual foci counting performed by
Lobrich et al., whereas in this study the foci weoeinted automatically. The fact that the
automatically working system cuts-off the fluorasoe intensity of a focus underneath a
certain user defined value, might be one possikf@gaeation for these differences in foci
numbers.

The FACS data in the presented thesis showed &ltl figher initial fluorescence signal
0.5 h after exposure in healthy donors comparegohteents S. The fluorescence intensity in
patients S corresponds to about 58.5 %hefvalue measured in healthy dondrise higher
level of the fluorescence signal walso observed in healthy donors 1 h after exposinen
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compared to prostate cancer patients (n = 10) andcal cancer patients (n = 20; Wegierek-
Ciuk, personal communication).

In this study the results obtained for fluoresceimtensity of dsb measured by FACS 0.5 h
after exposure were not confirmed whefH2AX foci were counted by fluorescence
microscopy. The discrepancy between these assays lse due to various parameters which

were measured.

A significant reduction (40 % - 50 %) of both flescence signal and foci number was
observed in all groups of donors 5 h after exposulnen compared to the initial level of
damage. This correlates very well with the obseowabf Banath et al. (2004).hey found

6 h after exposure 2 Gyabout half the amount gfH2AX foci they measured 1 h after
irradiation in cervical cancer lines.

A further decrease of the fluorescence signal veasatied until time point 24 h after exposure
which represented about 4 % of the initial DNA dgmaThis was true for both groups of
patients and for healthy donors.

Interestingly, Wegierek-Ciuk observed a decreastheffluorescence signal in lymphocytes
of cervical cancer patients, but not in prostatecea patients. Moreover, prostate cancer
patients showed 24 h after exposure a higher lefvelH2AX fluorescence signal than after
1 h post-exposure.

The reduction of foci number was not so clearlg@#4 h and corresponded to ~16 % of the
initial foci number in patients S, ~18 % in pateftand ~26 % in healthy donors. A decrease
of DNA dsb during incubation of lymphocytes at 37i%Cin agreement with the results of
Olive and Banath (2004) indicating that the decbhe-H2AX foci correlates with DNA dsb
repair processes.

It does not explain, however, the differences betwihe patients and the healthy donors. A
possible explanation of this observation could heg the decreased foci number in prostate
cancer patients was due to modulated DNA damageyn&on. An adjustment process could
be develop due to fractionated radiotherapy of wnsolt might results in no recognition of

DNA damage under a certain level (Lobrich et aD®0

It existed no information concerning in vivo radasitivity for the healthy donors examined

in this thesis. That means that they were not ppatsted in sensitive or normal responders
like this was done for prostate cancer patients.

In brief, no significant differences have been fdlbetween patients with and without side

effects after radiotherapy in the spontaneous addtion-induced initial level of DNA dsb.
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The enhanced level of DNA damage in HD could betdue slower activation of appropriate
molecular mechanisms or the heterogeneous populaifohealthy donors which were
unselected for radiosensitivity.

4.2.4 Apoptosis/ necrosis assay

“Lymphocytes were described to be the most radisisge immunocompetent cells,
showing a dose dependent increase in apoptosigh{@on and Ozsahin 1997). Based on
this assumption, the measurement of apoptosis irateymphocytes might give more
information about in vitro radiosensitivity of ptage cancer patients as well as healthy
donors.

A correlation between cellular radiosensitivity anadliation-induced apoptosis is not certain.
High apoptosis is correlated with elevated radisgeiity in several cell liness published by
Dewey et al. (1995), Barber et al (2000b), wher€asmpton et al. (1999 and 200ahd

Ozsahin et al. (2005) fourdecreased apoptosis in lymphocytes of radiosersitgividuals.

The rate of radiation-induced early apoptosis az@ lapoptosis/necrosis showed in the
current study increases with culture time. The samgeeasing tendency appeared also in
spontaneous late apoptosis/ necrosis. An incredsgpantaneous and radiation-induced
apoptosis in lymphocytes with incubation time wks® abserved by many authors (Hertveld
et al, 1997, Kern et al. 1999, Bordon et al. 2008rtveld et al. observed a lower level of
spontaneous and a slightly higher level (betweeri886) of early apoptosis (Annexin V
positive cells) than described in this thesis (48%). This difference could be due to
irradiation time. A common practise is to irradidtenphocytes directly after isolation,
whereas in this study the isolated lymphocytes werebated over night to allow the cells to
repair DNA damage caused by shearing forces disoigtion steps.

Additionally, interesting results about a negatoa@relation concerning the age of blood
donors and the level of radiation-induced apoptosisCD4 T-lymphoctyes have been
published by Crompton et al. (1999). They postalatat with each 10 years of life, a dose of
9 Gy X-rays induces 6.5 % less apoptosis. A lopablished results were obtained using
lymphocytes of younger donors, when compared toaties of prostate cancer patients and
healthy donors from this study. It could therefa®plain why the level of radiation-induced
early apoptosis as well as late apoptosis and siscroeasured in this study 24 h after
exposure was not higher than 14 %.
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Big efforts were undertaken to improve the suiigbof the apoptosis assay as predictive test
for cancer proneness. Bordon et al. (2009) maintdiat estimating the cellular
radiosensitivity of PBL is possible using the raidia-induced apoptosis rate measured after
Annexin V/PI staining.

Discrepancy between the results of Bordon et al.tha data described in this thesis could be
due to many reasons. First of all, Bordon et &00&) have performed a more complex study
about the relationship between individual radiogenty and programmed cell death. They
analysed apoptosis in PBL 24 h, 48 h and 72 h eftposure to different radiation doses. The
cervical patients were divided into groups due lioical toxicity (sexual, bowel, rectal and
urinary). Only 4 healthy donors were included imsthtudy. There was no separation into
early apoptotic and late apoptotic/necrotic ceApart from that, sample irradiation and
preparation was performed under different condgioHowever, Bordon and co-workers
found in lymphocytes of cervical carcinoma patiewith late toxicity after radiotherapy a
lower apoptotic response when compared to patehts had not developed late toxicity.
This finding agrees with previous studi¢Grompton et al. 2001, 1999), in which no
significant differences between healthy donors eadcer patients with normal as well as
with hypersensitivity was found for apoptosis in £€Bnd CD8 lymphocytes measured 48 h
after exposure to 2 Gy and 9 Gy of X-rays. A chkeadduced level of radiation-induced
apoptosis in donors with elevated toxicity to réidia was observed. The authors can not
explain which mechanism is responsible for theti@lghip between elevated radiation
toxicity and reduced apoptosis rate. They assurhatithe increased late toxicity could be
due to a delay in mobilizing the physiological respe to radiation injury. Thus, they
conclude that individuals expressing high levels apioptosis activate the physiological
response to radiation rapidly whereas individuaithva low apoptosis level mobilize this
response slowly.

Altogether, Crompton et al. (1999, 2001) and Oazsadtial. (2005) believed the leukocytes
apoptosis assay to be a useful predictor of areasad late toxicity to radiation therapy.

In contrary, Barber et al. (2000b) observed noetation between apoptosis level measured
by TUNEL assay and toxicity in healthy donors, Btezancer patients and individuals with
ataxia telangiectasia (AT). Apart from that, thehaus found a somewhat reduced level of
apoptosis in breast cancer patients and AT indalelwhen compared to healthy donors. The
same tendency was observed in this thesis for tradienduced early apoptosis 24 h after
exposure. Moreover, 5 h after exposure the difleebetween radiation-induced late

apoptosis/necrosis in healthy donors was signifigamgher when compared to patients S
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and patients 0. Barber et al. (2000b) supposedhkaieduced apoptosis level in breast cancer
patients may be connected with a genetic prediBposio this cancer entity. At least, the
authors did not recommend application of apoptasgay as a reliable tool for the prediction
of normal tissue response to radiotherapy.

Generally, the apoptosis/necrosis data obtainekisnstudy do not differ between patients S,
patients 0 and healthy donors (the exception desdrabove) what makes this assay not a
good candidate for a reliable predictive test.

4.2.5 Prediction of cancer proneness using G3-H2AX- and apoptosis/necrosis assays

The comparison of the G2 assay and apoptosis/necassay is somewhat baffling. For
apoptosis/necrosis assay, as well as fonytRi2AX assay not stimulated lymphocytes were
used, whereas in G2 test, PHA was added. In mostguating cells apoptosis is induced by
residual DNA damage and occurs either in the laterphase or after one or more mitoses
(Dewey et al. 1995, Hendry and West 1997). Nevistise in the thesis the efforts were
focused to find out whether assessed cancer sustigptcan be confirmed in the same
patients when different assays were used.

As was mentioned earlier, an enhanced level ofmhemmal damage is supposed to be a
marker of cancer predispositioBig trials were made to find a correlation betweetiular
individual radiosensitivity measured as chromosoatmdrrations (G2, GO assays) and cancer
susceptibility and thus a lot of results were pahidd (Scott et al. 1996, Barber et al. 2000a,
Papworth et al. 2001, etc.). For this reason inptesent thesis the results of the G2 assay
were used as reference data for the discrimindbieiween cancer-prone and non-prone
patients with reference to the data obtained vinéhdther assays.

The results obtained in this study are presentethapter 3 Results, subsection 3.2.4 and in
Table 3.11. Generally, 6 patients (P 8, P 17, AP13), P 34, P 41) were found to be sensitive
according to spontaneous and radiation-induced Dhiiage analysed with various assays.
Four of them were assessed as also clinically semgP 8, P 18, P 20, P 34), whereas P 17
and P 41 were classified on the basis of the ERIEstipnnaire as patients without side
effects after radiotherapy. With the exception d® the rest of them showed high induced
chromosome aberration yield as assessed with thes&®y. Despite P 41 was not sensitive in
vivo (without clinical side effects after radiotlapry), in this study he has been classified as
sensitive in vitro when G2 (0.5 Gy) and FACS restdtr 90" cut-off point were taken into
consideration. Moreover, P 41 showed also an emigate/el of chromosomal aberrations
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when lymphocytes were exposedytoays in GO phase of cell cycle (FISH assay, Schiaijt

personal communication). In P 41, 18 metaphasds aberrations have been found in not
irradiated lymphocytes and 46 metaphases with 86w aberrations after exposure to 2 Gy,
when 100 metaphases were analysed. Blood of P 4 dw@an once and the cultures for both

assays (G2, G0) were set up within 3 h after vepomsture.

Taken together, a partial agreement was found kespect to identification of cancer-prone
patients when the results of the chosen assays takes into consideration. The highest
correlation was observed for G2- and FAG$HRAX assays) data.

Four patients out of 6 were assessed as radiosensitvitro on the basis of nearly all chosen
assays and showed also clinical side effects. §dhtavever, it is not proved that clinical

radiosensitivity must be reflected on cellular leve
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V. Summary and final conclusions

The goal of this thesis was:

Part 1
= To find out, whether different temperature condialuring irradiation of peripheral
blood lymphocytes have an influence on the radmaithmluced level of chromosomal
damage
» To check, whether the cytogenetic temperature eiifiegeripheral blood lymphocytes

is related to the direct or indirect action of mahin

Part 2
» To find out whether one or more chosen assays niglappropriate to predict cancer
susceptibility
= To compare individual radiosensitivity between pats cancer patients with and
without clinical side effects after radiotherapylage-matched male healthy donors —

prediction of the risk of development any side efeafter radiotherapy.

Results:

Part 1
= A significantly higher level of micronuclei was fot when lymphocytes were kept 15
min before and during exposure at 37°C when congpdce 0°C. This effect
disappeared in the presence of DMSO (radical sggargn
= The observed temperature effect in micronucleuayass supposed to be due to the
indirect action of radiation

= No temperature effect was observed using alkalmkereutral versions of comet assay

Part 2
= Significant differences between prostate canceiepist and healthy donors in G2-,

v-H2AX (FACS) and late apoptosis/necrosis assayg wbserved.
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* No significant differences between prostate campegients with side effects (S) and

without side effects (0) after radiotherapy werernd.

= Clinical radiosensitivity in vivo assessed on thasib of the EPIC questionnaire
correlated with cellular radiosensitivity in vit@ssessed on the basis of chromatid
aberration 99 cut-off value analysis for 50-62 % of prostateazrpatients.

= Six prostate cancer patients were identified asabigt sensitive in vitro when
spontaneous and/or radiation-induced DNA damage waealysed. Four of them were

also sensitive in vivo on the basis of EPIC quesi#re.

Final conclusions:

Part 1

» The observed sparing effect of low temperaturectbel due to:

- The condensation of the chromatin in lowered tewrtpee, what makes the
chromatin less accessible for free radicals and phatects the DNA from damage.

- The inhibition or elimination of the bystander effen lowered temperature.

» This effect disappeared in the presence of thecahdscavenger DMSO, an
observation which favours the indirect action afiaéion as being responsible.

» The lack of the temperature effect as measured with comet assay remains
unexplained and needs further investigation.

= The conclusion derived from this part of the stiglihat control of temperature during

irradiation is critical for reliable and reprodulglyesults.

Part 2

» The chromosomal radiosensitivity in lymphocytepuadstate cancer patients:
- May be a marker of cancer predisposition.
- Seems to have a predictive value for the riskdefieloping side effects to
radiotherapy for about 50-62 % of prostate cane#iepts analysed in the study.

= The enhanced level of DNA damage as measured hath-H2AX assay (FACS) in
HD could be due to a slower activation of apprdpriaolecular mechanisms or the
lack of a pre-selection of sensitive/resistantvidlials.

» The apoptosis/necrosis data do not differ betwesremts S, patients 0 and healthy
donors, which indicates that this assay alone tsameliable predictive tool.
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Further investigations using G24-H2AX- and apoptosis/necrosis assays are
necessary to find out whether the likeliness taniidie in vivo and in vitro sensitive
individuals might be increased by using 2 or mdrthese methods in combination in

order to get a good agreement concerning correlatielinical and cellular sensitivity

of cancer patients.
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Abbreviations

AT
ATM
BNC
CP
DMSO
D
DAPI
dsb
EPIC
FACS
FISH
FITC
FSC
y-H2AX
Gy

G5 mTR"
HNPCC
HR
KCL
Kg
LMS
MeV

ml

Mn
uv
PC
PBL
PFGE
PHA
Pl
PSA

ataxia telangiectasia

ataxia telangiectasia mutated
binucleated cell

computer tomography

dimethyl sulphoxide

dispersion index
4’.6-diamidino-2-phenylindole
double strand breaks

Expanded Prostate Cancer Index Composite
fluorescence activated cell sorting
fluorescence in situ hybrydisation
fluorescein isothiocyanate
forward scatter channel
phosphorylated histone H2AX
gray
mice lacking a RNA component of telomerase
hereditary non-polyposis colorectal cancer
homologous recombination
potassium chloride

kilogram

lymphocytes separation medium
mega-electron volt

mol

mililiter

micronuclei

ultraviolet light

prostate cancer

peripheral blood lymphocytes
pulsed field gel electrophoresis
phytohaemagglutinin

propidium iodide

prostate specific sntigen
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PS
PTV
RI
RT
ROS
SF
SSC
Sv
™
T1-3NOMO
T

wWB
XP

phospholipid phosphatidylserine

planning target volume

replication index

room temperature

rective oxygen species

survival fraction

side scatter channel

sievert

Tail Moment

TNM grading system to describe prostateour
describes the tumour and uses different numbers t
explain how large it is

stands for nodes and tells whether the cancesjbiaad
to the lymph nodes

means metastatic and tells whether the cancesprasad
throughout the body

whole blood

xeroderma pigmentosum
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for spontaneous and radiation-induced DNA damage haalthy donors,

respectively.
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Figure 3.14: Percent of radiation-induced late apoptotic/necr&®BL in prostate cancer

patients and healthy donors 5 h after exposure €@yl1Error bars indicate
standard deviations.



Appendix 115
Raw data
Appendix A: The numbers of scored spontaneous and radiatcucad chromatid aberrations
Aberrations per 100 cells Aberrations per 100 cells Aberrations per 100 cells
Group S Control 0.5 Gy Group O Control 0.5 Gy Group HD Control 0.5 Gy

P2 3 161 P9 2 79 HD 1 0 88
P4 2 102 P 10 1 15 HD 2 0 65
P8 9 118 P12 6 32 HD 3 1 55
P11 0 33 P15 1 33 HD 4 0 45
P13 2 75 P17 0 174 HD 5 1 56
P 14 1 44 P19 3 184 HD 7 3 46
P 16 1 43 P22 4 27 HD 8 0 55
P18 5 202 P23 1 26 HD 9 1 37
P 20 1 52 P24 1 24 HD 10 0 31
P25 1 44 P29 0 65 HD 12 0 25
P 26 7 51 P 30 1 60 HD 13 0 22
P27 5 60 P31 0 95 HD14 0 18
P 28 2 38 P35 0 105 HD 15 1 16
P33 2 101 P 37 1 43 HD 16 0 47
P 34 2 88 P39 0 43 HD 17 1 32
P 36 0 66 P41 1 96 HD 18 2 46
P 38 1 41 P42 0 77 HD 20 0 32
P 40 0 130 P 43 0 36 HD 21 0 23
P44 0 38 P 46 1 78 HD 22 1 51
P 45 0 33 P 47 1 56 HD 23 3 37
P 48 1 41 P 52 0 87 HD 24 2 57
P 53 0 59 P 54 2 42
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Appendix B: Mean foci number per 100-120 cells

Patients with effects (S)

Patients without effects (0)

Healthy donors (HD)

Patients  Control 1Gy 1Gy 1Gy Control |Patients Control 1Gy 1Gy 1Gy Control Donors Control 1Gy 1Gy 1Gy Control
0.5h 0.5h 5h 24h 24 h 0.5h 0.5h 5h 24h 24 h 0.5h 0.5h 5h 24h 24 h
P8 1,48 14,27 6,55 5,86 2,04 P6 0,88 12,84 6,9 6,06 1,1 HD 1 1,38 11,24 8,2 6,22 1,72
P11 0,663 6,4 1,655 1,555 0,773 P7 1,58 12,5 6,62 4,68 1,18 HD 2 0,58 9,44 6,56 4,76 0,98
P13 1,01 15,73 6,06 2,61 0,86 P9 1,26 11,59 4,97 1,3 0,84 HD 3 0,74 8,3 5,96 3,24 1,7
P14 0,79 17,63 5,03 2,99 1,05 P 10 1,36 10,79 6,02 3,39 1,22 HD 4 1,59 12,66 7,76 15 1,47
P 16 5,083 5,901 3,659 3,016 P12 1,44 13,22 4,94 6,02 1,91 HD 5 0,77 11,66 6,8 2,81 0,67
P 20 0,8 10,24 4,09 2,67 0,75 P 15 0,96 11,7 4,71 3,11 0,72 HD 7 0,52 13,32 3,45 2,02 0,3
P 25 3,516 7,033 4 P17 1,42 17,14 7,14 5,36 1,17 HD 8 0,5 4,783 1,258 1,325 0,975
P 26 1,232 5,617 1,795 0,808 1,285 P 22 1,402 6,839 4,045 3,327 0,991 HD 9 1,9 6,708 2,825 3,492 2,317
P27 0,864 7,536 3,964 3,064 2,018 P23 0,214 8,556 1,207 0,685 0,225 HD 10 1,793 9,125 6,55 3,678 3,433
P 28 1,017 715 4508 2.3 0,967 P24 2,636 9,318 4,396 2,082 1,432 HD 11 3,017 8,851 4,57 4,15 1,132
P32 1,456 2,442 2,603 4,425 2,275 P29 3,488 12,983 7,367 2,183 1,902 HD 12 3,3 12,207 7,1 2,967 1,728
P33 3,76 13,208 7,339 2,754 2,292 P 30 2,942 11,4567 5,554 2,942 4,117 HD 13 1,633 2,767 3,385 4,437 2,767
P 34 3,883 14,342 7,182 4,292 3,593 P 31 4,892 11,417 6,785 4,042 3,683 HD 14 2,678 9,675 6,117 2,918
P 36 4,659 10,669 6,157 P 35 2,817 12,309 6,408 3,289 2,43 HD 15 4,261 9,094 7,775 3,933
P 38 0,167 7,44 2,55 0,777 0,992 P 37 2,025 8,694 4,408 2,192 1,5 HD 16 2,508 8,692 4,383 7,032 1,793
P 40 1,125 7,017 2,767 2,133 1,388 P 39 2,358 12,851 6,075 3,612 1,75 HD 17 3,367 10,642 3,215 3,672
P 45 2,342 9,808 4,653 3,194 0,943 P41 1,225 4,592 2,308 2,587 0,458 HD 18 2,975 10,623 5,75 4,421 1,025
P 48 2,612 9,388 4,992 0,727 1,831 P42 2,372 9,433 4,15 3,333 1,675 HD 20 2,253 9,439 6,653 4,458 1,517
P 50 2,6 11,388 6,355 3,617 2,375 P43 3,867 4,325 2,6 2,333 HD 21 4,405 12,092 6,205 3,81 1,521
P51 0,022 6,167 3,442 0,869 0,717 P47 0,856 6,175 3,55 1,475 0,525 HD 22 9,467 6,608 3,518 2,721
P 53 3,3 7,033 6,57 1,74 1,355 P 49 1,785 12,458 5,603 2,066 HD 23 0,742 3,717 1,583 1,542 2,925
P 52 3,129 8,208 3,861 2,636 1,708 HD 24 2,892 10,328 5,508 4,117 4,052
P 54 3,008 9,744 4,358 4,342 1,959
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Appendix C: FACS results

Patients with effects (S)

Patients without effects (0)

Healthy Donors (HD)

Control 1 Gy 1Gy 1Gy Control Control 1 Gy 1Gy 1 Gy Control Control 1Gy 1Gy 1Gy Control
Patients 0,5h 0,5h 5h 24 h 24 h Patients 0,5h 0,5h 5h 24 h 24 h Donors 0,5h 0,5h 5h 24 h 24 h

P8 3,164 9,875 6,307 2,391 2,881 P9 3,172 8,928 4,744 2,489 2,879 HD 1 1,121 6,079 4,661 2,851 1,794
P11 1,704 5,378 3,838 1,965 1,8 P 10 1,925 5,743 3,932 1,845 1,828 HD 2 2,028 9,816 5,653 2,277 2,338
P13 1,73 6,119 3,508 1,855 1,536 P12 1,852 5,211 3,621 1,953 1,569 HD 3 2,093 9,493 6,523 2,864 2,805
P14 1,823 5,603 3,296 2,084 1,665 P 15 1,933 5,915 2,998 2,318 2,148 HD 4 2,671 14,127 8,691 3,312 2,628
P16 1,276 1,535 1,107 1,083 1,455 P17 1,131 5774 4,296 4,343 1,402 HD 5 3,049 12,79 6,545 3,347 3,386
P18 1,678 4,448 4,171 4,041 2,661 P19 1,609 7,043 3,591 3,022 3,208 HD 6 2,359 10,572 5,149 2,433 2,648
P 20 3,218 6,476 5,696 3,562 3,144 P21 2,86 7,684 5,145 3,104 2,832 HD 7 1,524 5,312 2,597 1,531 1,606
P25 3,384 2,839 1,691 1,054 0,725 P22 2,849 7,572 4,938 2,66 2,832 HD 8 1,383 6,587 3,138 1,604 1,656
P 26 3,795 9,529 6,103 3,216 3,542 P 23 3,606 9,303 3,004 2,295 2,362 HD 9 2,772 7,172 4,91 2,981 2,634
P 27 2,91 5,989 4,551 2,846 3,224 P24 3,002 9,094 4,1 2,471 2,434 HD 10 2,294 4,168 4,361 2,812 2,704
P 28 2,66 7,641 5,719 3,095 2,992 P 29 2,849 5,263 5,053 2,147 2,442 HD 11 2,624 5,348 4,397 2,941 2,183
P 32 2,435 3,972 2,915 2,194 2,68 P 30 2,669 4,944 3,65 2,232 2,746 HD 12 2,866 5,953 4,437 2,5 2,868
P33 2,094 5,388 4,096 2,326 2,243 P31 2,508 5,529 4,106 2,4 2,149 HD 13 2,732 5,41 3,93 2,755 2,308
P34 2,988 6,703 5,406 3,405 3,294 P35 2,909 5452 4,691 2,96 2,753 HD 14 2,666 5,869 3,913 2,486 2,714
P 36 3,092 4,62 4,381 2,464 2,716 P37 2,523 5,282 3,977 2,78 2,584 HD 15 2,513 4,733 3,837 2,731 2,703
P 38 1,538 3,702 2,423 2,483 2,159 P 39 2,451 4,456 3,267 2,496 2,311 HD 16 2,887 5,302 4,105 3,487 2,481
P 40 2,733 5,184 5,547 3,947 3,124 P41 3,345 5,585 4,54 3,692 3,092 HD 17 2,634 5,657 3,734 2,47 2,855
P 44 2,659 6,878 4,58 2,772 2,85 P 42 2,738 6,045 4 3,389 2,869 HD 18 3,302 5,818 4,236 2,992 2,475
P 45 3,345 5,476 4,07 3,333 2,922 P 43 2,82 5,679 3,643 2,452 2,507 HD 20 3,036 6,131 5,052 2,983 2,942
P 48 1,542 2,342 2,401 1,514 1,392 P 49 2,925 6,168 3,564 2,932 2,603 HD 21 2,295 5,142 3,711 2,715 2,56
P 50 2,94 5,688 4,667 3,088 2,551 P 52 2,389 5,099 3,406 2,514 2,695
P51 2,063 3,67 3,064 2,06 2,227 P 54 2,163 4,449 2,934 2,175 2,199
P 53 2,397 3,968 3,464 2,568 2,671
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Appenix D: Early apoptosis results

Patients with effects (S)

Patients without effects (0)

Haelthy donors (HD)

Controls Irradiated samples Controls Irradiated samples Controls Irradiated samples
Patients Patients Donors
05h 5h 24h 05h 5h 24h 05h 5h 24h 05h 5h 24h 05h 5h 24h 05h 5h 24h
P8 15,1 17,2 19 15,7 22,7 41,4 P6 9,4 7,6 7,9 5 10,4 39,55 HD 3 25,4 4,9 15,1 6,1 13,6
P11 53 4,1 5 5,85 53 17,4 P 10 9,5 8,5 15,4 7,65 11,75 19,95 HD 4 2 7 1,3 3 20,9
P13 17,6 15,1 7,1 21 16,8 22,6 P12 8,6 12,8 9,7 12 8,85 11 HD 5 14 11,7 8,1 14,9 14 15,9
P 14 18,1 16,2 21,1 17,35 19,1 25,35 P 15 26,8 20,5 17,7 23,45 20,05 22,2 HD 7 6,6 51 4,1 6,5 8,8 13,8
P 16 19,3 16,7 13,1 21,65 14,05 14,8 P17 19,3 15 22,7 19,55 19,5 27,35 HD 8 12 8,8 6,3 11,6 16 23,5
P18 23,6 20 15,6 23,95 18,6 22,35 P19 15,6 10,8 15,2 16,7 12,7 19,75 HD 9 18,2 24,3 22,6 24,8 18,7 33,4
P 20 216 211 27 27,1 24,1 27 P21 20 15,5 21,8 19,9 16,5 31,2 HD 10 14,1 10,1 134 | 151 11,2 26,6
P25 13,7 11,7 13,2 14,9 12,1 24,5 P22 15 16,8 21,6 19 15,1 18,7 HD 11 14,4 10,1 143 | 14,3 10,5 26,1
P27 7,7 6,7 10 7,7 7,7 26 P 23 11,9 9,8 16,4 10,8 10,8 19,7 HD 12 10,6 8,3 10,4 11,5 10,6 23
P28 13,7 12,7 14,9 13,7 11 32,3 P29 11,8 8,7 11,6 15,9 10,9 24,6 HD 13 22,4 21,2 23,1 19,4
P 32 57 4,8 7,1 6 57 21,7 P 30 13,7 11,9 15,2 14,2 14,5 25,6 HD 14 10,1 10,2 10,6 9,1
P 33 9,3 6,2 12 8,6 7,1 20,6 P31 13,7 10,1 8,2 14,6 23,9 HD 15 13,1 9,2 13,5 8,8
P34 9,9 10,3 14,8 10,7 10,8 20,1 P35 11,3 94 14 11,2 9,9 18,8 HD 16 9,7 57 6,2 10 6,8 12,3
P 36 8,8 7 12,7 9,3 8,3 16,7 P 37 13,1 8 12,9 11,5 9,3 14,9 HD 17 14,9 13,6 16,1 14,6 12,3 27,6
P 38 19 15,5 20,4 18,2 18,1 29,9 P 39 12 8,3 12,1 11,6 8,8 17,9 HD 18 8,2 6,8 7,8 79 8,4 22,6
P 40 57 54 8,7 3,8 7,2 22,3 P41 14,9 9,7 14,1 16,5 11,9 22,7 HD 19 14,7 15,3 339 | 184 184 37,3
P 44 22,8 11,4 15,1 22,4 14,3 19,8 P 42 10,9 7,3 12,8 14,3 10,7 21,8 HD 20 13,7 10,1 15,5 10,8 8,8 21
P 45 11,5 7,3 11,9 11 79 16,5 P 43 18,2 14,3 16 17,2 18 39,9 HD 21 8,2 59 75 7,6 6,4 12,4
P 48 9,1 7,1 8,9 10,7 7,9 12,4 P 46 10,8 7 10,4 10,5 6,4 13,9 HD 22 15 15,4 17 14,7 15,6 44,6
P 50 25,7 21,4 19,3 22,3 20,4 28,3 P 47 4,5 2,7 55 4,1 3,2 7,2 HD 23 20 16,4 19,3 19,3 15,6 21,4
P54 8,9 6,4 10,6 9,7 7,2 19,1 HD 24 14,3 14,1 22 15,2 17,5 28
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Appendix E: Late apoptosisecrosis results

Patients

P8
P11
P13
P14
P16
P18
P20
P25
P27
P28
P32
P33
P34
P36
P38
P40
P44
P45
P48
P50

Patients with effects (S)

Patients without effects (0)

Haelthy donors (HD)

Controls Irradiated samples Controls Irradiated samples Controls Irradiated samples
Patients Donors
0.5h 5h 24 h 0.5h 5h 24 h 0.5h 5h 24 h 0.5h 5h 24 h 0.5h 5h 24 h 0.5h 5h 24 h
59 8,8 15,8 5,6 7,9 32,9 P6 9,6 7,3 7,8 6,75 7,6 16,4 HD3 11,4 4 11,3 6,3 9,7
1,7 4,2 3,5 1,95 2,85 16,85 P10 3,2 6,2 8 3,4 5,25 17,4 HD4 4,4 52 3,5 54 12,5
1,7 1,9 6,6 2,05 2,35 P12 0,9 0,9 1,9 1,1 0,9 4,5 HD5 1,2 1,9 3,2 1,8 1,7 18,6
7,2 9,1 9,5 7,6 9,25 28,25 P15 4,7 4,2 4 4,9 4,7 11,45 HD7 2,8 2,6 2,3 2,7 2,7 4,9
7,7 7,2 4,6 7.9 6,55 9,25 P17 14 1,8 4,1 1,4 2,25 13,05 HD8 3,5 4,1 4,6 3 53 10,3
1,4 2,9 5,6 1,85 2,85 14,25 P19 1,2 1,9 34 1,35 2,2 9,9 HD9 0,1 0,1 0 0 0 0
4,5 4,7 12,2 54 57 12,2 P21 1,7 2,1 55 2,3 2,5 13 HD10 2,5 2,1 2,9 2,5 33 8,2
1,6 2 3 1,5 2,2 8,7 P22 2 2,7 5,8 2,4 2 15,3 HD11 4,7 4,4 54 4,6 4,6 8,3
39 1,9 3,4 4,1 2 58 P23 3,4 3,4 45 3,1 3,6 8,6 HD12 1,4 1,6 3,8 15 1,8 8,4
4,1 1,8 3,7 4,1 2 7,2 P29 1,8 3,4 6,6 2 3,9 20,6 HD13 4,3 3,5 4,4 4,1
1,3 1,8 3,6 1,8 1,9 13,9 P30 29 4,9 8,2 3,1 55 15,7 HD14 0,6 0,6 0,6 0,9
1,7 2,2 51 1,8 2,5 12 P31 1 1,2 6,2 0,9 14,8 HD15 0,7 1 1 1
1,2 1,4 2,4 15 11 7,6 P35 1,6 1,4 4,2 1,4 1,4 75 HD16 1 0,9 1 1,2 0,9 2,2
1,9 1,3 3,7 15 1,3 5,6 P37 0,8 1,1 38 1 1,1 6,7 HD 17 1,9 2,3 6,3 1,6 2,2 9,9
1 11 3,2 1,2 1,3 8,3 P39 0,9 1 2,3 1 0,7 5 HD18 1,7 1,8 2,5 1,8 2,1 4,2
2,5 2,2 4,8 1,6 2,4 6,6 P41 1,1 0,9 2,6 1 1,4 7,3 HD19 2,6 3 57 2,7 2,6 7,1
2,5 2,8 59 2,7 2,9 9,6 P42 1,4 2,2 59 1,9 2,4 12,2 HD20 2,5 2,3 49 2,7 3,2 7,2
2,7 3 57 1,9 29 8 P43 2,1 3,6 6,9 1,5 2,7 9,2 HD21 3,4 2,1 2,8 3,2 2,8 4,3
1,1 0,6 1,8 1,5 0,8 5,6 P46 4,3 3,5 4,6 4 2,6 6,3 HD22 3,3 3,6 7,1 3,4 3,4 19,4
2,2 4,2 6,7 2,8 4,6 15,4 P47 0,3 0,4 0,7 1 0,5 2,2 HD23 8,9 9,2 10,2 10,1 10,2 13,5
P54 1,7 2,3 4,1 15 2,2 57 HD24 59 59 84 57 6 16,8
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EPIC questionnaire

Appendix F : EPIC questionnaire (The Expanded Prostate Cancer Index Composite)
Beschwerden beim Wasserlassen in den letzten vier Wochen
(Zutreffendes bitte ankreuzen /Angaben freiwillig: Fragen, die Sie nicht beantworten
mochten, kbénnen Sie Uberspringen)

1. Wie oft hatten Sie ungewollten Urinabgang?

mehrmals taglich ungefahr einmal mehrmals ungefahr einmal selten oder
taglich wochentlich wochentlich nie

2. Wie oft hatten Sie Blut im Urin?

mehrmals taglich ungefahr einmal mehrmals ungefahr einmal selten oder
taglich wochentlich wochentlich nie

3. Wie oft hatten Sie Schmerzen oder Brennen beim Wasserlassen?

mehrmals taglich ungefahr einmal mehrmals ungefahr einmal selten oder
taglich wochentlich wochentlich nie

4. Was beschreibt Ihre Fahigkeit, das Wasser zu halten, am besten?

keine Urinkontrolle haufiges Traufeln  gelegentliches komplette
Traufeln Kontrolle
O @) @) @)

5. Wie viele Vorlagen brauchen Sie taglich, um den unwillkiirlichen Abgang zu
beherrschen?

drei oder mehr taglich zwei taglich eine taglich keine
@) @) @) @)
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Wie belastend waren die folgenden Beschwerden fiir Sie?

groBes malkiges Kkleines  sehrkleines kein

Problem Problem Problem Problem Problem
6. ungewollter Harnabgang @ @ @
7. _Schmerzen oder Brennen @ @ @
beim Wasserlassen
8. Blutim Urin &8 @ @
9. Schwacher Harnstrahl D D D
oder inkomplette Entleerung
10. Aufwachen,um Wasser
Zu lassen
11.haufigesWasserlassenwa
hrend
des Tages

12. Wie belastend war insgesamt das Wasserlassen fur Sie?

grol3es maniges kleines sehr kleines kein Problem
Problem Problem Problem Problem

Beschwerden beim Stuhlgang in den letzten vier Wochen
(Zutreffendes bitte ankreuzen /Angaben freiwillig: Fragen, die Sie nicht beantworten
mochten, kdnnen Sie Uberspringen)

13. Wie oft hatten Sie Stuhldrang (Gefuhl, zur Toilette gehen zu missen, ohne
Stuhlgang)?

mehrmals ungefahr einmal mehrmals ungefahr einmal selten oder
taglich taglich wochentlich wochentlich nie

14. Wie oft hatten Sie unkontrollierten Stuhlabgang?

mehrmals ungefahr einmal mehrmals ungefahr einmal selten oder
taglich taglich woOchentlich wochentlich nie

15. Wie oft hatten Sie wassrige Stuhle (keine feste Form)?

immer ublicherweise ungefahr die selten nie
Halfte der Zeit
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16. Wie oft hatten Sie blutige Stihle?

immer Ublicherweise ungefahr die Halfte selten nie
der Zeit

17. Wie oft hatten Sie Schmerzen beim Stuhlgang?

immer ublicherweise ungefahr die Halfte selten nie
der Zeit

18. Wie oft hatten Sie Stuhlgang an einem normalen Tag?
funfmal oder haufiger drei- oder viermal zweimal oder seltener

19. Wie oft hatten Sie krampfhafte Schmerzen im Bauch-, Becken- oder
Enddarmbereich?

mehrmals taglich ungefahr einmal mehrmals ungefahr einmal selten oder
taglich wochentlich wochentlich nie

Wie belastend waren die folgenden Beschwerden fir Sie?

grof3es mafiges kleines sehr kleines  kein

Problem Problem Problem Problem Problem
20. Stuhldrang
21. vermehrte
Haufigkeit des
Stuhlgangs
22. wassrige Stiuhle
23. unkontrollierte
Stuhlabgang
24. blutige Stuhle
25. krampfhafte

Bauch-/Becken-
/Enddarmschmerzen

26. Wie belastend war insgesamt der Stuhlgang fur Sie?

groR3es Problem  maRiges kleines sehr kleines kein Problem
Problem Problem Problem
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Sexuelle Beschwerden in den letzten vier Wochen
(Zutreffendes bitte ankreuzen /Angaben freiwilkgagen, die Sie nicht beantworten
mdochten, kdnnen Sie Uberspringen)

Wie wirden Sie folgende Punkte einschatzen?

sehr gering oder gering  zufrieden- gut sehr gut
nicht vorhanden stellend
27. Ihr sexuelles
Verlangen
28. lIhre Fahigkeit,
eine Erektion zu
haben
29. lhre Fahigkeit,
einen Hohepunkt zu
erreichen

30. Wie wiirden Sie die tibliche QUALITAT Ihrer Etonen einschatzen

keine nicht ausreichende ausreichende Festigkeit ausreichende
Festigkeit fur sexuelle nur far das Vorspiel Festigkeit fur
Aktivitat Geschlechtsverke
hr

31. Wie wiirden Sie die tibliche HAUFIGKEIT Ihrer Etienen einschatzen (wenn Sie eine
Erektion wollten)?

nie weniger als die Halfte der mehr als die Halfte der immer
Falle Falle

32. Wie oft sind Sie mit einer Erektion morgensradeder Nacht aufgewacht?

nie seltener als einmal  ungeféahr einmal mehrmals taglich
woOchentlich woOchentlich wochentlich
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33. Wie oft hatten Sie irgendeisexuelle Aktivitat?

nie seltener als ungefahr mehrmals taglich
einmal einmal woOchentlich
wochentlich wochentlich

34. Wie oft hatten Sie Geschlechtsverkehr?

nie seltener als einmal ungefahr einmal mehrmals taglich
woOchentlich woOchentlich wochentlich

35. Wie wirden Sie lhre Fahigkeit zur Sexualitggesamt einschatzen?

sehr schlecht zufriedenstellen gut sehr gut
schlecht d

Wie belastend waren die folgenden Punkte fir Sie?

grol3es maniges kleines  sehr kleines kein
Problem Problem Proble Problem Proble
m m
36. lhr sexuelles
Verlangen
37. Ihre Fahigkeit,
eine Erektion zu
haben
38. lhre Fahigkeit,
einen Hohepunkt zu
erreichen

39. Wie belastend war insgesamt Ihre Sexualitat bzangel an Sexualitat fur Sie?

grof3es mafiges kleines sehr kleines kein Problem
Problem Problem Problem Problem
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Hormonelle Beschwerden in den letzten vier Wochen
(Zutreffendes bitte ankreuzen /Angaben freiwilkgagen, die Sie nicht beantworten
mochten, kdnnen Sie Uberspringen)

40. Wie oft hatten Sie Hitzewallungen?

haufiger als ungefahr haufiger als ungefahr selten oder
einmal taglich einmal taglich einmal einmal nie
wadchentlich wochentlich

41. Wie oft hatten Sie Schmerzen in der Brustdtiise

haufiger als ungefahr einmal haufiger als ungefahr selten
einmal taglich taglich einmal einmal oder
wadchentlich waochentlich nie

42. Wie oft waren Sie depressiv verstimmt?

haufiger als ungefadhr einmal  h&ufiger als einmal ungefahr selten
einmal taglich taglich wochentlich einmal oder
wochentlich nie

43. Wie oft fuhlten Sie einen Energiemangel?

haufiger als ungefahr einmal haufiger als ungefadhr einmal  selten
einmal taglich taglich einmal wochentlich oder
woOchentlich nie

44. Welche Gewichtséanderung trat bei lhnen in é&xtdn vier Wochen auf?

5kg oder weniger als keine weniger als 5kg 5kg oder
mehr 5kg Gewichtsanderun  abgenommen mehr
zugenommen zugenommen g abgenomme
n
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Wie belastend waren die folgenden Beschwerdeni@® S

grol3es maRiges kleines sehr
Problem  Problem Problem kleines
Problem
45. Hitzewallungen
46.
Brustsdrisenschmerzen/
-vergrofRerung
47. Verlust der
Korperbehaarung
48. Depressive
Verstimmung
49. Energiemangel
50. Gewichtsanderung

kein
Proble

m
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Personal skills and competences
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