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ABSTRACT

Recent work has underlined the importance of animmaldels in discovery and
characterisation of molecular mechanisms determinmadiosensitivity and radioresistance.
Enhanced sensitivity of LEC rats to ionizing ragiatin terms of the acute radiation syndrome
was investigated in the present work on the cellldael and compared to that of LE rats. To
understand the molecular basis for the increasdwtran sensitivity a series of studies were
performed, which included the classical clonogeniosival assay, investigation of double strand
break repair by means of PFGE atRAX evaluation, comet assay for evaluation of repé&
single strand breaks and alkaline labile sites, andlysis of cell cycle progression of
asynchronous fibroblast population. Survival as$8yGE, andH2AX analysis were performed
in a standardised experimental system - conflubnolilasts, synchronized in G1 phase of cell
cycle, and comet assays were performed in GO lyeyiks. The data suggests a mild
radiosensitization of LEC fibroblasts compared . The results of studies using the selected
model did not reflect the degree of animal senisition the molecular level, since values of dose
modifying factor (DMF) were much lower in fibrobtas(DMF2 = 1.32) compared to that of
animal sensitivity (DMF = 2.36 for bone marrow symaie (LDsoz9) and DMF = 1.95 of
intestinal death (LBy7)). The investigation of DNA repair and cell cyaikd not reveal a
significant defect in the studied pathways in syooized fibroblasts and cell cycle progression
was not different from wild type cells. The presghtiata contradict the published LEC cellular
phenotype.

Of the possible candidate genes, which are locatete radiosensitivity locus, several
were further analysed. Among tho§&gta-2appeared to be the most promising of the positiona
and functional candidates. However, no mutatiothencoding sequence could be identified and
MRNA expression levels were similar between conamod LEC cells. The presented data
suggests that radiosensitivity of LEC rats mightalteébuted to a mechanism specific for certain
target tissue, like bone marrow, or enhanced ihcgele stages other than GO/G1.



ZUSAMMENFASSUNG

Tiermodelle sind ein wichtiges Instrument zur Esfdrung von Strahlensensibilitat und
Strahlenresistenz. In der vorliegenden Arbeit wiethesolches Modell mit erhoehter Sensibilitéat
gegenuber ionisierender Strahlung im Hinblick aag dkute Strahlungssyndrom, die LEC Ratte,
auf zellularer Ebene untersucht und mit der LE &egrglichen. Um die molekulare Basis fur die
erhoehte Strahlensensibilitat besser zu verstelerge eine Reihe verschiedener Experimente
durchgefihrt, unter anderem der klassische Clornog8uarvival-assay, die Untersuchung der
DNS-Doppelstrangbruch-Reparatur-Rate mit Hilfe vBulsed-field Gelelektrophorese und
Messung von @gH2AX, Mikrogelelektrophorese (Comet-assay) zur Amsal von
Einzelstrangbrichen und alkalilabile Stellen, sodie Analyse des Zellzyklus in asynchronen
Fibroblastenkulturen. Fir den Survival-assay, dilséd-field Gelelektrophorese und gig2AX
Messung wurde ein standardisierter Versuchsaufbamwendet. Dazu wurden konflinte
Fibroblastenkulturen, die sich in der Gl-Phase dedlzyklus befanden, benutzt. Die
Mikrogeleelektrophorese wurde mit Lymphozyten im @®-Phase durchgefihrt. Die ermittelten
Daten lassen auf eine leicht erhoehte Strahlersiétégivon LEC Fibroblasten im Vergleich zu
LE Fibroblasten schliessen. Jedoch konnten mitedie¥ersuchsmodell die im Tiermodell
erzielten Ergebnisse auf molekularer Ebene nicldtétigt werden, da der Wert fir die
dosismodifizierenden Faktoren (DMF) in Fibroblasi@MF2 = 1.32) im Vergleich deutlich
niedriger war als im Tiermodell (DMF = 2.36 fur désochenmarksyndrom (Ldg;39 und DMF
= 1.95 fur das gastrointestinale Syndrom £44)). Die Analyse der DNS-Reparatur-Rate und des
Zellzyklus zeigte keinen signifikanten Defekt inndentersuchten Pathways in den synchronen
Fibroblasten. Auch der Ablauf des Zellzyklus warufféllig im Vergleich zu Wildtyp-Zellen.
Die in dieser Arbeit gezeigten Ergebnisse widerdpea dem bereits veroeffentlichten zellularen
LEC Phanotyp.

Mehrere Kandidatengene, die in dem Strahlenseitéiblbcus enthalten sind, wurden
naher untersucht. Von diesen erschi@ata-2 aufgrund seiner Position und beschriebenen
Funktion am aussichtsreichsten zu sein. Jedoch t&onrnweder Mutationen in der
proteinkodierenden Sequenz noch UnterschiedeGiga-2 Genexpression im Vergleich zur
Kontrolle nachgewiesen werden. Die in der vorliedgan Arbeit erzielten Ergebnisse beziglich
der Strahlensensibilitit der LEC Ratten deuten aihen bisher nicht entdeckten
gewebespezifischen Mechanismus hin. Allerdings kanoh eine verstéarkte Sensitivitat in
anderen als den GO- beziehungsweise G1-Phaseretiaskis nicht ausgeschlossen werden.



l. INTRODUCTION

By 1900, five years after the discovery of x-raysRoentgen, most of the medical and
scientific community understood that the widespread uncontrolled use of x-rays caused
damage in susceptible organs/tissues of the huiwéy b

Under certain circumstances a person, group oflpempeven an entire population might
be chronically or acutely exposed to ionizing réidia (IR) and suffer from acquired damage.
Nuclear bombings of Hiroshima and Nagasaki by tf&AUWluring World War Il in 1945 are
examples for nuclear warfare. Nuclear reactor &gl such as Chernobyl reactor accident in
1986, affected staff, clean-up workers, and theufaijn of the region. Radiation poisoning can
also result from accidental exposure to industaaliation sources, as it happened in Goiania,
Brazil in 1987 [1]. There are also natural souroédR, such as cosmic and radiation from
elements present in the earth’s crust (for examgaen). Another example, cancer treatment with
IR (radiotherapy) is causing damage not only inceanbut also in healthy tissues of a patient.

However, not all individuals react in the same w@yR. The underlying genetic causes
of such variability in one rat model are the subggahis thesis.

THE AIM OF THE STUDY was the investigation of thadiation response
pathways in the LEC rat strain, which is highly sitwe to total body irradiation.
The work included the characterization of this oaénsitivity at the cellular level.
Radiosensitivity, repair, cell cycle response tq Bhd candidate genes at the
defined locus were all investigated.



1.1 Radiosensitivity

Radiosensitivity is theelative susceptibility of cells, tissues, organs, or oigaus to the
harmful effect of IR. The same dose of IR causéeréintial effects determined by the genetic
and functional characteristics of the ‘targeteqigyf cells, tissues, organs or organisms.

Radiobiological research includes investigatiorthad factors, which cause the different
severity of damage induced by the same dose ofThH&s knowledge is important in both

planning of radiation therapy and in radiation padion.

1.1.1 Radiation effects in tissues and organs: stoc hastic versus

deterministic and acute versus chronic effects

IR causes detrimental radiation effects on tisswell[2]. Effects, which occur only if the
dose or dose rate is greater than threshold valdeaHiect all individuals in the exposed group
equally, are called deterministic (for example catts). Other types of effects are stochastic
effects, which are not certain to occur, but thelihood of their occurrence increases with the
dose, whereas their timing and severity does npemnig on the dose. The most important of such
stochastic effects are cancer und heritable gelhrmugations. For most of stochastic effects,
such as cancer, radiation is not the only knowrseaand it is normally impossible to determine

whether an individual condition is the result dfietion exposure or not [2].

Depending on the time of occurrence, an organssué expresses response to radiation
damage either as an acute effect or as a latenichn@action. Acute reactions appear within 90
days after exposure to radiation and are charaetéitby inflammation, oedema, denudation of
epithelia, leukopenia and haemorrhage. Late reastarcur after 3 months up to many years.
Late reactions may be caused by the absorptioradifiion directly in the target tissue, or
consequential to acute damage in overlying tissuel as mucosa or the epidermis, which are
affected most often. The induction of secondarydrsms also observed [3].



1.1.2 Effects of acute total body irradiation at th e level of the organism.

Definition of the Lethal Dose in human and rodents

The response of an organism to acute total bodwtrad exposure is influenced by the
combined response to radiation of all organs atidtygges. Depending on the actual total body
dose, the response in mammals is described asfaheee known specific acute radiation (AR)
syndromes. The main reason for AR syndrome to ocutamage to the stem cells of bone
marrow and intestine. At higher dose the damagerhes so intensive that the organism cannot
reconstitute the lost population of stem cells, tWbads to secondary effects and death. The three

classic AR syndromes are bone marrow syndromeragaigtstinal and cardiovascular syndromes

3].

The full bone marrow syndroneccurs after a dose between 0.7 and 10 Gy, thouigh

symptoms may occur after a dose of 0.3 Gy. Onsetirecl hour to 2 days after exposure.
The primary cause of death is the destruction ®@bibne marrow stem cells, resulting in infection
and haemorrhage. The exact timing of death evemies/between species. In humans the death
from haematological damage occurs at around 30 alégrsexposure and happens in further time
of 60 days. In smaller animals peak incidence attldeaused by bone marrow syndrome occurs
starting from 10 to 15 days after exposure and éyd30 days. That is why in animal models for
estimation of death resulting from bone marrowuia!(Lethal Dose) LByso(dose, necessary to
kill 50% of animals in 30 days) is applied, anchimans the LRgs0 (the dose necessary to Kkill

50% of the exposed population in 60 days) is comynosed. The LDeois about 2.5 to 5 Gy.

The full gastrointestinal syndrome (Gipppens after a dose greater than approximately
10 Gy although some symptoms may occur after iataxh with a dose of 6 Gy. Onset happens
within a few hours after exposure as the resuttezfth of stem cells in the bone marrow and cells
lining the gastrointestinal tract. Death usuallgurs within 2 weeks of exposure due to infection,
dehydration, and electrolyte imbalance. In huméeslD;qoe0(the dose necessary to kill 100%
of the exposed population in 60 days) is accepseth@asure of death due to Gl, and is about 10
Gy [3]. In rodents, the denudation of the intestiloss of the cells from the upper layer) happens
twice as fast as in humans, that is why the estéichaD due to intestinal syndrome is dp

(dose of IR, necessary to kill 50% of animals idays).



The full cardiovascular / central nervous systemdsgmeusually occurs after a dose

greater than approximately 50 Gy although some symp may develop after doses of 20 Gy.
Onset happens within minutes of exposure. Deatlhirecwithin 3 days due to collapse of the
circulatory system as well as increased pressutieeirtonfining cranial vault caused by oedema,
vasculitis, and meningitis.

1.1.3 Physical and biological effects of ionizing r  adiation
at the cellular level

When cells are exposed to IR, the interaction betweadiation and the atoms or
molecules of the cells (energy deposition and imtiin events) takes place first and the effect on

cell functions and/or cellular death follows later.

Physical effects of IR include direct and indirection. In_direct actiorthe radiation
interacts with the atoms (molecules) of the criti@aget in the cell and induces ionisation or
excites it through Coulomb interactions, leadinght® chain of physical and chemical events that
eventually produce the biological damage. Diretibads the dominant process in the interaction
of high Linear Energy Transfer (LET) particles witlological material [2, 3].

In indirect actionthe radiation interacts with other molecules (rhaimater) within the
cell. As the result of this interaction, short liveut extremely reactive free radicals such s8'H
(water ion) and OH(hydroxyl radical), @ (superoxide radical), #0, (hydrogen peroxide) are
produced, which can, through diffusion in the cdhmage the critical targets within the cell.
About two thirds of the biological damage by low LEadiations (sparsely ionizing radiations)
such as X rays or electrons occurs due to indaeton.

The mechanism of induction of damage in DNA molesuwhich are considered the

critical targets in the cell, as well as structuiahnges in bases after exposure to oxidativesstres
have been comprehensively reviewed elsewhere [4MBfe than 20 different types of base
damage have been identified after exposure to tx&atress. It is known that even without
action of IR more than fODNA lesions occur in each mammalian cell each dayn

spontaneous decay, replication errors and cellmarabolism alone [6]. Single strand breaks

-6 -



(SSB) and double strand breaks (DSB) might be iedutirectly by IR or may arise as the result

of conversion of the base damage [7].

The primary defence against reactive oxygen spe@R€S) includes enzymes like
superoxide dismutase, catalase, and a large nuaflb@her factors such as antioxidant amino
acids (e.g., arginine), vitamins (e.g. vitamins @and E), thiols (especially glutathione), and
polyphenols [8]. As a second line of defence, ipooation of damaged bases into DNA is
prevented by enzymes that hydrolyse oxidised dN{EPg. 8-oxoGTP) to the corresponding
dNMPs. The third line of defence is repair of oxida damage, SSB and DSB in DNA by a
complex network of DNA repair mechanisms. Base s&nirepair (BER), transcription-coupled
repair (TCR), global genome repair (GGR), mismatepair (MMR), translesion synthesis
(TLS), homologous recombination (HR), and non-hagolus end-joining (NHEJ) all contribute
to repair of DNA damage [8].

DSB were shown to be the most genotoxic type ofatge|9, 10]. Most of the induced
lesions in wild-type mammalian cells can be remghaad only a small fraction is non-repairable
It is commonly believed that the majority of thena@pairable lesions are DSB and clustered

damage while single-strand lesions are considerée tccurately repaired [9].

A central dogma in radiation biology has been tbaergy from radiation must be
deposited into the cell nucleus to generate a pickd effect - ‘targeted effect’, but recent studie
show that damage to the cellular membrane indugesaling cascades, which can cause cellular

death [11]._Biological effectsf IR occur due to damage to cellular component$ @sult in

defect/loss of cellular function, proliferative gologenic) death/senescence, cellular death, and

mutagenesis.

It is shown [7] that the difference in cellular r@skensitivity results from differences in
efficiency and/or accuracy of DNA repair and th&Hmis the lesion most likely to be the cause
of the lethal effects on cellular level. According Tounektiet al., 2001 [9] the study of
bleomycin (a radiomimetic drug) toxicity demonstéiathat DSB are intrinsically 300 times more
cytotoxic than SSB. DSB also arise endogenouslynduDNA replication or as initiators of
programmed processes, such as V(D)J recombinatidmeiotic exchange. If left unrepaired,

DSB can result in permanent cell cycle arrest, atidn of apoptosis, or mitotic cell death caused

-7 -



by loss of genomic material; if repaired incorrgctthey can lead to carcinogenesis through
translocations, inversions, or deletions. DSB dre precursor lesions for the formation of
chromosome aberrations by IR [12]. New arising DffBicate DNA disintegration, which
accompany a necrotic or apoptotic type of cell dl¢h2].

Micronuclei and chromosomal rearrangements resath fnon-repaired or mis-repaired
DNA damage induced by IR [13]. Among chromosomadredttions dicentric chromosomes are
generally not compatible with the survival of notneells, but other cytogenetic changes
(translocations, inversions and insertions) aresootytotoxic in terms of cell death [14]. Rave-
Frank et al., 2001 [15] have shown that radiosensitivity in dblasts was correlated with an
increase in radiation-induced excess acentric feaggsy which result mostly from unrepaired or
misrepaired DSB.

Depending on the damage extent and ability of decha@gll to cope with it, damage may
lead to defect/loss of cellular function, seneseermessation of proliferation, cellular death
(apoptosis/necrosis), and mutagenesis, which magecgenomic instability (Gl) [16]. Gl arises
at delayed times after exposure and in the progérexposed cells many generations after the
original damage. Gl usually means chromosomal abens, changes in the ploidy, micronuclei
formation, gene mutations and amplifications, nmsatellite instabilities and/or decreased plating
efficiency, and abnormal clonal morphology [16-1Becent studies have demonstrated non-
targeted genotoxic effects in which the DNA is doectly exposed to radiation [20, 21]. These
effects take place in cells that are the descesdaiirradiated cells and include Gl, or in cells
that are in contact with irradiated cells or reeeisertain signals from irradiated cells, for
example the activating cyclooxygenase-2 signaltiagcade (radiation-induced bystander effects)
[22].

1.1.4 Experimental end-points to measure cellular s ensitivity in vitro

Different cell functions, such as cell survivalpagr capacity, formation of chromosomal
aberrations and apoptosis, are affected by indalidadiosensitivity. Anin vitro assay normally
measures only one or a few particular cell funciejust a fraction of the possible expression of
the underlying susceptibility, even if there arenpmaellular pathways functioning in radiation
response [11]. Burnegt al., 1995 [23] have shown a correlation between inicireellular
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radiosensitivity using clonogenic assays and diffiedate tissue reactions. A number of tests
have been described and used to assess individdasensitivity, which have a practical

importance in particular in the radiotherapy figdd].

The existing experimental end-points allow measer@nof cellular death, repair of DNA

damage and include [11, 24]:

measurement of induction of cellular death (losmefabolic activity)

apoptosis (programmed cell death)

clonogenic survival assay, which estimates delagpdoductive cell death - progeny of
irradiated cells show reduced clonogenic survieahpared with unirradiated cells. Several types
of chromosomal rearrangements (for example digeetiromosomes) are generally involved in
delayed reproductive death in normal cells

evaluation of DNA repair capacity applying pulsedid gel electrophoresis (PFGE),
neutral and alkaline comet assay, measurement AKHihosphorylation

evaluation of cytogenetic effects, micronuclei, ahosomal aberrations and
chromosomal instability.

1.1.5 Radiotherapy related aspects of radiation sen  sitivity

Cases of hypersensitivity to IR have been knowratliation oncologists for many years.
Patients receiving identical radiation treatmengsealop different reactions in normal tissues,
varying from undetectable to severe. Around 5-7%cafcer patients develop adverse side-
effects to external radiation therapy within theatment field in normal tissues [25]. These
effects are referred to as ‘clinical radiation teats’ and include acute reactions, which appear
during or shortly after radiotherapy (e.g. erythemausea) and late normal tissue effects, which
develop months or years later (e.g. fibrosis, @lkotasia) (sed.1.1, Radiation effects in
tissues and organs: stochastic versus deterministiand acute versus chronig Several
patient- and treatment-related factors influenesvériability of these side-effects, but up to 70%

of cases remain unexplained [25]. Study [26] showed the patient-to-patient variability of



fibroblast radiosensitivity was significantly colated with the occurrence of subcutaneous
fibrosis.

1.1.6 Molecular basis of radiosensitivity

Recent progress in the field of gene identificatimnd expression studies [11] has
attracted greater attention to identification ahdracterization of underlying mechanisms of the
genetic and epigenetic susceptibility of normaduess to radiation damage, which is particularly
important in the radiotherapy field for the optiation of the treatment planning. The molecular
pathways, responsible for the increase in sensitivithe total body irradiation of mouse knock-
outs of certain repair genes and genes involvedimservation of genomic stability, sensitivity of
their fibroblasts/lymphocytes, have been studigensively [24, 27-39].

Depending on the investigated system, there aferelft criteria characterizing radiation
induced damage. The sensitivity of animals to ttel tbody irradiation is expressed asshi,
LDsos7 (described earlier). There are several classifinatystems for classification of the extent
of side effects in radiotherapy patients [40, M¢asurements of cellular sensitivity performed
with clonogenic assay result in values of survivattion (SF) and parameters characterizing the
survival curve -a andb. Outcome of repair assays are kinetics of repairamount of repaired

damage at measured times after irradiation.

Mutations affecting genes, which are involved in®ipair pathways [27, 42] often lead
to an increase in radiosensitivity. The first asstben between a defect in DNA repair,
radiosensitivity and cancer was established byv@lea 1968 [43] who showed that xeroderma
pigmentosum (XP) is caused by deficient nucleogxigsion repair (NER). For approximately 25
years, it was thought that only rare cancer synésgnsuch as XP, Cockayne syndrome and
ataxia teleangiectasia (AT) are associated with Disjgair defects. Now it is clear that some of
the most common hereditary forms of cancer are adsociated with defects in DNA repair and
radiosensitivity [11]. A number of human genetisatderscaused by defects in the response to
DNA damage, are associated with defects in immungengurological systems, higher incidence
of cancer, and increased sensitivity to IR andaultlet (UV) (reviewed in [11]). They result

mostly from mutations in genes involved in any lbé tDNA repair pathways, DNA damage
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signalling pathways, cell cycle, and transcripti@xamples of such conditions are Nijmegen
breakage syndrome (NBS) [44, 45], Fanconi anaeRA [46-48], Bloom’s syndrome (BS) [49,
50], and others [11].

So far about 150 human DNA repair genes have kdemtified, but the real number is
probably higher, since function of a significantrtpaf known and putative genes in human
genome has not been described yet [51, 52]. DNAairejg integrated within cell cycle
regulation, transcription and replication, and nugg, in part, common factors [53-55]. Also the
role of processes, associated with DNA repairfstaremerge. Such processes are functioning of
chromatin remodelling complexes (changing the acoésepair components to damaged sites),
cohesins and cohesin-loading complexes (mediatiag@vailability of homologous chromosome

in homologous recombination, holding the brokensetiogether), and the proteasome [56, 57].

Repair of DSB, which are considered the most dangetype of damage induced by IR
[9], is performed by two main repair mechanismsomblogous recombination (HR) and non-
homologous end-joining (NHEJ) [27]

HR uses the homologous sister chromatid as a téenplad is the main pathway for
postreplicative repair during the late S/G2-phadegreas NHEJ is utilized in G1/early S-phase
[28]. The relatively high radioresistance of NHEsfattive mutants is observed in the late S/G2
of the cell cycle when sister chromatids are preaad HR pathway is operating. Evidences for a
role of HR and NHEJ in the radioresistance of highearyotes were derived from cell survival
experiments and studies of knockout mice [27]. €hame different phenotypes depending on in
which DNA DSB repair pathway the mutated gene ioiwed. Both HR and NHEJ have
important roles in repairing spontaneously aridiegjons induced by genotoxic treatment and
appear to be crucial for the repair of lesions thdse in certain tissue types, with the
consequence that mutation of either of these pathwan lead to developmental defects and
embryonic death, increase in tumour induction, @@f@écts in neurogenesis [58-6But there are
also examples without an obvious phenotype. Knochuoe ofRad52andRad54genes (genes,
coding for proteins involved in homologous reconatbion) are viable, fertile, and do not develop
tumours [27].

HR mutants also show sensitivity to DNA cross-littkiagents [28]. A role for HR in
DSB repair is also indirectly supported by cytogenénvestigations, in which, for example,

XRCC2- and XRCC3-defective hamster cells show lyigitvated levels of spontaneous and IR-
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induced chromosomal aberrations. However, invetstiga with pulsed-field gel electrophoresis
(PFGE) or similar approaches that directly quanbDi$B repair by determining the molecular
weights of broken DNA molecules have not detectesigaificant role of HR in the repair of
radiation-induced DSB [28], because HR play a noleepair of relatively small fraction of DSB,
and most of them are repaired with NHEJ. In thessays, in which IR doses of > 20 Gy are
used, unsynchronized XRCC2- and XRCC3-defectivembdells show repair kinetics similar to
those of wild-type cells. Although it was concludédm these experiments that XRCC3-
dependent HR plays only a modest role in DSB reguagr survival of cells irradiated in G1 [28],
direct measurements of DSB HR repair using I-Scetlease based assays revealed that
deficiencies in the HR proteins XRCC2 and XRCC3dpice severe (25-fold) reductions in HR
repair [62].

Cell lines defective in any of NHEJ genes are gahehighly IR sensitive (> 7-fold) and
have marked deficiencies in DSB repair, but, unl#® mutants, they are not sensitive to
crosslinking agents [28]. Mice lacking KU70, KU8daDNA-PKcs proteins are viable, but,
because of their deficiency in V(D)J recombinatishpw arrested B- and T-cell development
[39]. Ku70 mutant mice have accelerated tumour developmentparticular of thymic
lymphomas [31].Xrcc4 and Lig4-null mouse mutants die during embryogenesis [S&vere
defects in the NHEJ were found for cell extractsivdel from Brca2” mouse embryonic
fibroblasts (MEFs) [33].

There are known defects in pathways, which do mbtdaectly in processes of DNA
repair, but cause radiosensitization, thus showihg functional networking in genome
conservation. Such processes include telomere emginte, transcription, maintainance of the
nuclear- and cytoskeleton, signal transductionuleggn of cellular death, and cell cycle. For
example radiosensitive phenotype was describethtlgcm the fifth generation of telomerase
RNA™ (mTR") mice [34]. Higher chromosomal damage and incredsoptosis was found in
mTR" mice compared to similarly irradiated wild-typentmls [34]. Another example of
radiosensitivity, caused by mutation in the genleictvis not directly involved in repair, is mice
bearing the autosomal recessive mutatisasted harbouring a defect in the transcription
elongation factor 1a2Eeflad gene [35]. The knock-out dEefla2 (Eefla2”) mouse displays a
disease pattern including increased sensitivityyofphocytes to IR, neurological dysfunction,

and immunodeficiency [35].
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Cdc42 GTPase-activating protein (Cdc42GAP) is a benof the Rho GTPase family
known to regulate cell actin cytoskeleton orgamargt polarity, and growth [37]Cdc42GAP
knockout primary cells §dc42GAP) show radiosensitivity with SF at 2 Gy being 30% fo
mutant and 70% for wild type MEFs. They show redusarvival as determined by survival
assays after treatment with methyl-methane sulignatitomycin C, HO,, furthermore,
increased genomic abnormalities, induction of midticell cycle inhibitors, and premature
senescence. Gene targeting of Cdc42GAP resultsnistitutively elevated Cdc42GTP levels in
many tissues of adult mice, significantly shortetiealspan, and multiple premature aging-like
phenotypes, including reduction of reepitheliali@atability in wound-healing [37].

There are evidences published for radiosensitigftyyclin-dependent kinase inhibitor
p21 knock-out mice, which clearly show the importarafecell cycle regulating factors in
radioresistance [63]. Haemopoietin vitro colony-forming assay revealed increase in
radiosensitivity with DO of 1.25 ip21 mutants, in comparison to DO of 1.51 in the reipec
control [63].

Mice lacking poly(ADP-ribose) polymerase 1 (PARP)&Nd the cells derived from these
mice exhibit hypersensitivity to IR and alkylatirmgents [36, 38, 64]. PARP-1 catalyzes
extensive synthesis of poly(ADP-ribose) (PAR) frawAD+ and covalently modifies many
nuclear proteins. The BER pathway depends on thsepce of NAD+ and was shown to be
deficient inParp-1" mice [65], but repair of DNA strand-breaksRarp-1" did not differ from
the wild type [36, 38].

1.1.7 Experimental models of radiosensitivity

Knowledge about numerous defects causing radidasatysiand genomic instability
comes from studies on cells isolated from radiaseaspatients and from a number of rodent

models, yeast and tissue culture systems [11, 27]

Yeastsfind application as a very important experimemaldel in studying the molecular
mechanisms of repair defects and radiosensitigityge many homologue proteins, for example
that involved in NHEJ, corresponding to KU70, KUBRCC4, and DNA ligase IV (except of

DNA-PKcs) also exist infSaccharomyces cerevisiaad function to repair DSB in a similar
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manner [66]. Mutations in the number of yeast DNfair genes yKu80, yKu70, Mrell, Rad50,
Xrs2, Sir2, Sir3 result in altered telomere lengptid also in increased radiosensitivities [34].

Mammalian cell mutantsyhich are hypersensitive to IR or radiomimetic rage have

been isolated and subsequently greatly contribtdeithe understanding of the mechanisms of
DNA repair. Such example are XRCC mutants, whickehlaeen shown [67] to be deficient in
DSB repair and were classified into at least nimaycross complementation (XRCC) groups.
Among them, mutants in XRCC4-7 groups exhibit atrazrely high sensitivity to IR and show
severe defects in DSB repair and V(D)J recombinat®o number of DNA repair geneXicc4,
Xrcch, Xrcc§ were cloned from radiosensitive celigs cells are other mammalian cell mutants
with defect in DNA repair [68]. Further exampleg éine mouse SX9 and hamster V3 mutant cell
lines, which exhibit defects in DNA-PKcs and ardedéive in both DSB repair and V(D)J
recombination [69].

Rodent modelsharbouring spontaneous or targeted gene mutagi@ngery good tools to

study the contribution of specific genes/pathwayshein vitro andin vivo radiation response
[27] (see als0l.1.6, Molecular basis of radiosensitivity Such models provide useful
information about sensitivity of particular mutamdsradiation and other DNA damaging agents,
which might be considered in treatment of patievith analogous genetic defects.

1.2 LEC rat — a rodent model of human diseases

The establishment of the Long-Evans Cinnamon (LEA)strain dates back to October
1975 when several non-inbred Long-Evans rats wbbktained from a closed colony maintained
by Prof. Taketoshi Sugiyama, Kobe University (KoBapan) [70]. Two inbred strains selected
for coat colour (LEA and LEC) were maintained farther breeding, which in addition to this
phenotypic marker also developed various physicklgind pathological phenotypes. The Long-
Evans Agouti (LEA) has a hooded agoutic coat cgland the LEC coat colour is hooded brown
or diluted agouti, both with a white or creamy {p¢H0].
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1.2.1 Presence of pathogenic mutations

Spontaneous hepatitis was noticed for the firsetimthe offspring of LEC rats at the'3
generation of brother and sister mating [71, 7ppr&aneous fulminant hepatitis associated with
severe jaundice occurs in about 80% of LEC rate/déen 4 to 5 months of age and most of the
affected rats die within two weeks of the onsefanindice [71, 73]. The clinical signs of such
hepatitis of LEC rats resemble those of human foémi hepatitis. LEC rats provide an animal
model for human Wilson’s disease and a mutationsiog this phenotype, was found in the
copper transporting ATPase gerepn(7b [72].

The LEC rat has also been reported to exhibit alpdr immunodeficiency. LEC rat
thymocytes show novel maturational arrest from C®4to0 CD4+8- thymocytes, resulting in a
defect in T helper cell functions [74, 75]. Thisnmanodeficiency is controlled by a single
autosomal recessive locubjd [76], which was assigned to chromosome 1. A deteiiothe
gene encoding a receptor-like protein tyrosine phatase k (PTPRK) is causing this phenotype,
as was shown recently by Koseal.,2007 [77].

Another defect, which was identified in the LEC {@8], is a mutation of aldehyde
dehydrogenase-2A(dh2) gene, which codes an enzyme participating in bwditem of ethanol.
This mutation causes high toxicity of ethanol.

Additionally, a locus for susceptibility to renaltcarcinomas induced by treatment with

the chemical carcinogen N-diethylnitrosamine in tB€ rat was mapped to chromosome 5 [79].

1.2.2 Radiosensitivity in LEC rat

The radiation sensitivity to total body irradiatiohLEC rat was investigated by Hayashi
et al., 1992 [80], Hayashet al., 1993 [80, 81], when it was studied in terms oéstinal death

and bone marrow failure.

According to the publication of Hayas#i al., 1992 [80], the parental Long-Evans closed
colony has expired and therefore observed radidsstysphenotype of 8-weeks old LEC rat
was compared to that of inbred Wistar strain (WKAMhich is often used in the radiation
biology field. The published data about LEC ratioadnsitivity to x-ray irradiation show Ldg

(intestinal syndrome) and Lsh)so (bone marrow death) values of LEC rats to be 7 &r@y,
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which is significantly lower than those (13 and %§) of WKAH rats. The histopathological
investigations, which were done after dggpdose application in the bone marrow of WKAH
rats, have shown that off 8ay after 4 Gy of x-ray irradiation the hemopaietélls were largely
recovered, in contrast, hemopoietic cells were negbvered in LEC rats and fibrous tissues

increased [81].

The pattern of heredity of LEC radiosensitivity wsiadied by Hayashet al., 1994 [82]
and was shown to be autosomal recessive. The furthestigations included linkage analysis of
radiosensitivity in LEC rat. BN, LEC, (BN x LEC) Fdnimals were irradiated in the range of
doses and the number of rats not showing somatectsf (moribundity with diarrhea) was
estimated. The dose of 13 Gy was applied furthaetigbnguish LEC from BN and F1 rats. The
first segregation data of backcross hybrids (BN EC) F1 x LEC [83] suggested that the
hypersensitivity of LEC rats to the whole body digtion is controlled by two loci, one of them
with high LOD score (LR value 115.4) was mapped ttee chromosome 4 and
D4Rat49/D4Rat182 were the closest microsatellitekera €igure 1.1). Another locus was
mapped to chromosome 1 with low but significant L&&ore (LR value 14.8), very close to the
T-helper immunodeficiencyti{id) locus, described in LEC rat [84].

Fine mapping using LEC backcrossed to anothems{fe844) and analysis of F344/LEC
congenic lines allowed Tsugt al., 2005 [85] to narrow the location of the mutaticowah to a
»1.3 Mb size region between the D4Got85 and D4Go(Htre 1.2) microsatellite markers.
This study shows that inheritance of the radiogmityi trait in LEC rat is controlled by a single,
autosomal recessive locus. The authors developegeodc lines (se€igure 1.3) by continuous
backcrossing LEC rat to F344 rat and testing rahisgivity applying 4.5 Gy of X-ray exposure
(4 Gy was 100% lethal dose by 30 days postirrazhaior LEC, but not for F344 rats) at 4 weeks
and observing progenies for 30 days. They haveysedl seven positional candidate genes
known at this regionBmp10, Gpr73, Gp9, Cnbp, Copg, Rab7, Rdot their coding sequence
and expression level (semable 1.1. for summary of their structural features and pueat
function). Several polymorphisms found between L&@ F344 are presented in thable 1.1
None of the nucleotide polymorphisms resulted innanacid changes. Significant differences in
the basal expression level @pr73were detected between radiosensitive LEC and masigtant
F344 rats (se€able 1.1), and after irradiation expression®p9 andCnbpsignificantly differed

in LEC from that of F344. Several polymorphismsrnitified in the upstream regions of these
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genes, could explain the observed changes. ThersyBb] did not find clear indication that the
shown changes in any of the studied genes are nefy® for LEC radiosensitivity. The

possibility is present that yet unidentified genéhe locus carries the mutation.

CELERA/NCBI (Mb)

\

i -
DARat169 D4Rarigd | 4.7
D4Rat266 79.595/ 84.355 DéRar266
D4Rat175 106.483/ 94.362 DdRat175 87
D4Rat176 103.625/ 116.314 DdRat176 \
D4Rat49 106.748/ 119.279 DdRatd0 -
D4Rat182 109.220/ 121.990 D4Rat182 6.9
D4Rat79 118.730/ 131.969 DiRat7 | 1154
D4Rat273 120.368/ 133.715 DiRato7H \ 11 L
DAMItl7 144.702/159.116 ) r --
DAMit17 \ '
D4Mgh20 DaMgh20 “\\%z 0.8
Rad52  141.979/ 156.295 Rads2 P08
D4Rat63 142.126/156.442 DARat63
D4Rat202 144.703/ 159.116 DIRatz02 18
D4Rat203 146.849/ 161.436 DARaE203
DaMit14 DaMit1d ! !
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{ -
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Figure 1.1. QTL linkage analysis of X-ray radiosensivity

(Modified from [83]). It shows the linkage analysi$ radiosensitivity in LEC rat and
mapping of the locus of radiosensitivity to chrommoe 4. The numbers on the right of the
line indicate the genetic distance (cM) betweenm [bhe number above the peak indicates
the LR value (4.602 x LOD score).

The physical location of the markers (which werailable) is given additionally according
to the latest RGD V3.4, July 2006 (Celera/NCBI).
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Table 1.1. The list of genes investigated by Tsugt al.,2005

STRUCTURE OF

DETECTED CHANGES [85]

GENE GENE THE PROTEIN. | PUTATIVE FUNCTION . Expression
SYMBOL NAME INTERACTIONS Sequence Without IR | After 4,5Gy
F344 | LEC | F344; LEC
Gpr73 Prokineticin = - binds to G- - potent angiogenic SNP:G789A
receptor-1  protein- factor; 5-UT|.:€' <27 no
coupled receptors | - cardiomyocyte C- 468'f fold) | difference
survival [86]
Bmp10 |Bone - tumor-growth
morphogenic factor-b propeptide, - heart development [87] no no
proteln 10 known as - angiogenesis [88] SNP:G567A difference | difference
latency associated
peptide in TGHs
Rpni Ribophorin 1 -leucine-reach- - part of the proteasomg;
repeat-like domain | - possible involvement
- recognizes into Rad23-mediated | SNP:A1374G no no
the ubiquitin-like protein unfolding [89] | T1539C difference : difference
domain
of RAD23 [89]
Rab7 - small GTPase - acts in the late no no no
endocytic difference difference . difference
pathway [90]
Gp9 Glycoprotein . - membrane - platelet adhesion [91]] SNP:T240G
IX glycoprotein 5-UTR:
T-33C;
G-314C; 1o
797ins difference
(TTTT)
A-911G
Cellular - has a zinc fingers| myocytes developmen ?5-UTR'
Cnbp nucleic acid  domain [92] .
binding - binds to T-341C; _ho
. -695del(T) | difference
protein ss RNA or DNA
Copg Coatomer - subunit of COP | | - vesicular trafficking
protein coat in the early secretory no no
complex, pathway [93] SNP:A1806G difference | difference
subunit
gamma

Table contains the summary of function and stratwharacterisation of the genes
identified on the locus of interest and investigatey Tsuji et al.,, 2005 by means of
sequencing and expression analysis. The expreséibie candidate genes was analysed in
the tail tips of nonirradiated and irradiated witts Gy of X-ray LEC and WKAH animals
(at 6 hrs after IR). The identified changes in tloeling sequence, the 5-UTR region, and

expression changes are indicated. The sigsl

expression of studied gene after IR relative tontweirradiated rat.
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Figure 1.2. Mapping of the locus of interest to theregion between D4Rat85 and
D4Got148 microsatellite markers

Genetic linkage (SRHSP x BN intercross in the Ran@ne Database) and radiation
hybrid maps of rat chromosome 4 with a schema stpvimtrogressed chromosomal
segments for six congenic sublines until thé" Igeneration (modified from [85]).

Informative microsatellite marker names are indidabn the radiation hybrid map. Black
and white bars indicate chromosomal segments dkrivem LEC and F344 rats,

respectively, and grey bars indicate recombinasites. Radiation susceptibility (H, high;
N, normal) was determined by mortality of backcrpssgeny after X-ray exposure to 4.5
Gy. The physical location of the markers (which evawailable) is given according to the
latest RGD V3.6, July 2006 (Celera/NCBI). The Isnilf the identified locus, responsible
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Figure 1.3. (modified from [94]). Physical map of lte radiation susceptibility region
on rat chromosome 4

On the presented map the authors indicated aeththe informative polymorphic markers
(SSLP and SNP) by broken lines and the genomeigusiof six representative markers
based on the rat genome version Jitpf//hgse.bcm.tmc.edu/projects/yatihe short
vertical lines in the middle represent the 10 ctoogthe BAC contig. At the right, the map
shows introgressed chromosomal segments for twgesoa lines A and C, which were
highly susceptible to X-radiatiofseeFigure 1.2, [85]). Black and white shaded regions
represent chromosomal segments derived from LECF&4d rats, respectively, and grey
shaded regions indicated recombination sites. EBmetic location of the markers (which
were available) is given according to the latesDRZ3.6, July 2006 (Celera/NCBI). The
limits of identified locus are marked in red.

The latest published data [94] (d&gure 1.3) with further linkage analysis of developed
LEC congenic lines (described earlier, [85]) nardvihe location of the radiation susceptibility

gene down to a region of 800 kb between Al069943 (genomic position statteuleotide
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121.468 Mb) and BF397922 (genomic position endsuateotide 122.284 Mb). Performirig
vitro rescue experiments by transient transfectionewérs BAC clones (covering the region of
the interest) into LEC fibroblasts, Tsefi al.,2006 [94] identified clone CHORI-230-65K18, that
maps on the radiosensivity locus and can reverbsadsitivity of 65K18 BAC-transfected LEC
cells after 2 Gy of IR from 60% to 95%. 88% surViafter 2 Gy was observed in F344 cells.
Irradiation with 4 Gy reduced survival of LEC celleansfected with 65K18 BAC clone, to 41%,
compared to that of 21% in untransfected LEC mutaamd to 75% in F344 cells. According to
the authors, this reversion was not complete aedetis a possibility that causative mutation
happened in another gene located in another BA@. duthors analysed the sequence of the
CHORI-230-65K18 clone and found that the regiontams only one gene Rpnl Tsujiet al.,
2006 [94] did not find any evidences fepnlbeing affected and thus causing radiosensitivity i
LEC rat, since there were no changes in the amida®ruence, and the transfection of F344
cells with shRNA targetin®pnldid not change survival of the F344 cells.

The radiosensitivity in LEC rat was shown to be ependent from the identified
mutations inAtp7b, PtprkAldh2, andsusceptibility to renal cell carcinomas [77, 79].95

Studies on cellular radiosensitivityere done to investigate the cellular phenotyped®

rat by Hayashiet al., 1994 [82]. The clonogenic assay performed on lubhgpblasts yielded
values of survival at 2 Gy being 45% for LEC and6/8&r WKAH. The authors [82] have
observed an increase of X-ray induced chromosorhafrations in bone marrow cells and
strongly reduced DNA DSB repair in fibroblasts afteadiation with 70 Gy (as shown by PFGE)
of LEC rats in comparison to WKAH rats. Hayashial.,2002 [96] studied apoptosis induction
in thymocytes by X-irradiation and showed increaseapoptosis, which was inhibited by
cycloheximide. Using SV40-transformed fibroblastsydshiet al., 1997 [97] showed increase of
apoptosis induction in LEC fibroblasts, decreas@®3 accumulation and deficiency of G1/S
arrest, abnormal accumulation of G2/M phase celis;ifLEC strain rats after X-irradiation at S
phase, as well as radioresistant DNA synthesisSMAO-transformed LEC fibroblasts the high
sensitivity to heat treatment and deficiency in leac accumulation of G22P1 and XRCC5
proteins was observed after X irradiation [98],vadl as deficiency in fast repair processes of
potentially lethal damage induced by X-irradiati@®]. Hayashiet al., 1998 [100] have also
found higher sensitivity of LEC and WKAH rat cetts ellipticine, an inhibitor of topoisomerase
.

-21 -



Large-scale gene expression profiling published &wji et al., 2005 [85] was conducted
in tail tips, which were actually not the targetsties, such as intestine and bone marrow, in
animal experiments performed by Hayashial., 1992, 1993 [80, 81]. They show that without
irradiation 31 genes/expressed sequence tags (EBT®ymally susceptible rats had more than
two-fold higher expression then that of LEC andg@hes/ESTs of normally susceptible rats had
more than twofold lower expression compared withCLEJnder irradiation conditions the
expression level of 149 genes/ESTs was elevated than two-fold and expression level of 158
genes/ESTs was reduced more than two-fold compaitechon-irradiated conditions in WKAH
rats; however, for LEC rats, the expression lew¢lthese corresponding genes did not change
significantly upon irradiation. Conversely, underadiation conditions, the expression of 91
genes/ESTs was elevated more than two-fold in LBS and that of 130 genes/ESTs was
reduced more than two-fold, and in F344 the expoadgvels of these corresponding genes did
not change significantly upon irradiation [85]. Bleeexperiments reflect the large difference in
gene regulation between LEC and F344 rats withRwrid after irradiation.

1.2.3 Sensitivity to radiation and chemical agents in strains related to LEC
rat - LEA and LE rats

LEA rat strain was established from a Long-Evamsetl colony together with the LEC
rat and has been used as the control strain farakemutant phenotypes seen in the LEC rat.
Nevertheless, LEA rat was shown to be more radmgea than BN rat strain and linkage
analysis identified the radiosensitivity trait onramosome 4 in the position identical to that of
LEC rat &hs] [101]. This finding may indicate that foundergat the original LE closed colony
all possess this mutant phenotype. Alternativehe k-ray hypersensitive phenotype might
coincidentally be selected in the both LEC and LiafAstrains in the process of inbreeding [101].

The number of aberrations per cell induced by BNUIMMS was significantly higher in
bone marrow of both LEA and LEC rats than in Wista6D rats [102].

There are no data published concerning the semgiti’LE rat to IR.

-22 -



1.3 THE AIMS OF THE STUDY

LEC rat is one of the rodent models of radiosevigjtiwith an as yet unidentified defect.
The present work was initiated to characterize tiealéy inheritable factors, modifying

radiation response, and radiosensitivity in the LBCstrain.

The fundamental knowledge of pathways, operatingradiation response — signal
transduction, repair and stem cells repopulatios applicable in the field of DNA repair,

radiobiology, stem cell biology, and radiotherapy.

The aims of this work were:

Characterization ofn vitro radiosensitivity in primary LEC fibroblasts, which

have unchanged processes of cellular DNA signalatidn and processing

The investigation of cellular radiosensitivity argpair of LEC primary fibroblasts
synchronyzed at G1 phase of cell cycle applyingilabi® methods such as
clonogenic assay, pulsed field gel electrophoreaisglysis of H2AX, and

lymphocytes (at GO) - comet assay

Comparison of the cellular radiosensitivity phempatyin LEC to a genetically

close control — LE outbred rat

Further analysis of the radiosensitivity locus wéstablishment and analysis of

candidate genes
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.  MATERIALS AND METHODS

2.1 Materials

2.1.1 Equipment

Centrifuge, ROTINA 420R Andreas Hettich (Tutgen)

Cell incubator, SW2 JULABO Labortechnik (Seelbach

Centrifuge, Biofuge FRESCO Heraeus Holding (Hanau
Centrifuge, Sorvall RC-5B Refrigerated Superspeeddfo Laboratory Products (Hanau)
Colony Counter Du Pont Instruments (WilmingtblgA)
Comet electrophoresis unit, HE100 Supersub Amersham Pharmacia Biotech (Freiburg)
Coulter counter ®Z1™ Series Beckman Coulter, (Rallerton, USA)
Dissection microscope, 204670 SZ Olympus (Tokyo, Japan)

Flow cytometer, Becton-Dickinson LSRII Becton Kirtson (Heidelberg)
Freezer, Stratacooler Stratagene (La Joll#®)US

Gel Doc2000 System Bio Rad (Munchen)

GeneAmp PCR System 9700 PE Applied Biosystemst@fstadt)
Horizontal Gel Electrophoresis Chamber Bio Rad fbhien)

Irradiation source, HWM D-2000, Cs-137 Walischari(Meersburg)

Irradiation source, Gamma cell 220, Co-60 AECL4RMRiver, Canada)

Inverted Microscope, Axiovert 135 Carl Zeiss @gen

Laminar flow hood, UNIFLOW UVUB 180 UNIEQUIP (Mantsried)

Magnetic Mixer, RTC Labor Schubert&Weiss (Mlnche
Moulds and combs for PFGE agarose plugs custoigroes

PFGE electrophoresis unit CHEF GeneMapper Bio Réth¢hen)

pH-Meter CG Schott Gerate (Munchen)
Semiautomatic pipette, 20, 100, 200, 1000 P/ Gilson (Villiers le Bel, France)
SpeedVac Concentrator, Univap 100H Uniequip (Mé&ngh

Thermomixer 5436 Eppendorf (Hamburg)
Thermomixer compact Eppendorf (Hamburg)

Video Camera System, DokuGel Mitsubishi (Japan)

Waterbath, Julabo SW21 Labortechnik (Seelbach)

2.1.2 Consumable materials and chemicals

General

Adhesive PCR Foil Seals ABGene (Epsom, UK)

Comet glass slides Menzel (Braunschweig)

Coplin jar Raymond Lamb Ltd (Eastbourne, UK)
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Eppendorf tubes (1,5 ml, 2 ml)
Falcon Tubes (25 ml, 50 ml)
Fitter Tips

Gauge

Microscopes Slides SuperFrost
Pasteur pipette

Pipette (5 ml, 10 ml, 25 ml)
Pipette tips (201, 100 [, 1000 1)
PCR Plate 96-wells
Sequencing 96-wells plate with bar code
Single use scalpel

Sterile filters for syringe
Syringe, 5 ml

Chemicals for electrophoresis, gels staining and mi

Agarose

Bromphenolblue

LMP agarose (A9414 Comet first layer)
LMP agarose (LMA Comet second layer)
Cresol red

DAPI

Ethidium bromide

Glycerine

Kristall violet

LMP agarose Type | (LMP EEOA6013 PFGE)

SYBRGreen
Triton X-100
Vectashield
Xylencyanol

Eppendorf (Hanghur
Becton Dickinsori@¢lberg)
Starlab (Ahrensburg)
Braun (Melsungen)
Roth (Karlsruhe)

Nunc (Wiesbaden)
Eppendorf (Hamburg)
ABGene (Epsom, UK)
ABGene¢ap UK)
Wagner&Munz (Minchen)
Sartorius (Gottimje
Braun (Melsungen)

croscopy

Amersham Pharmacia (Freiburg)
SIGMA (Deisenhofen)
SIGMA (Daikefen)
AmerescodBoUSA)
SIGMA (Deisenhofen)
SIGMA (Deisenhofen)
SIGMA (Deisenhofen)
SIGMA (Deisenhofen)
Merck (Darmstadt)
SIGMA (Datsefen)
Molecular Probes (Eugene, USA)
SIGMA (Deisenhofen)
Vector Laboatories (Burlingam&A)
SIGMA (Deisenhofen)

Cell culture consumable materials and chemicals

Cell culture plates (Petri), 140x20 and 60x10 mm N@QJXHessen)

DMEM (4.5 gGlucose, Glutamax, -Purivate)

Dimethyl sulphoxide (DMSO)

FCS (Foetal Bovine Serum)

Freestanding Cryogenic Vial (2 ml)
Quadriperm

Penicillin/Streptomycin (10DIU/ml, 10°ng/ml)
Solo flasks with filter caps

Trypsin/EDTA

Other chemicals
Absolute Ethanol (€HsOH)

Acetic acid (CHCOOH)
Ampuwa (pyrogen-free water)

Invitrogédarisruhe)
SIGMA (Deisenhofen)
Invitrogen (Karlsruhe)
Falcon (Beciokinson, San Jose, USA)
RENNER (Dannstadt)
GIBCO/Invitrogen (Karlsruhe)
NUNC (Hessen)
GIBCO/Invitrogen (Karlsruhe)

Merck (Darmstadt)
Roth (Karlsruhe)
Fresenius (Bad Hgpur
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Ammonium acetate (C4COONH,) Merck (Darmstadt)

Boric acid (HBO3) Merck (Darmstadt)

Chloroform (CHGs) Merck (Darmstadt)

Citric acid (HCsHs0y) Merck (Darmstadt)
Diethylester Merck (Darmstadt)

EDTA SIGMA-Aldrich (Deisenhofen)
Heparin-Natrium B.Braun Melsungen AG (Melsumge
Isopropanol (gHgO) Merck (Darmstadt)

Methanol (CHOH) Merck (Darmstadt)

Nonidet P40 Merck (Darmstadt)

Phenol Merck (Darmstadt)

Potassium chloride (KCI) Merck (Darmstadt)

Sodium chloride (NaCl) SIGMAdrich (Deisenhofen)
Sodium citrate (NgCsHs0y7) Merck (Darmstadt)

Sucrose (&H22011) Roth (Karlsruhe)

Sodium dodecyl sulfate ¢gH,s0H) SIGMA-Aldrich (Deisenhofen)
Tris, Tris-HCI SIGMA-Aldrich (Deisenhofen)

2.1.3 Rat strains

Long-Evans Charles-River Wiga GmbH (Sulzfeldr@any)
Long-Evans Cinnamon Charles-River Laboratorieaddpc. (Yokohama, Japan)

2.1.4 Kits and reagents

Big Dye Terminator 3.0 Cycle Sequencing Kit QIASEHilden)

High Pure RNA tissue Kit Roche Diagnostic (Mhaim)
LightCycler FastStart DNA Mastéf® SYBRGreenl Roche Diagnostic (Mannheim)
QIAquick PCR Purification Kit QIAGEN (Hilden)
SuperScrigf’ Il RNase HReverse Transcriptase  Invitrogen (Karlsruhe)
TRIsol, total RNA isolation reagent Invitrog@farisruhe)

2.1.5 Length standards

DNA-Molecular weight marker (VIII) Roche Diagnas{Mannheim)

2.1.6 Enzymes

Proteinase K Roche Diagnostic (Mannheim)
Taq DNA Polymerase Eurobio (Raunheim)

RNase A QIAGEN (Hilden)

Collagenase 2 Seromed (Berlin)
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2.1.7 Oligonucleotides

Oligonucleotides (Primers) were synthesised by AGDE/, GSF, Eurogentec (Cologne)
and MWG, Biotech, AG (Ebersberg). In all tables teleotide number denotes the position of
the 5’-end of the primer; orientation is given addws: F — for 5’ Primer (sense orientation), and
R — 3’-Primer (antisense orientation).

Table 2.1. Rat microsatellite oligonucleotides

Position, bp ) )
Name Sequence (5'-3) Celera NCBI Orientation
D4Rat38 AATGCCATTGGAAATGTGAG 90553749- | 96313186- F
CACCCACATGGCCTTTAAAT 90553889 96313326 R
D4Wox18 | GGTGGAAGGAGAGAACCAAC 107672487- 120436733- F
AAGTTACAGCTAGAGGGGTGTG | 107672599 | 120436845 R
D4Got85 CATACACACAAGCCTGTGCAC 108585845- 121324657- F
GATCTTCTCTTAGCCAGCTGGTTA 108585973 | 121324785 R
D4Nirs1 CCAGGATGGAGGAAAGCATA 121504389- F
GCTTGTCTTGGTGCAGAACA 121504601* R
AW918941 | TCCACCCTTCTTTCCATTTG 121603167- F
TGGGGACATATTCCTGCTTC 121603362* R
AW252115 | CCGATGCTTAAGGGTTTGAG 121621828- F
CTTTGAGCACAGCACATGGT 121622028 * R
Rpnl AGAATTCTGTAGCCCACACCCT 976596- F
(A64976G) | CATCACATGGGCGTTAGGAC 977074* R
Rpnl TGCTGTTGAGCCCAGTCCATTA 975335- F
(T66167C) | GGTCAAGGACAAGTGACTCACAA 975757* R
BF397922 | GAGACACGAGGCCTGCTTAG 122283766- F
(G165868C)| TAACTTGCTGCTGGCTCTGA 122283969~ R
D4Rat54 CAGGCCAGACGTCTAAGATG 121828906- F
GAGCCCCTCATGTGAGGATA 121829076 R
D4Got148 | CCTGGAGCTTTTACGGTAGGA | 109882384- 122550918- F
TCTAACGAGTCCACTCTGCTTTT 109882539 122551073 R
DAGot83 GGTGGGATGAAAATGCCA 110093803- 122770006- F
CAGAACCAGGCAAAGGACTTTAC | 110094030 | 122770233 R
D4Got82 GCTCCTTCCTCAGCATCTTC 112078071- F
GTGTGTGAGTCTGTGTGTGCC 112078189 R

The nucleotide position of primers for selected kaes on chromosome 4 was derived
from NCBI/Celera Browser RGD V3.4, July 2006 (Ceal&ICBI). The position of the
markers, which were selected from those published duji et al., 2005 [85] and which
position was not available in NCBI (marked with Was defined by BLAT comparison
tool, available at USCS site (http://genome.ucsg)edf the published oligo sequence
against rat genome.
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Table 2.2. Oligoucleotides for amplification and sequencing

A of candidate genes

Name Sequence (5'-3") Position Orientation
Rat-Rafl_40f GCGAGCTTGAAGCAGGAAGG 40 F-1
Rat-Rafl_738r TCAGGAACGTTTTCCGAGCA 738 R-1
Rat-Rafl_505f TCAATGTGCGGAATGGGATG 505 F-2
Rat-Rafl_1198r CTCAGGTTGTTGGGGCTGCT 1198 R-2
Rat-Rafl_991f ACTCCACACCCCATGCCTTC 991 F-3
Rat-Rafl 1647r GCCGGGCAATGTCAATTAGC 1647 R-3
Rat-Rafl_1367f GGGCTCCTTTGGCACTGTGT 1367 F-4
Rat-Rafl_2041r TTCATTGCCTTGGGGCAGTT 2041 R-4
Rat-Rafl_1779f CGCTGGAGTGGTTCTCAGCA 1779 F-5
Rat-Rafl_2436r TTGGCGGACAGCTTCCATTT 2436 R-5
B

Name Sequence (5'-3") Position Orientation
Rat-Rad18 14f CGCGGGGAATTTCGAGTAGA 4 F-1
Rat-Rad18 410r CTTTGAGGTGGAAGACACAGGAGA 401 R-1
Rat-Rad18 261f CCAACTTGTTGCGTGGCAGT 378 F-2
Rat-Rad18 758r CCCGTGATAAACAACTGTCTAAATGC 750 R-2
Rat-Rad18 637f TGGTCCTGTGACACCCTCTACA 629 F-3
Rat-Rad18_1487r | ACAGCCCTGGGGAGTCCA 1317 R-3
Rat-Rad18 994f GAACATGGAGAAGACCAGGATGC 986 F-4
Rat-Rad18_1762r | CAGGTCACCGTTCAGAAAAACTG 1588 R-4
C

Name Sequence (5'-3") Position Orientation
Rat-XPC-fwd-49 GAAGCCGAGGACAAGAAAGCA 5-UTR F-1
Rat-XPC-rev-510 CGCCTGCTCTGGTGTTTCAAT 510 R-1
Rat-XPC-fwd-287 | GGGATGATTTCCGGGACTCA 287 F-2
Rat-XPC-rev-859 AAATGGCGATCCTCCTTTCCA 859 R-2
Rat-XPC-fwd-561 | GCGGAGGATGATGAAGCGTT 561 F-3
Rat-XPC-rev-1078 | TGGTCTTGGGTTTGTTGTGGC 1078 R-3
Rat-XPC-fwd-1359 | TTGTAAGCCTGGCCCTCGAA 1359 F-4
Rat-XPC-rev-1951 | GGAATTTCAAGAGGTGGCGCT 1951 R-4
Rat-XPC-fwd-1664 | ATGCCACCAAACCCATGACCT 1664 F-5
Rat-XPC-rev-2202 | TTTCCGGGCACGGTTAGAGA 2202 R-5
Rat-XPC-fwd-1931 | AGCGCCACCTCTTGAAATTCC 1931 F-6
Rat-XPC-rev-2271 | CACGTTCCCAAACTCATTCCG 2271 R-6
Rat-XPC-fwd-2047 | ACGTGGCTGAAGCAAGCAAGA 2047 F-7
Rat-XPC-rev-2461 | AGCCTCCATGGAAATCGAAGC 2461 R-7
Rat-XPC-fwd-2295 | CAATGACTTGGGCCTCTTTGG 2295 F-8
Rat-XPC-rev-2761 | AGAGTCCGCCTCCTGCATTT 2761 R-8
Rat-XPC-fwd-2413 | ATGCCTATCGGCTGTGTCCA 2413 F-9
Rat-XPC-rev-2919 | TGGGAAGAGATGGGAAGCCT 2919 R-9
Rat-XPC-fwd-2688 | GAAAGGCTGAAACTCCGCTACG 2688 F-10
Rat-XPC-rev-3utr | TGCAGCACAACTTCCTAGTCCCC 3-UTR F-10
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D

Name Sequence (5'-3) Position Orientation
rGATA2gen-Ex1f CCCTTCCCCCTCCCTGAG 89 F-1
rGATA2gen-Ex1r CTGCACCCCTCCTGCAGAC 94 R-1
rGATA2gen-Ex2f ATCTGCCGGAGCAGCCAAT 107 F-2
rGATA2gen-Ex2r CCACAGGAGATCCTGGTTTGA 77 R-2
rGATA2gen-Ex3f CCTCTGTGAAGCTCCGATGG 108 F-3
rGATA2gen-Ex3r TTCCTGTGGATCCCACATCC 100 R-3
rGATA2gen-Ex4--1f TTTTAAAGGGTGGGGCTGCT 109 F-4
rGATA2gen-Ex4--1r AGGGGACTGCCACCTTCC 457 R-4
rGATA2gen-Ex4--2f AGCTCCGTAGCCTCCCTCAC 411 F-5
rGATA2gen-Ex4--2r TAGCCGACCACAACCCCTTT 71 R-5

The position of primers is based on cDNA of cantdidgenes published under
Genbank Accession Numbers:

A: Raf-1, NM_012639B: Rad18,XM_342734C: Xpc XM_232194D: the position of primers for
genomic sequence @fata-2is based on sequence given in the ENSEMBL datalbader gene
name ENSRNOGO00000012347. The location of forwanthgns reflects their position to
intron/exon boundary, and location of reverse prgmeflects their position to exon/intron
boundary.

Table 2.3. Real Time PCR Oligonucleotides

Name Sequence (5'-3") Position Orientation
GATA-2-1204f | CTGCCTCAGCTCATGAATATGGCAG 1204 F
GATA-2-1409r |CCGATTCTGTCCATTCATCTTGTG 1409 R
Fancd2-2484f | ATGTGACGTGGCACCGTCTG 2484 F
Fancd2-2694r | AGGCCCCAGCTGGACAACTT 2674 R
RN_PBGD 3 F | GCTGAGAACCTGGGCATCAG 996 F
RN_PBGD 5 R | AGGAGCACAGGGCACTTGAC 1164 R

The position of primers is based on cDNA seices of investigated genes published under
Genbank Accession NumbefGata2 NM_033442Fancd2 XM_232273, Pbgd, X06827

2.1.8 Antibodies

Mouse monoclonal IgGanti-phospho-histone H2AX (Serl139)  Upstate (Laleecid, USA)
Goat IgG, Alexa488, anti-mouse SIGMA-AldrichgiBenhofen)

2.1.9 Buffers

Pulsed field gel electrophoresis

1 x TBE running buffer ESP
90 mM Tris 0.5 M EDTA, pH=8.0
90 mM Boric Acid 1% (w/v) Sodium Lauryl Sarcoate
3.2 mM EDTA, pH=8.0 0.1% (v/v) Proteinase K
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0.5 M EDTA, pH=8.0

PCR

1 x PCR Buffer
0.2 mM of each dNTPs
1:10 10xPCR buffer
1.5 mM MgC}
60 mg/ml Sucrose
40 mg/ml Cresol red

5 x TBE buffer, pH = 8.0
0.4 M Tris
0.4 M Boric Acid
0.01 M EDTA

Comet assay

Lysis Buffer |
2.5 M NacCl
100 mM NaEDTA, pH = 10.0
10 mM Tris/HCI, pH = 10.0

1% (w/v) Sodium Lauryl Sarcosinate

1% (v/v) Triton-X-100

Neutralization Buffer
1 M NHAc

Cell cycle analysis

Solution | (detergent solution)
584 mg/l NaCl
1000 mg/l Na-citrate
25 ¢/l ethidium bromide
10 mg/l RNAse
0.3 ml/l Nonidet P40

DNA extraction from cultured cells

Lysis Buffer |
10 mM Tris pH =8.0
10 mM NaCl
10 mM EDTA pH =8.0
1% (w/v) SDS
100 g/ml RNAse A

Rinsing Buffer
10 mM Tris/HCI
10 MM EDTA, pH=7.5

10 x Loading Buffer
50% (v/v) Glycerine
1 mM EDTA, pH=8.0
0.2% (m/v) Bromphenol Blue
0.2% (m/v) Xylencyanol

Electrophoresis Buffer
300 mM NaOH
10 mM NaEDTA
2% (v/v) DMSO

Staining Solution
5%(v/v) DMSO
20% (v/v) Vectashield
0.05% (v/v) SYBRGreen

Solution Il (@tacid-sucrose solution)

1.5% (v/v) citric acid
0.25 M sucrose
409/l ethidium bromide

DNA extraction fraimsues

Lysis Buffer Il
50 mM Tris pH = 8.0
100 mM NacCl
100 mM EDTA
1% (w/v) SDS
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Buffer for enzymatical digestion of tissues forriblasts preparation

DMEM (without FCS)

0.3% (v/v) Trypsin/EDTA

1.5 mg/ml collagenase

1% (v/v) Penicillin/Streptomycin

Standard cell culture media

DMEM
10% (v/v) FCS
1% (v/v) Penicilline/Streptomicine

2.1.10 Software

FAR3 custom program, developed by D. Kononko (Mjnsk
Belarus)

Gel Doc2000 System Bio-Rad (Munchen)

GraphPad Prism 3.03 San Diego (USA)

Quantitity One-4.4.0 Bio-Rad (Mlnchen)

LSM-510 META 3.2SP2 Expert Mode, Carl Zeiss (Jena

ImageJ 1.36b NIH (USA) séwtp://www.rsb.info.nih.qgov/ij/

VisCOMET Impuls GmbH (Gilching)

2.1.11 Bioinformatic resources

Rat Genome Database (RGD) Web Site, Medical Coltég#fisconsin, Milwaukee, Wisconsin.
World Wide Web (URL:http://rgd.mcw.edy/ RGSC v.3.4, release July, 2006; RGSC, v3.4,
release November, 2004.

The UCSC Genome Browser (URGenome Bioinformatics Group of UC Santa Qruz
ENSEMBL Genome Browser (URIattp://www.ensembl.org/Rattus_norvegicus/index.mtml
Primer3 (URL:http://waddlelab3.life.smu.edu/cgi-bin/primer3/pdarf_www.cg)

ORF Finder (URLttp://www.ncbi.nlm.nih.gov/gorf/gorf.htrl
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2.2 Methods

2.2.1 Rat strains

The Long-Evans Cinnamon and Long-Evans rat straiase purchased from Charles-
River Laboratories Japan Inc. (Yokohama, Japan) @hdrles-River Wiga GmbH (Sulzfeld,
Germany). Rats were maintained and treated acapiirthe German Tierschutzgesetz. Rats
were kept in one Macrolon-Standard cage Type 3eWatd food were provideat! libidum The
rat facility was maintained at a2 in 22% relative humidity and was lit under a tveehours
Day/Night Rythm.

2.2.2 Establishment and cultivation of fibroblasts

Primary rat fibroblast cultures were establishesfiLE and LEC newborn rats according
to the protocol published by Ungasbal.,1997 [103].

Five newborn male rats were killed by short expegarliquid N and subcutaneous level
was scraped off from kidneys, peritoneum and sKime tissues were minced with a sterile
scalpel and digested for 16 hours in 20 ml of erewwlution (DMEM, 0.3% trypsin, 1.5 mg/ml
collagenase, 1% Penicillin/Streptomycin) al@7n a cell incubator with magnetic stirring. 500

| fractions were seeded in 20 ml of standard caltuce media (DMEM, 10% FCS, 1%
Penicillin/Streptomycin), in 140 x 20 mm Petri dishand incubated at %7 and 8% of C@air
in a humidified cell culture incubator. Media wdsanged after 24 hours. After several passages
only 2 LEC (LEC-1, LEC-2) and 3 LE (LE-1, LE-2, L&-cell lines were growing successfully

and were used for further experiments.
Subcultivation procedure

The general morphology and growth of a cell popoatand presence of any microbial
contaminants was checked regularly under an indentécroscope. Primary cells and their

descendants were grown in monolayer culture ¥E3hd 8% of C@airin standard cell culture
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media (DMEM, 10% FCS, 1% Penicillin/Streptomycimdasubcultivated after they reached sub-
confluency (every 3-4 days) into three Petri dish&$ growth experiments employed serum
from the same lot. Cells were rinsed with 5 mlitgsrewarmed PBS and after addition of 0.7-1
ml prewarmed trypsin/EDTA plates were incubatedSanin at 37C. Detachment of cells was
observed under the inverted phase contrast migpesand was assisted by gentle shaking. 5 ml
of media containing FCS was added to inactivatpsiryand to resuspend the cells. Cells were
plated with 10 ml of cell culture media (DMEM, 10B&S, 1% Penicillin/Streptomycin). Next
day after plating cells were washed with 5 ml @frig¢ prewarmed PBS and media was changed

the following day.

Cell freezing

Cells were frozen for future use at subsequent ggess Sub-confluent cells were
trypsinised as described above, collected in 19-ahtons, and centrifuged at 1000 rpm for 5
min. Supernatant was decanted and cells were resdeg at a concentration of 1%%&r ml in
DMEM media containing 10% FCS, 10% DMSO and 1% ¢&#ini/Streptomycin. 1.5 ml
aliquots of the cell suspension were transferresteale 2 ml Cryogenic Vials. For freezing the
vials were left at -7AC in a Stratacooler filled with iso-propanol andrsferred after one day to
liquid N,. To thaw cells, vials were quickly removed frone theezer, placed in a %7 water
bath. Cells were seeded in 60 x 10 mm Petri dishes0 ml of pre-warmed medium and
reincubated until the cells attached. The follownhgy the medium was changed to remove
residual DMSO.

2.2.3 The experimental systems

Fibroblast cell culture for all experiments was fpened in _standard culture media
(DMEM, 10% FCS, 1% Penicillin/Streptomycin), andllgewere incubated at 3C in a

humidified atmosphere containing 8% &£@ air. Tests of radiosensitivity - clonogenic @gs

PFGE, H2AX assays - were conducted in the primary embrydibroblasts of the lower
passages (4-12). Comet assay, after being tesfdatoblasts, was performed in the whole blood.

The primary fibroblasts of earlier passages docaaty the genetic alterations, which accumulate
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usually during prolonged passaging and are indbgeienmortalisation in established cell lines,
therefore they represent the most adequate expaahie vitro system. A particular effort has
been provided to perform the repair measuremerfESE? gH2AX) and clonogenic survival
experiments with cells at early confluency to aggtieir synchronisation at G1 phase of the cell
cycle. The selection of doses for experiments veeedo make possible comparison to published
literature data about cell cycle progression of L&&lls (5 Gy [97]). 5 Gy of IR was used for
investigations of growth curves to have consistewitly cell cycle analysis. The dose applied for
investigation of DSB repair by means of PFGE (70 Gws the same used by Hayashial.,
1994 [82] in their PFGE experiments on LEC versusAM fibroblasts.

2.2.4 Growth curves

The growth curves of LEC and LE fibroblasts weneestigated without and after 5 Gy of
grirradiation. The growth curves were determinedplating 12 dishes of each cell line at initial
density of 4x108 cells per 60-mmdish in standard culture media and were growndfhours
until they reached a log growth phase, which waterdgned experimentally in preliminary
experiments. Further, they were irradiated with b dbg-irradiation (HWM2000, dose-rate 1.7
Gy/min) and the numbers were counted. 23.5 houdsSdnhours after irradiation two dishes of
control and irradiated sample of each cell lineenveypsinized, 5 ml of standard culture media
containing 10% FCS was added, cells were suspeadéeld microscopic observations with
inverted microscope Axiowert 135 were done. If tng@form single-cell suspensions were
observed, the cell concentration was determineld @aulter Counter. If there were still clamped
cells seen, resuspension was continued and migr@sgbservations were continued.

The rate of growth and doubling time (generatione was determined from derived cell
number counts. The mean value and standard ereres @stimated for LEC and LE cells at 23.5
and 54 hours after irradiation and in controls.

Growth rate wasadmined according to equation:
K'=Ln (N2 /N1)/(t2 - t1)

Number of divisions per day:
Div.day =K'/ Ln2
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Doubling time (generation time):
Gen't =1/ Div.day

where N1 and N2 = number of cells at timel (47.6raa@fter plating) and time2 (101.5 hours
after plating) respectively. Divisions per day ([iay) and the generation or doubling time
(Gen' 1) is calculated from the data of growth rate

2.2.5 Clonogenic survival assay

The clonogenic survival assay [104] was performethgi LEC and LE fibroblasts to
investigate their cellular radiosensitivity accaomglito the protocol developed by Munsetial.,
2005 [105] with minor modifications.

Cell preparation and irradiation

Fibroblasts of passage 5-12 were grown in 60 mmri Rthes until they reached
confluence (monolayer of spindle-shaped cells witheisible mitotic activity and without
crowding) and were irradiated being in G1 phasthefcell cycle. Cell cultures were trypsinised
as described above. Cells were resuspended ingtesiell suspensions, which were observed
under light microscope and in case of clampingjspended again, and diluted to get the desired
concentrations. Cell concentrations were determiwgd Coulter Counter. Cells were further
placed in 15 ml Falcon tubes, irradiated with 0-4 (IWM2000, dose-rate 1.7 Gy/min) and
known numbers of cells were seeded into 60 mm Rethesfilled with 6 ml of pre-warmed
standard culture media to yield 100 to 150 colomies dish using two different cell inoculum
levels (10x16 and 5x16). For each dose point, three replicate dishes wseel. Dishes were
coded to assure independence of counts, eachpircdte, and incubated at standard culture
conditions. Cell cycle of the remaining cells wagcked to assure accumulation of cells in G1 at

the moment of irradiation.
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Staining of plates

Colonies were fixed and stained at variable timasnd 1-2 weeks depending on their
growth rate. The media was aspirated, 5 ml of stgirsolution (0.5% crystal violet in 70%
ethanol) was added to the plate and left for 10 fmirstaining and fixation of the colonies. The
staining solution was discarded, the plates werghe@ in tap water, and dried on air (Bégure
2.1, which contains the example of the stained plajeafd colony B)).

Figure 2.1. Image of representative plate in one aftudied cell line (LEC-1, 1 Gy)

A: The plates were stained with 0.5% crystal viake10% ethanol and dried. The colonies
containing more then 30 cells were counted undssedition microscope.

B: The picture of representative colony of unirraeliat EC-1 fibroblasts was taken with
phase-contrast microscope Axiovert, under 40x niegution.

Counting of colonies

Colonies (seeFigure 2.1) were counted under the magnified field of thesegion
microscope in each dish to obtain the plating &fficy (PE). The term PE indicates the
percentage of cells seeded into a dish that firgatbyv to form a colony.

A cluster of blue-stained cells was considered larmgoif it comprised at least 30 cells
(Figure 2.1., B. The commonly used threshold is 50 and 30 ckllgase of primary fibroblasts
colonies are more sparse and occupying more spatigegplate. With the high colony numbers

seen in control there is a possibility that colerfigse, that is why a cut-off of 30 cells was set.
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Plating efficiency and survival fractions were e&ited. PE was calculated as:

Number of colon@sinted
PE (%) 4%4%2¥2¥%u%4%4¥a¥aYa x 100
Number of cqllated

Following determination of PE, the fraction of eeflurviving a given treatment (SF) was

calculated by normalizing PE after a given dost&b of the control unirradiated plates:

PE of treated saampl
SF (%) a¥a¥a¥a¥a¥s¥s¥s  x 100
PE of control

The cytotoxic effect of IR on mammalian cells isggrlly described by a cell survival
curve. The survival curves were evaluated for LEE@ &E cell lines irradiated at G1 phase of
cell cycle in a range of doses from O to 4 Gy. HigHoses of irradiation could not be used, since
the number of control colonies became too low &able quantification. Increase in number of
seeded cells failed to overcome this dose limitatawhat led to overgrowing of colonies in
controls. For visual presentation of survival aftadiation the survival fraction was plotted on a

logarithmic scale (y axis), against dose on a liseale (x axis), resulting in a survival curve.

Survival curve fitting. Parameters of survival curv es

The linear-quadratic model is now the model of chdio describe survival curves. The
theory behind the shape of the shouldered mammalein survival curve fitted to linear-
guadratic equation relates the linear and quadtatims in dose to cell killing. The linear
coefficient in dose,, describes the part of curve resulting from celtth dominated by single hit
kills, while the quadratic term in dose,describes cell death requiring multiple interawcsi [3].

By this model the mathematical expression for glesurvival is:
S=ePP

where S is the fraction of cells surviving a doseabd and are the constants,
characterizing the curve.
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The values of D1, initial slope, were estimatedrfreurvival curves. D1 is the mean lethal
dose, or the dose that delivers, on average, dhallevent per target and is the dose, which

decreases the survival fraction to 0.37 on th&inpiortion on the survival curve [3].

The dose modifying factor (DMRpr SF at 2 Gy and 3 Gy was determined as:

SF(Dose) (LE)
DMF = %4%4%1%%%4
SF(Dose) (LEC)

Statistical evaluation

The data were presented as mean values and SEM6oin@ependent experiments.
According to the work published by Bufé al., 2001 [106] the distribution of the SF2 can be
fitted to Gaussian and log-Gaussian distributioner€fore, the further statistical evaluation of
data included testing for difference of measuredaS@ifferent doses (1-4 Gya, b and DO
applying the Student’s t-test. P < 0.05 was comsiflesignificant. Additionally two-way
ANalysis Of VAriance between groups (ANOVA) was app for comparison of survival of

fibroblasts from LEC and LE rat strains.

2.2.6 Pulsed field gel electrophoresis

The principle of pulsed field gel electrophoresis

The repair of DSB induced by IR was investigatethgipulsed field gel electrophoresis
(PFGE).

PFGE is applied to study the mobility of DNA molézsi as large as 10 Mb. Intact
genomic DNA and fragments longer than 50 kb fronmmmelian cells are too large to migrate
into an agarose gel under the constant field strefReriodically changing the orientation of the

electric field forces the DNA molecules in the gelrelax on removal of the first field and
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elongate to align with the new field, resultingamet migration of DNA fragments in a straight
line.

Broken DNA fragments resulting from irradiation, iam are shorter than gel-specific
threshold, can migrate into the gel. The numbeD8B and therefore the number of fragments
increases with dose. Therefore the fraction of Di¢beased from the well can be used as a
measure of radiation-induced DSB and their repair.

PFGE was performed in CHEF Mapper gel electropl®rsgstem according to the
protocol developed by Frieét al.,1995 [107] with some modifications.

Preparation of agarose plugs/ DNA extraction

Cells were grown in cell culture Solo flasks tiirdluency. Confluent cells were used to
reduce the proportion of S-phase cells, becausekitown that the percentage of DNA released
from the plug for cells irradiated in S-phase ig-third of that for cells irradiated in G1 phase
[108]. With the fraction of cells in S phase rargifrom 1 to 5% estimated in performed
experiments (4.32 £ 1.96% of LEC and 3.6 = 0.71%Ibfcells were in S phase, n = 6), cell
cycle distribution had therefore no impact on DNAgration.

Cells were washed with pre-warmed PBS and harvdsgedypsinisation (as shortly as
possible, to avoid induction of DSB by the trypsation process). Cell suspensions were
centrifuged (1000 rpm, at RT, for 5 min), washedPBS, and resuspended in PBS at the
concentration of 3 x focells/ml. For a typical experiment at least 2 mbqut 6 x16 cells/ml)

were used.

Embedding of cells in agarose plugs

For preparation of agarose plugs, plastic custosigded moulds were rinsed with 70%
ethanol and dried on air. 1.6% low melting pointii2) agarose was boiled in 20 ml PBS
(microwave) and kept at 3Z in a water bath. Cell suspensions were mixed aitequal volume
of the agarose solution (ca °&}), shortly vortexed at low speed, and 20Oportions were
pipetted into the mould (sddgure 2.2., A APPENDIX, page 145). Moulds were left in the
refrigerator at 2C for solidification of agarose plugs. Moulds wespened and plugs were

transferred with plastic spatulas into 15 ml Faltalpes filled with a few ml of ice cold media
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(Figure 2.2., B APPENDIX, page 145). The plugs were then left for equililaatior 30 min on

ice.
Sample preparation and irradiation

Agarose plugs for calibration, repair and repaimtoa samples were prepared.

Each plug of calibration (induction) samples wamsferred into a 15 ml Falcon Tube
filled with 10 ml of ice-cold DMEM standard cultureedia. The samples were irradiated with 0,
5, 10, 20, 30, 40, 50, 60, 70 Gy efrradiation on the Gammacell | (Co-60) machineragiag at
a dose rate of 4.2-3.98 Gy/min (the range reflédatsdecay of the source in the time period when
experiments were performed). For repair samplesiisged number of plugs (normally 6) was
first placed into a 50 ml Falcon Tube containing@h20 ml of ice-cold media and irradiated
with 70 Gy. Control samples (6 plugs) were trediiezl the repair samples, except that they were
not irradiated. They served to measure unspecifiAlegradation during 6 hours of post-
irradiation incubation. During irradiation, cellseve kept on ice to prevent DSB repair; further
sample preparation was performed on ice. To allepair, plugs containing intact cells, were
transferred to Petri dishes, filled with fresh, waemed media (). Since cells may suffer
from prolonged incubation within the plugs, the m@diable observations of DNA repair under
such conditions were within 6 hours after irradiati

DNA preparation in agarose plugs

To prepare intact genomic DNA, cells were lysadsitu in the agarose plugs. This
protects the molecules from both mechanical breakagd nuclease degradation during the
isolation process. Cellular materials released iggddion diffuse out of the agarose during the
washes while the DNA macromolecules remain trappedause cellular enzymes were removed
completely, samples prepared in this way are rkadbtistable and could be stored for 2-3 months.
Induction samples were treated directly after iatidn, repair and control samples after time for
repair (see above, Sample preparation and irradiatiThe plugs were transferred to 15 ml
Falcon tubes filled with ice-cold 0.5 M EDTA (pH @igure 2.2., G APPENDIX, page 145).
After incubation on ice for 30 min, EDTA was decahand 1 ml of ESP Buffer was given to the

plug. In this solution, the plugs were incubate8@€ for about 48 hours. ESP was decanted and
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the Falcons were filled with Rinsing Buffer. RingiBuffer was changed 3-4 times during the

next 2-4 days, and plugs were ready for storagesbaudrophoresis.
Preparation of the electrophoresis gel

To prepare the gel with plugs for electrophoredi8,% LE-agarose was boiled in 175 ml
0.5 x TBE and kept at 87Part of the agarose solution was poured intol @agt device and left
to solidify (Figure 2.2., E APPENDIX, page 145). Formed gel stripe thus contained 10swiiedit
were 10 mm broad. The calibration sample agarosgsplere placed into these wells: this
required to cut pieces of 5 mm x 10 mm x 1 mm duhe 200 | plugs (these are about 15 mm x
10 mm x 1 mm) using ethanol-rinsed cover shijg(re 2.2.,  APPENDIX, page 145). Once all
wells were filled, the well-forming device was pigicabout 3.5 cm below the gel strip and
agarose solution (8pwas filled into this space. In the same way weltse filled with repair
samples. Finally the device was placed again 3.%elow the gel stripe and niches were filled
with repair and control sampleBidure 2.2., E APPENDIX, page 145). At the end, remaining
agarose solution was poured over to obtain a smawatiace Figure 2.2., F APPENDIX, page
145). After plugs were embedded in gels their DN&#swubjected to PFGE.

Electrophoresis conditions

Electrophoresis was performed in a BioRad CHEF Gpper electrophoresis chamber,
filled with 2 litre of 0.5 x TBE (Running bufferlta buffer temperature 25 for 30 hours, with
75 min pulse time, and a voltage gradient of 1.8nV/Under these PFGE conditions fragments
which are larger than a certain threshold valueaieed within the plug during electrophoresis,
while smaller fragments 100 kb up to 5 Mbp entdtexigel and formed a pseudo-band (about 2
cm below the plug) (A. Friedl, personal communica}j (se€rigure 2.3).

Gel staining and DNA measurement

The gels were stained overnight in a 0gdml of ethidium bromide in Running Buffer.

For scanning of the fluorescence intensity the gadee placed on top of a UV transilluminator
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(302 nm), and pictures were taken with the Bio &l Doc2000 System. To avoid fading of
fluorescence, the image was taken within 2-3 sezofd)V exposure of the gel [107].

The distribution of the signal was determined bglgring the images generated using
Quantitative One-4.4.0 Software. The line bordeesenarbitrary defined on each analysed gel
(seeFigure 2.3., A). The Quantitative One-4.4.0 Software measuregitted intensity and assigns
the values for it (Y axis, Intensity) at each padfitthe defined line (X axis, Distance). For the
further analysis a custom program for FAR (fractamactivity released) analysis (FAR3) (see
Figure 2.4.,APPENDIX, page 146-14ywas developed on the basis of FAR-ANALYSIS (Anna
Friedl, 1995 (Program for two column input datay) D. Kononko (personal communications,
Check Point Branch, Minsk). The program is compefiicient, user-friendly, and has a number
of useful features for data analysis (for detadiedcription se&igure 2.4, APPENDIX, page
146-147. The density profile of the full width of eachnka was plotted versus distance of
migration (sed-igure 2.3., B. The profile consisted of the origin of the plagd the pseudoband
(composed of fragmented DNA) which was induced®yhd which resulted from spontaneous
fragmentation. After a dose of 70 Gy the fragmeatabf the DNA resulted in the majority of
the DNA migrating out of the origin and withoutadiation there was almost no DNA migration
observed. If the cells are allowed to repair fohdurs, most of the DNA no longer migrates

beyond the plug, indicating its return to a highmlecular weight (DNA repair).
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Figure 2.3. Intensity profile of one of the bands mthe PFGE gel (see Figure 3.6.)

A: One of the bands is delineated with QuantityOde®4Software

B: Distribution of the EtBr signal in the band alahg DNA migration lane is shown

C: The FAR3 program used for evaluation of FAR estadaamount of DNA between (a)
and (c) borders, limiting band. This distance wetstBe same for all samples on one gel
from band to band. The position of the first peakresponding to the plug (between (a)
and (b)) was also set to be same for all samplés. Background (H) was corrected
considering the values outside of the band (befajeand after (c)). FAR3 Software
allowed to estimate the amount of DNA in the whialee and find out what fraction of
DNA is migrating out of the plug by dividing values DNA migrated out of plug by
whole DNA in the lane limited by a, ¢ borders amdhkground.

Data analysis and presentation.
Correction for background and control values

The percentage of DNA migrating from the plugs ithe lane (% DNA-extracted, or
FAR-fraction of activity released) was used for mpifecation of DSB.

FAR-fraction was estimated as:
C(I(x) — H)dx
RA%) = %32%%3/4%%% x 100
E:I(x) — H)dx
a

where (seéigure 2.3., O:
a - migration distance, at which peak begins (boldelt is the beginning of the band as well.

b - migration distance, at which peak ends (bogjer
C - migration distance, at which band ends (bo&)er
H - background value
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c
(I(x) — H)dx - integral value proportional to tammount of DNA migrated out of the peak,
b background is subtracted

c
(I(x) — H)dx - integral value proportional to taenount of DNA in the line, background is
b is subtracted

Derivation of Gy-equivalents

The percentage of extracted DNA in the PFGE gel ody depends on the DSB
frequency within the sample, but also on the camwlit of the electrophoresis and the cell cycle
distribution of the cells. To avoid the possibilitat differences in chromatin structure caused by
difference in cell cycle distribution might caudee tdifferences in induction of DNA damage
[109] and to facilitate comparisons between différexperiments, experiments were performed
on cells mostly in the G1 phase of cell cycle (23+44.28 % of LEC fibroblasts - in G1, LE —
89.25 £ 0.78 %; 4.32 + 1.96 % of LEC and 3.6 + @&’df LE cells were in S phase, N = 6). The
internal standards (induction curves) were perfarnf@ different doses and were compared
between LEC and LE cell§igure 2.5., A). The calibration of the relationship betweendration
dose (induction samplegigure 2.5., B and fraction of DNA released (FARJigure 2.5., A) was
used to derive Gy-equivalents (Gy-eq) In other wptte data of FAR repair (at 1.5 hours FAR
is 24.5%Figure 2.5., A) have been converted into the number of Gy-eqititl damage (24,5%
FAR is converted to 24 Gy-efigure 2.5., B. Any damage level remaining after repair was thus
expressed in terms of initial damage Gy-eq (i.e.gloportion of DNA eluted is the same as if
the sample had been irradiated with dose x).

-44 -



Fraction of activity released, %

Fraction of activity released, %

60 -
50 -

40 - FAR (1.5 h) = 24.5%

—e— Repair

30 - Control

20 -

10 - i

o +=

0.25 0.5 1 15 2 3 4 6
Time, hrs

70

60 -

50 -

40 ~

FAR (24.5%) =24 Gy-e

—=— |nduction

0 I I I : I I I I
0 10 20 30 40 50 60 70
Dose, Gy

Figure 2.5. Scheme representing conversion of FARales into Gy-eq

One of the experimental data sets is presented.
A: Fraction of activity released (FAR) repair valuesre determined for repair times
B: FAR values were converted in Gy-eq applying thasneed induction curves
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Correction for DNA degradation

Data for irradiated cells were corrected for baokgd (Gy-eq observed for control
(unirradiated) cells). For each experiment the eslof Gy-eq for respective control samples
were subtracted from respective values of Gy-ecpireprhis correction assumes that an

additional amount of DNA is released into the laeeause of background degradation processes.
Fitting of data and derived parameters

Fitting of repair curves was achieved using the-lmgar regression analysis of the
commercially available software package GraphP&ihP8.03. Repair kinetics data were fitted

assuming two exponential components of rejoinirgpeting to the equation:
FAR = Ae™ + Ce™+ R,

where:

the first term in the equation (A& was fitted to the fast, and the second{Ceto
the slow component of rejoining. Parameters A andie€cribe the amplitudes and
parameters b and d are the rate constants of #teafal slow component of
rejoining, respectively, R is a residual damage.

From these parameters the half-times for the rigjgiof the fast and the slow component
was calculated as:
t1/2, tast = IN2/b

t1/2, slow = IN2/d

where:

t12, fast IS the half-time of DSB rejoining by the fast camngent;

t1/2, sow IS the half-time of DSB rejoining of the slow cooment;

parameters b and d the rate constants of therfidstslaw component of rejoining.
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The fraction of DSB rejoined by the fast and sloamponent of rejoining can be
calculated as:

A
Ffast = 3/4?/4?/4?/4
A+C

C
FS|0W = ?/4?/43/4?/4
A+C

where:

parameters A and C describe the amplitudes of dse dnd slow component of
rejoining, respectively, andik — fraction of DSB rejoined by the fast component,
and Fw — fraction of DSB rejoined by the fast component.

2.2.7 Analysis of H2AX foci

Formation and dissociatioH2AX repair foci were investigated in LEC and LEnpary

fibroblasts. The applied protocol was developediydo Drexler (personal communications).
Growth of cells on slides and irradiation

1x10 cells were plated on glass slides and grown fdays in standard growth DMEM
media at 8% of Cglair. Cells were either left untreated or exposed Gy of -irradiation and
left for repair in the cell incubator for 9 and Bdurs.

Fixation and staining with primary/secondary antibo dies

After the indicated time intervals cells were fix@d2% Paraformaldehyde, washed once
with PBS, permeabilized in PBS containing 0.2% YWxiton X-100, incubated three times with
0.15% Triton (PBS), and blocked another three tifieesl0 min with PBS+ (PBS, 1% BSA,
0.15% Gilycin). All steps were done at RT. Fixedrnpeabilized cells were incubated with
primary H2AX phosphospecific mouse monoclonal antibodytddul:300 in PBS+. 75| was

applied to slide and left for 1 hour alGtin a humidified chamber. Subsequent washing was
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conducted at RT as follows: 5 min, PBS; 10 min, RPBIS% Triton; 5 min, PBS; 7 min, PBS+.
Secondary antibody (anti-mouse 1gG-Alexa488), wiastedl 1:200 in PBS+, and 73 of the

mixture was applied to each slide and left for 45 at £C in darkness. After this, slides were
washed with PBS/0.15% Triton twice for 5 min, ofi@e10 min with PBS, and again once for 7
min with PBS. Nuclei were counterstained with thAHD - DNA stain for 90 seconds and
washed twice for 2 min with PBS. After short aiyidg 8 | of Vectashield was applied and
slides were covered with cover slip. Fluorescenazascopy was performed within 7 days after

staining.

Microscopy

Images were obtained using the LSM510 (Zeiss) aaiftaser microscopy system. To
allow direct comparison, all samples from one ekpent were treated and processed
simultaneously and all images were obtained udnegsame parameters (brightness, contrast).
Images were collected by laser scanning of stapedld (filter C-Apochromat, 63 x 1.2 W corr)
with parameters for fluorescent dyes: Alexa488 ifaion 488 nm, emission 520 nm) (see
Figure 2.6., H); DAPI (excitation 350 nm, emission 460 nm) (Sé&gire 2.6., . 5 z-stack images
were taken from consecutive layers of each image Egure 2.6., A-F) and were further
projected into one image (SEgure 2.6., B, allowing scoring of all foci at different levet§ one
nucleus on a single image. Size of the image tak#&R:x 512 x 5 (pixel). Images were further
analysed with special application LSM-510 META 25 ZEISS, Expert Mode.

Foci quantification

The number of H2AX foci was evaluated in control and irradiatédaréblasts after 1 Gy
of -irradiation after chosen time (9 and 24 hours).

Considering that manual counting of foci is verlgdaous, subjective and error-prone, a
simplified automatical foci quantification was pamrhed.

For quantitative analysis of foci, the images winmher processed with ImageJ 1.36b
(NIH) image — analysis program (NIH, USA; skgp://www.rsb.info.nih.gov/i). The ImageJ

1.36b shows the green and blue channels of theeirsagarately. The images from Alexa488

(0H2AX) green channel were stacked together and byyaqg the ‘Montage’ option turned into
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one image with the scale factor OFg(re 2.7., A,APPENDIX, page 148-14p The images from
all samples were processed in an identical way. Theeshold’ function of ImageJ was applied
to subtract background (segure 2.7., A, B,APPENDIX, page 148-14p The threshold was fixed
the same for all images and was set high enougissore the background elimination. The
‘stacked’ and ‘montaged’ DAPI images were mergethwutlines of DAPI images of the same
sample Figure 2.7., C, D APPENDIX, page 148-14pusing the ‘RGB merge’ plugin of ImageJ
Software. The quantification ofH2AX foci was done automatically using ImageJ 1.36b
Software on the montaged imagesgdRAX, which counts foci in the whole image. Numiwodr
cells in the image was counted from the DAPI stggnand number of foci was averaged per
number of cells in the sample.

Statistical evaluation
All experiments were performed at least three tinmesndependent tests. Differences

between LEC and LE respective data groups for aedlyime-points were compared using two-
tailed Student’s t-test and P < 0.05 was considsigraficant.

=49 -



Figure 2.6. Sequence of scanned images 6f2AX staining. z-stack processing

A-E: 5 imageswere taken from subsequent levels of thicknessnef region of the slide
with LSM510 (Zeiss) confocal scanning laser micopse Cells were stained with primary
mouse antibody againgdti2AX, and secondary antibody was linked to Alexa488

F: The 5 imagesA-E) were further projected into one, applying z-stethniques

G: The blue (DAPI) channel is shown

H: The Alexa488 signal H2AX) is shown
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2.2.8 Comet assay

The alkaline version of the comet assay [14@F performed to assess repair capacity of
SSB, alkaline labile sites (ALS), and DSB in LECdahE cells. At alkaline pH (pH > 13)
increased DNA migration results from conversiorAdfS into SSB. The method was performed
at the facilities of BFS (Institute for Radiationy¢dene, Neuherberg), following the protocol
developed by Singh, 1995 [111] with modificationg@oduced by Maria Gomolka [112].

Preliminary experiments, which were conducted usiitgoblasts, showed large
heterogeneity in measured values and it was dedaeteasure repair in lymphocytes of whole
blood. Investigations of Chuamg al.,2004 [113] show that the use of whole blood createset
images, which where not different from those olsédifrom isolated lymphocytes. Three animals

were bleeded and repair capacity was evaluatedldt, 0 and 60 min after 4 Gy of IR.
Collection of blood and irradiation of samples

The blood samples were taken from the sublingual eé rats following the protocol
developed by Zelleet al., 1998 [114]. Unfasted rats were anaesthetized wdfiuorane in an
inhalation chamber. One person held the unconscaual and the second person pulled
forward the tongue and punctured one of the subéihgeins with a gauge. Blood samples of

volume about 0.5 ml were collected into tube comtaj anticoagulant (heparin).

20 | of the whole blood was aliquoted in 1.5 ml Epparidubes and irradiated on ice
with 4 Gy of -irradiation. Irradiation was performed with HWM (Cs-137) at dose rate of
1.7 Gy/min).

Repair incubation, cell lysis and slides preparatio n

Immediately after irradiation the samples were @thin an incubator at 3Z. At 0, 15,
30 and 60 min after irradiation 10 of an irradiated and for chosen time points afcatrol
sample was removed and embedded in a second l&ysgaoose, prepared as the first layer
(described later) and stored aBQuntil use. The irradiated samples (1pwere mixed gently

with 100 | of the liquid agarose, placed on the slide andeoed with a cover slide (dipped
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before in 0.1% Triton-X/KO and dried) to create a uniform surface withoatuded air-bubbles.
The slides were placed for 5 min on a cold plat€)4before removing the cover slip.

After removing the cover glass, the slides weregalain 50 ml of freshly prepared Lysis
Buffer | and were incubated overnight 464 To remove proteins slides were placed in 50fml o
Lysis Buffer Il and incubated at 2 for 1 hour.

Glass slides were prepared in advance. Slides eaaered with a first layer of 0.1% low-
melting agarose (Serva). 0.1% low-melting agaroas suspended in 0.9% NaCl, vortexed and
permitted to rest for 10 min at ¥D. Afterwards, the suspension was vortexed andawiaved
briefly until boiling, checked for clumps. The pess of vortexing and microwaving was
repeated three times and agarose was aliquotedEjppendorf tubes, which were agitated at
50°C for 1 hour. Slides were put onto a warming pltet5SC and 200 | aliquots of liquid
agarose were pipetted onto the slides and evestyildlited with a spatula. The slides were dried

completely at least for 1 hour.
Electrophoresis. Neutralization, dehydration and pr ecipitation

1 litre of Electrophoresis Buffer was set up ptiorelectrophoresis and was precooled at
4°C. Before electrophoresis slides were placed axetifin a special modified electrophoresis
chamber to allow DNA unwinding for 20 min atGt Slides were exposed to electrophoresis at
4°C, for 30 min, at 24 V with stirring of buffer ihé electrophoresis chamber.

For neutralization, dehydration and precipitatidiles were placed in 50 ml of the
neutralization buffer in Coplin Staining Jar andubated for 30 min at RT in the dark. For
further dehydration slides were placed in absdhit@H overnight at RT.

Before drying slides covered with agarose were dedted in 70% EtOH for 5 min at RT

preferably in the darkness. Dried slides were starea closed box until staining.
Staining of slides
For staining slides were placed twice intglds, and 50 | of the staining solution were

applied. The staining steps were performed in thkk chis SYBRGreen is sensitive to light.

Evaluation of results was done immediately follogvthe staining.
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Image acquisition

60-120 SYBR Green stained electrophoregrams (cQrivetbe central part of each slide
were examined under epifluorescence microscopeof&xi 135, Zeiss, Germany; 40 x air
objective) equipped with filters for SYBRGreen aadmonochromator (T.I.L.L. Photonics,
Munich, Germany) as a light source for the imagalysis with excitation at 461 nm and
emission at 510 nm. Images were acquired with a Setleo Camera (XC-7500) and evaluated

by VisCOMET Software. Acquisition was done with lprenary adjustment of image saturation.
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Figure 2.8. VisCOMET program interface with pictured example of acquired comet
with defined regions of interest - tail, head, badjround

The image pictured by VisCOMET represents an apbioregramm of the single cell
DNA with extended ‘tail' containing DNA fragmentd different size, stained with SYBR
Green. The program features for comet analysisiitechutomatical and manual settings of
head and tail regions, adjusting exposure and ingsgameters. The measured values
include 24 characteristics of the acquired comeh vetatistical evaluation within the
sample (mean, maximum, minimum, standard deviation)
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Comet analysis

The regions of interests (head and tail) were detexd automatically by VisCOMET
from comet images (sdeégure 2.8). The list of evaluated parameters included elgamameters
characterizing comet in total, eight parametergadhof comet, and six - % of tail DNA. From
all comet characteristics measured the Tail (Olivepment as commonly measured

representative parameter was selected for furthedysis.

Tail (Olive Moment) is defined as the product oé tiail length and the fraction of total
DNA in the tail. Taill moment incorporates a measofeboth the smallest detectable size of
migrating DNA (reflected in the comet tail lengthnd the number of relaxed / broken pieces
(represented by the intensity of DNA in the tail):

Olive Tail Moment = |CG — CGy|) x DNA/100

where:

CG = center of gravity of the tail or body weightegigray values
CGy = center of gravity of the head weighted by gralues

DNA = tail or body DNA

Statistical analysis

Tail Olive Moment values were estimated in 3 ansnal60 — 120 cells each at each time
point and data were presented in box and whisk&ts.pA box and whiskers plot shows
quartiles: One quarter of the values lie betweenttp whisker and the top of the box; one
quarter (28 percentile) in above the median line (thd $@rcentile) within the box; one quarter
below the median line within the box {75ercentile); whiskers show the +/- 1.5 x IQR
(interquartile range). The outliers are pictureal to

The values of Tail (Olive) moment for repair werempared at different times. Tail
moment is known to have a non-Gaussian distribuidrb]. In this case comparison between
groups was done with Mann-Whitney U-test and noapa&tric Kruskal-Wallis ANOVA rank
model, using the Prizm 3.0 Software [116]. The wofkDuezet al., 2003[115] on statistical
evaluation of comet data show that commonly usedrv/itney test and Kruskal-Wallis
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statistics are oversensitive and show the staissignificance even when the difference is not
relevant biologically because of the large numldfemeasurements in one sample (100). They
recommend reduction of data to representative rmwarpetric statistics (medians, ™75
percentiles) for further statistical analysis. ddegng these recommendations, the statistical
analysis of produced data included firstly testioga difference between samples taken from
different animals of one rat strain and measurexhattime point applying Mann-Whitney U-test.
Further statistical analysis included comparisontref means, medians and™7percentiles,

estimated for each measured animal, applying AN&I9$ VAriance (ANOVA).

2.2.9 Cell cycle analysis

Analysis of cell cycle distribution was performedexponentially growing LEC and LE
fibroblasts after 5 Gy of -irradiation at different time points by means &dw cytometry

analysis.

Choice of protocol for DNA content analysis

Generally methods, which utilize detergents anti4gotonic solutions to permebealize
cells and produce free nuclei, provide much mote estimates of DNA content compared
to measurement of fixed cells. Two-step method idpesl by Nusset al., 1984 [117] which

allows cell lysis and separation of nuclei, wasduiee DNA content analysis.

Preparation of samples

4x10 cells were plated per Petri dish and left to &timed grow. At 24 hours after plating
medium was changed and after additional 24 howwigg cells were irradiated with 5 Gy of
irradiation (HWM2000, 1.7 Gy/min). At various timgoints cells were washed with PBS,
trypsinized, and collected in 15 ml Falcon tubeboit 5 x 16 cells were centrifuged, most of
supernatant was decanted, only a small volume pfoapmately 50 | of media was left. The
pellet was resuspended in the remaining media antldf the detergent solution I, containing 40
g/l ethidium bromide (EtBr) (Sez1Materials, 2.1.9 Bufferg was added, and mixed by shaking.

1 ml of citric acid-sucrose solution 1l (25/I EtBr) was added after 60 min incubation at RT t
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the cells treated with detergent. After this sectiedtment released nuclei and micronuclei were

simultaneously measured in a flow cytometer

Measurement and data collection

EtBr fluorescence (pulse height and pulse area)satelscatter as well as forward scatter
of nuclei and micronuclei were measured simultasgousing a Becton Dickinson LSR 1l Flow
Cytometer (sed-igure 2.9). Excitation of EtBr was provided by the 488-nmeliof an argon
laser; EtBr fluorescence was detected with a loagsgilter.

Presentation of cell cycle data

The data were further analyzed with FACSDiva Sofevd heFigure 2.9. shows the dot-
plot and histogram graphs. The cells at %G1, %8,%&G2/M phases were gated with help of
the FACSDiva Software according to their EtBr stagn(G2 phase cells had twice the amount of
DNA compare to G1 cells, S phase cells had interabtecamount). Due to high resolution of
DNA histograms the % of cells in the different cellcle phases was derived directly from
histograms by arbitrary gating of cells in G1, 8 &2/M phases of cell cycle (sEgure 2.9).

The time course of the kinetics of a cell populatis usually represented either by
showing the sequence of DNA histograms or by tihoéspf percentages of cells in the different
phases of the cell cycle - G1, S and G2/M (%G1, &8,%G2/M).
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Figure 2.9. Presentation of cell cycle distributioron the DNA content histogram

A: Figure depicts the dot-plot graph of the measgi@dple. Intensity of EtBr staining is
plotted against side scatter. The gating of thés,ceticronuclei, and hyperploid cells is

performed.

B: The histogram representation of DNA content distibn is shown. Intensity of EtBr

staining is plotted on log scale against measutedber of cell counts. On the image cells
are gated in G1, S, and G2/M phase of cell cyctetha percentage of cells in each phase
of the cell cycle relative to the total number efigis shown.
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2.2.10 General molecular biology methods

Isolation of DNA and RNA from animal tissues
(liver, heart, brain, tail tips) and cultured fibro  blasts

Genomic DNA extraction from cultured cellsbout 1 x 16 cells were washed with PBS,

trypsinized, and centrifuged. The supernatant wiasadted and pellet was resuspended. 10
volume of lysis Buffer | (100 g /ml Proteinase K was added shortly before use)adaled with

a subsequent incubation a65or 5 hours. 1 volume of Phenol/Chloroform (lnigs added and
centrifuged at 12000 g for 10 min. The upper fiagtiwhich contains DNA, was collected and
the Phenol/Chloroform extraction repeated. The® 1/ of 3M Sodium-Acetate (pH 5.2) was
added and the DNA precipitated with 2.5 volume 60% Ethanol. The DNA pellet was
centrifuged at 12000 g for 10 min, and washed twoce2 hours with 80% Ethanol. After partial
air drying the DNA was dissolved in 0.5 ml TE (pk2)/

Genomic DNA extraction from tissudbver, brain, tail tips) was performed with tigsu

size of about 0.5 cm, or tail tip of length lessrtL cm. The tissues/tail tips were incubated with
750m of lysis Buffer Il (0.5 mg/ml protein kinase K wadded shortly before use) over night at
55°C. The following day 25@1 6M NaCl solution was added and the mixure wasexad. After
centrifugation at 10000 rpm for 30 min 86Dvolume was taken from the middle of the solution
and transferred to a new Eppendorf tube. @00f Isopropanol was added, mixture was shaked,
and centrifuged for 10 min at 13000 rpm. The peNes washed twice for 15 min with 75%
EtOH, air dried and dissolved in 260TE.

170m of 6 M NaCl was added and mixed. The samples werdgrifuged for 30 min at
10000 rpm, at &. 500 of isopropanol was added, and mixture was furitemtrifuged at
13000 rpm for 10 min.

Isolation of RNAwas performed with TRIzol Reagent. TRIzol Reaganésready-to-use,

monophasic solutions of phenol and guanidine isaf@nate suitable for isolating total RNA,
DNA, and proteins. During sample homogenizationZdRReagent maintains the integrity of the
RNA, while disrupting cells and dissolving cell cpaments.

For RNA isolation from cells Petri dish cell cuksr with growing cell cultures were
washed with PBS, 1 ml of TRIzol was added at RTe Tysate was scrapped into a 1.5 ml
Eppendorf, resuspended with a pipette, and lefi@min at RT until lysis was finished. 200
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Chloroform was added to the sample, which was xedeand left for 5 min on ice. The mixture
was further centrifuged for 10 min at 12000 rpme Tipper phase was transferred to another 1.5
ml Eppendorf tubes, 1 volume of ice-cold isopropamas added and mixed. The solution was
left at RT for 10 min, and centrifuged for 15 min1&2000 rpm. The supernatant was discarded,
and the RNA pellet washed with 75% EtOH and camget at 7500 rpm for 5 min. After drying

the pellet 100 | RNAse free water was added and was incubate@’ax #r 10 min.
Quantification of DNA and RNA concentration

DNA/RNA vyield and purity were determined by speptiotometric measurement. The
absorbance at A260, A280 and the ratio A260/A280ewdetermined. DNA and RNA

concentration was estimated according to equatienised from from Beer's Law:

RNA ( g/ml) = A260 x 33 (g/ml) x Dilution factor
DNA ( g/ml) = A260 x 50 (g/ml) x Dilution factor

where:
33 is the concentration of single-stranded RNA&/ifhl) corresponding to an A260
absorbance of 1, and 50 is the concentration obléestranded DNA (g/ml)

corresponding to an absorbance A260 of 1.
Reverse transcription

The isolated RNA was reverse transcribed to proadidi¢A templates required for PCR
amplification and for Real-Time PCR expression gsial Reverse transcription was performed
with the SuperScript™ Il Reverse Transcriptasi according to supplier protocol. 1g RNA
was incubated together with a mixture of Ilof (pT) primer, 50 — 250 ng Random Hexamer
Primer, 10 mM dNTPs, and water to 1Pfor 5 min at 68C and transferred immediately onto
ice. After this incubation the®Istrand buffer, 1 mM DTT, and RNAse inhibitor wadlad and
the mixture was incubated for 10 min af@%nd 2 min at 4Z. After adding 1 | of Reverse
Transcriptase the reaction mixture was incubate®&@omin at 42C and inactivated for 15 min at
72°C. 1 of RNAase H is added and left for 20 min afG7
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PCR amplification

In the process of Polymerase Chain Reaction (PGiefiaed fragment of genomic DNA
or reverse transcribed RNA, can be selectively dimg@l using specific oligonucleotides
(primers) (Mullis, 1986)Repetition of the denaturation, annealing, and restts reactions in
presence of 1 U termostable Taqg DNA Polymerasem(fichermophilus aquaticds 5 pM
primers, 0,2 mM dNTPs, and 1X Buffer (s2& Materials, 2.1.9 Bufferg during 30 — 40 cycles
increases exponentially the amount of amplicortiéilly 20 ng) for molecular analysis. Negative
controls (PCR without DNA template) were performednake sure there was no contamination
of the enzymes and buffers with the template. P@Rlycts were electrophoresed as described
later.

Primers design and preparation

Primers for amplification of genomic and/or cDNA meedesigned using known DNA
sequence available with Primer selection programmétr 3. Parameters of the primers were
chosen according to the experimental requiremenigus length, Tm, GC%, product size).
Lyophilised oligonucleotides were diluted in 4000f water for 2 hours at 4@, quantified by
spectrophotometer, and mixed in primer pairs (L)+dyive a working concentration of 5 pNI/
of each primer.

DNA microsatellite markersvere amplified by PCR. To compare the genotype of

cultured cell strains and conduct haplotype anslywdmpare LEC haplotype to that of LE) the
microsatellite markers (simple sequence repeats)e wahosen for further analysis. The
information about the markers on the region ofrede on chromosome 4 was derived from the
published data about LEC rat [83, 85, 94]. The pransequence and position are listed in the
Table 2.1.Genomic DNA was amplified following the progranosin inFigure 2.1Q
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33 cycles

Temperature, 94 04 77 7
Tone 55
minutes 001 1:00 _ 1:00 { 7:00
| 1:00 f
Initial Denaturation Annealing  Extension Final
denaturation Extension 00
Cooling

Figure 2.10. The program for PCR amplification ofmicrosatellite markers

Amplification of cDNA produced by reverse transcription PCR was perfdrrioe

mutation analysis by sequencing. Using the datéinkhge analysis of x-ray hypersensitivity
published [83], the candidate genes were selectieflifther analysisRaf-1, Ogg-1, Rad18, XP-
C, Fancd2, Gata-2Choice of candidate genes was done based on kdgevlef the function of
particular gene and described phenotype.

cDNA of chosen genes was amplified with designéch@r pairs (se@able 2.2.for list of
primers). The program for PCR amplification is sinowv Figure 2.11 The coding sequence of

candidate genes was further analysed by meansjoéseing.

Temperature, i 33 cycles
fo P 961 06 2T
_ 60
Time, 1:00 ¢ 1:30 1:30 { 7:00
minutes 1:00 4
Initial Denaturation Annealing  Extension Final
denaturation Extension o

Cooling

Figure 2.11.The program for amplification of cDNA for sequenceanalysis

Electrophoresis of the DNA extraction products and

PCR amplification products

For visualisation of quality of the nucleic acideetDNA/RNA extraction products and
PCR amplification products were separated by agageselectrophoresis and stained with EtBr.
Depending upon PCR product size agarose wel® prepared by dissolving 2.0-3.0 g
agarose power in 100 ml of 1 x TBE buffer prepairetn 5 x TBE buffer stock. For longer

products (500 bp-1500 bp) of gene amplification a&arose was prepared. For separation of
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products of microsatellite markers (100 -300 bp) &jarose was used. Agarose was dissolved by
boiling for 2 -3 min in the microwave. After cootjrtill 60°C of EtBr was added to the gel with
final concentration of 0.5 ug/ml to enable fluorsicvisualisation of the DNA fragments in UV
light. The warm mixture was poured into a gel teay a well-forming comb was applied. The
gel was allowed to solidify, the comb was taken antd the gel was placed in an electrophoresis
chamber and covered with 1 x TBE buffer.

The samples were loaded into the gel wells. Thditmpbuffer prevented escape of the
mixture from the slot and served as a visible cgrating marker. 11 of DNA molecular marker
VIIl was mixed with 8 | of distilled water and 11 of 10 x loading buffer and loaded at the same
time together with DNA samples to allow size deteation of the fragments. Electrophoresis
was run till the samples were good separated anatant voltage of 60 V for bigger fragments
(300-1500 bp) and 90 V for smaller fragments (3000-bp). Cresol Red, added to the PCR
buffer, served as additional migration marker wattsize equivalent to 125 bp, Bromophenol

Blue added to the size marker migrated at sizevatpnt to 300 bp.
Purification of the PCR product for sequencing reac tion

After electrophoresis PCR amplification productgaveut out from the gel and purified
from the agarose. Single bands were cut out wihadpel from the agarose gel under UV light.
DNA was extracted from isolated gel slices by Ql&guGel Extraction Kit. The chaotropic salt
containing Buffer QG dissolved solid agarose #C5@&nd the released DNA was purified on a
QIAquick column using elution Buffer EB (10 mM T+#4Cl, pH 8.5). For optimal DNA vyield
the columns were incubated in elution buffer fomih at RT. Isolated DNA was used for

sequencing.
Sequencing of the PCR product and mutational analys  is

Quiagen purified PCR product was further sequergedutational analysis. Automated
fluorescent sequencing utilizes a variation of$ilamger chain-termination protocol [118].

The cycle sequencing reaction was set up as shawfrable 2.1., and template was
amplified and fluorescently labelled for furtherteltion applying the program, which is
described irFigure 2.12 Reaction mixture composed of dNTPs, fluorescelatbelled ddNTPs,
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Polymerase enzyme, buffer, oligonucleotide prinferward or reverse). During the sequencing
reaction, when ddNTP is incorporated, further chelongation is blocked and this results in a
population of truncated products of varying lengthikich are separated with electrophoresis and
dyes are detected with laser.

Table 2.4. Set-up for sequencing reaction

Volume
Big Dye terminator Mix v3.1 11
5X Buffer 11
Template 11
Primer (10 pmol/ ) 11
HPLC-Water 11
33 cycles
Temperature,g(j L 06 60 F 60
fc _ e
— 50
Time, 1:00 ¢ 0:10 4:00  4:00
minutes 0:05
Initial Denaturation Annealing  Extention Final
Denaturation Extension Cooling

Figure 2.12.Amplification steps during sequencing reaction

Sequencing products were kept in darkness andrfrog®re precipitation.

The reaction product was further precipitated disiong. The sequencing reaction plate
was centrifuged down shortly (the centrifugatiord@800 rpm was only started and stopped) in
the Sorvall centrifuge, 51 of the sequencing reaction was transferred inteea& sequencing
plate with a bar code (ABGene). To al%of reaction 15 | of 100% Ethanol was added, the plate
was sealed with aluminium foil and mixed by vortexslowly. The plate was shortly centrifuged
and incubated at RT for 15 min in the dark. Aftecubation plate was centrifuged in the Sorvall
centrifuge for 30 min at 4700 rpm alG} The supernatant was discarded by spinning up-sid
down the plate in the centrifuge at very low spémdfew seconds. 15| of 70% Ethanol was
added and plate was spun in the Sorvall for an®Benin at 4700 rpm at’@. The supernatant
was again discarded by spinning up-side-down theedbr few seconds. The plate was dried at
RT in the dark for 30 min and pellet was resuspdndeé0 | of HPLC- water. The information
about plate and analysed samples was entered @siaessample sheet. The fluorescence labelled
sequencing products were analysed on an ABI 37B0lary sequencer. After sequencing data

were available in seq (txt) and abl (electrophamegrformats for further analysis.
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The sequences were further analysed. For thisethdted sequences were compared to
wild type sequences applying BLAST (Basic Localghiinent Search Tool (BLAST)), which is
the most frequently used tool for calculating seqae  similarity

http://www.ncbi.nlm.nih.gov/blast/bl2seqg/wblastd.cg

2.2.11 SYBR Green Real-Time PCR detection

Real-Time (RT) quantitative PCR was applied to stigate the steady-state expression
of candidate genesGata-2 and Fancd2 in primary LEC and LE fibroblasts. Reverse
transcription followed by the polymerase chain tiesc (PCR) was used to analyse mRNA
expression. The detection technique for the PCRiynts in RT-PCR used SYBR Green |
fluorescence dye that binds specifically to theanigroove of double-stranded DNA (dsDNA).
The unbound dye exhibits very low fluorescence; éxmv, fluorescence (wavelength, 530 nm) is
strongly enhanced upon binding to DNA. The incrdas8YBR Green fluorescence during each
round of PCR amplification is directly proportiortalthe amount of dsDNA generated during the
PCR.

RNA extraction from cells

4x10 cells were plated per 60 mm Petri dish in standarture media (media was
changed in 24 hours after plating) and left to guovil confluency. After irradiation of cells with
5 Gy and incubation cells were collected at 4 afich@urs and RNA was extracted from cell
pellets with the High Pure RNA tissue Kit, Roche.

Primer design

Primers for the amplification of cDNA by RT-PCR wedesigned, using the Primer
selection program Primer3htfp://waddlelab3.life.smu.edu/cgi-bin/primer3/pear8_www.cg).

The primers were designed to span one or morenstto avoid false signal resulting from
amplification of genomic DNA in case of contamioatiwith genomic DNA. Parameters of the

primers were chosen according to the experimemglirement (primer length, primer Tm,
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primer GC%), for amplification of products with siof 100-120 bp. Primer oligonucleotides
were ordered and prepared as described (see alBuireer design and preparation.

Porphobilinogen deaminasel{gd was used as reference gene in expression analysis

QUANTIFICATION, MELTING CURVES,
, 1 cycle
Temperature, | 45 cycles ©ye
™ 95, 95 72 1 95 95
: Primer Ampllcnné 65 Slope

-ll\;liirlr’:ﬁt’esl 0:002 0:10 dependent (bp)/25 s | 4:00 0:15 0.1°Cfsec
5 0:10 E

Initial Denaturation Annealing  Extention Denaturation Annealing  Melting
Denaturation Cooling

Figure 2.13. Amplification program for Real-Time PCR

Master Mix preparation and Real-Time PCR amplificat ion

The ready-to-use RT-PCR Kit LightCycler FastStak/DMaste!"s SYBR Green | was
purchased from Roche Diagnostic Applied ScienceMaster Mix is prepared for use by
pipetting of 14 | of FastStart Taq DNA polymerase to Master Mix bncentrate), containing
reaction buffer, dNTP mix, SYBR Green | dye, MgPCR primers with concentration of 0.5

M each and diluting with supplied water to get tleeessary concentration.

For the LightCycler reaction 18 of ready-to-use hot-start PCR reaction mix wiedi
in the LightCycler glass capillaries and P of template cDNA was added. Capillaries were
closed, centrifuged and placed into the LightCyeciatior. The LightCycler experimental run
protocol, described iRigure 2.13, was used for amplification reaction.

Evidences of specificity of chosen primers. Melting curve analysis.

Confirmation on agarose gel

Specificity of the RT-PCR products was documentsithgi agarose gel electrophoresis
and showed a single product with the predictedtle(fjgure 2.14). A negative control, in which
template DNA was replaced with PCR-grade water, welsided in the run. To prove that only
the desired PCR product has been amplified, a mgettiurve analysis after PCR was performed.
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In the melting curve analysis the reaction mixturas slowly heated to +86, which caused
melting of dsDNA and a corresponding decrease @dBYsreen | fluorescence. The instrument
continuously monitors this fluorescence decreasedigplays it as melting peaksidure 2.15).
Each melting peak represents the characteristitinggiemperature (Tm) of a particular DNA
product (where the DNA is 50% double-stranded &b Single-stranded). The most important
factors that determine the Tm of dsDNA are the lerajnd the GC-content of the fragment. If
PCR generates only one amplicon, melting curveyarsalwill show only one melting peak. If
primer-dimers or other non-specific products arespnt, they will be shown as additional
melting peaks.

_A Marker B C
VI

320
242
190
147

Figure 2.14. Agarose gel with amplification product of Pbgd (A), Gata-2 (B) and
Fancd2(C) specific primers

The Real-Time amplification products of sampleshwitimers specific for the reference
genePbgd(A), targetGata-2(B) andFancd2(C) were electrophoresed on a 2% agarose gel
to prove the primer specificity. The amplificatisras specific, since it gave only one band
of expected size with each of the selected priragsp
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Figure 2.15. Melting curve analysis

A: Real-time RT-PCR SYBR Green | fluorescence of dadl samples is plotted against
temperature.

B: The software plots the rate of change of the ivadtuorescence units (RFU) with time
(T (-d(RFU)/dT) on the Y-axis versus the tempematon the X-axis. The value of (-
d(RFU)/T) will peak at the melting temperature (Tm

Crossing point calculation. Quantification of react ion products

Crossing point (CP) was defined from amplificatimurve analysisHigure 2.16) by the
Second Derivative Maximum Method applied automathycby the Light Cycler Data Analysis
Software. CP is defined as the point, at which ftherescence rises above the background
fluorescence for each amplified transcript. Thes legpies of the cDNA were in the sample, the
higher CP is, the larger number of copies wereqmies the lower CP.
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Figure 2.16. Example of amplification curves obtaiad using Real-time RT-PCR
SYBR Green I.

Fluorescence is plotted against cycle number oflifiegp samples. The graph reflects
increase in fluorescent signal over cycles in PE@&tions depending on the amount of
initial DNA template. The CP values were determirmd Light Cycle Data Analysis
Software by Second Derivative Maximum Methothe fluorescence values versus
cycle number are displayed.

Quantification of gene expression

Generally two quantification methods are possiblesal-time RT-PCR:
1. A relative quantification based on the relatesgpression of a target gene versus a
reference gene.
2. An absolute quantification, based either onné@rnal or an external calibration curve.

Relative quantification is easier to perform thapsa@ute quantification because a

calibration curve is not necessary. It is basedhenexpression levels of a target gene versus a

reference gene and in theory is adequate for magiopes to investigate physiological changes

in gene expression levels [119]. Relative quardtfan relates the PCR signal of the target

transcript in a treatment group to that of anos8@mnple such as an untreated control [120]. Non-

regulated genes or housekeeping genes like porphaden deaminasé?pgd, which was used

in performed experiments are used as referencesgene
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28T method
Expression ofsata-2andFancd2was evaluated applying th®2" method. 2™ is the
method of relative quantification developed by Kidak and T.D.Schmittgen, 2001 [120]. It
allows compare expression of the target gene instihdied sample to that of the control
(calibrator).
1. The first step is the normalization to the endogesnmontrol:

DCr = G Target gene —{CEndogenous control,

where CT is the threshold value, indicating thectiomal cycle number, at
which the amount of amplified target reaches adixiereshold (Crossing
Point, CP is another name).

2. Further follows normalisation &Cr in the sample to the calibrator:
DDCt = DCy Sample DCy Calibrator

3. Estimation of target, normalized to an eredags reference and relative to a calibrator:

2 PECT = Target/Calibrator

Before applying the@®™" method,it is necessary to validate It is possible to use™?*'
method only assuming the same efficiencies of gelprimer pairs. To prove this, the pooled
cDNA was serially diluted and amplified with chogammers. The absolute value of the slope of
log input amount vaDCr < 0.1 shows the same efficiencies of used primes pa

For quantitative analysis data of CT values werpoebed to an Excel program. The
relative expression ratio (R) of the target gertean¢d2, Gata-p was determined as described

above.
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. RESULTS

3.1 Morphology and growth of fibroblasts

According to the study of Daast al., 2002 [121] cell morphology (rounded or
rhomboidal shape, elongated or spindle), was meliable marker for the growth capability of
fibroblast subpopulations. Nevertheless, attentmwas paid to potential differences in
morphology of the established LEC and LE cell lingsgure 3.1. shows that there was no
significant morphological difference between LEGQIdE cell lines 24 hours after plating (left
panel images) and at subconfluence/confluencet(pahel images (passage 8-11)).

It is important that cell lines used in comparatoeed biology studies are characterized
relative to their population doubling time (DT)nee knowledge of these cell kinetic parameters
is necessary when defining cell lines as modelesystforin vitro studiesand might be affected
by a carried genetic defect. To define the growtaracteristics of LEC and LE fibroblasts their
growth curves Kigure 3.2., APPENDIX, page 15D were analysed without and after 5 Gy of IR
(Figure 3.3., Table 3.1.

Growth curve measurements did not reveal a diffaxen growth between non-irradiated
LEC and LE fibroblasts. Cell lines from the samestaain differed in their DT (se€able 3.1),
and DT was increasing in fibroblasts of higher pgss (passage 11) comparing to lower
passages (passage 7). An increase of populatiowiiTiurther passaging reflected that the cell
culture approached the growth minimum (crisis).eAfthis, it was still possible to culture cells
(the culture was done till passage 20), but theeexgental data were produced on cells from
earlier passages (6-12). With further passagingfitabblast cell lines also acquired the
morphological changes.

Generally there was no difference in growth pateshserved between cell lines of the
LEC andLE strains.
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A dose of 5 Gy -radiation caused suppression of fibroblasts gro(gdeFigure 3.2.,
APPENDIX, page 150 Cell numbers did not increase 24 hours aftadiation and became only
slightly higher at 54 hours after IR in both LECJArE cells Table 3.1).

Cell counts in irradiated cells were normalizedhat of the respective controls (matched
cell line and time) Kigure 3.3). Normalized values did not reflect a significadifference
between LEC and LE fibroblasts (seigure 3.3., A, B. DT values were compared before and

after normalization and were found to be similamgen LEC and LE cell lineg @ble 3.1).
A
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Figure 3.1. Representative images of cultured fibtdasts

The images of growing cells were taken 24 hoursrattplating (left panel), and of sub-
confluent cultures (right panel). Pictures were @avith the phase-contrast microscope
Axiovert under 40x enhancement.

A: LE-1, passage 9, LE-1, passage 11
B: LE-2, passage 10, LE-2, passage 11
C: LE-4, passage 11, LE-4, passage 11
D: LEC-1, passage 9, LEC-1, passage 8
E: LEC-2, passage &EC-2, passage 9
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Figure 3.3. The percentage of irradiated cells at gasured time point relative to controls

The growth curves of LEC and LE fibroblasts weraleated. The numbers of cells in
irradiated samples were normalized to the numbérselds in controls. Diagram shows
measured percentage of every cell line at eachpivh@ from two experiments, mean values
+ SEM of LEC (n = 4) and LE (n = 3) cell lines.

Table 3.1. Doubling time of cell lines

CELL LINE
LEC1 | LEC1 |[LEC2| LEC2 | LE2 | LE4 | LE4
(P7) | (p11)  (p6)  (P12) | (p7) (P9)  (p12)
Control 194 | 53.4 206 8L9 234 398 259
5 Gy 387 6921 456 1047 422 200, 79.4
Ratio5 Gy/ Control] 1.9 12.9 22 1,3 1 5 3.07
SUMMARY LEC LE
Control, 43.9 +14.9 20.8+5.13
Mean = SEM
5 Gy, 220.3 + 157.9 107.2 + 47.7
Mean + SEM
Ratio 5 Gy / Control, 3.29 + 0.93 4.61+2.78
Mean + SEM

The doubling times were estimated for two LE and hiC cell lines for control (sham-
irradiated) and irradiated with 5 Gy of IR. Theioaif values of irradiated cells to controls
was calculated. Mean + SEM values were summarsedsEC (n = 4) and LE

(n = 3) cells. In parentheses the passage numbetApof investigated cell line is indicated.
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3.2 Clonogenic survival assay

The clonogenic assay was performed to compareathiesensitivity of LEC and LE cells.
Cells accumulated in G1 phase of the cell cycleevievestigated. Such synchronization allowed
eliminate the variation in radiosensitivity causmgddifferences in cell cycle stage, since it islwel
known that cells in middle to late S phase and @&l radioresistant, while G1/S, and G2/M
transitions are more sensitive to IR.

After irradiation different changes were observed:

1. some cells were remaining single and did not divldesome cases they showed

evidence of nuclear deterioration as the resutetitilar death induction;

2. some cells went through one or two divisions amchéxl small colonies of just a
few cells;
3. some cells formed large colonieBigure 3.4), indicating that the cells have

survived the treatment and have retained the whditeproduce indefinitely.

Figure 3.4. Images of representative non-irradiatectolonies of LEC-1 and LE-4
fibroblasts

The colonies were stained with 0.5% crystal vialeT0% ethanol and dried. The colonies
containing more then 30 cells were counted undéisgection microscope. The pictures of
representative colonies of unirradiated LECA] and LE-4(B) fibroblasts were taken with
a phase-contrast microscope Axiovert, under 40aecdment.
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LEC and LE fibroblasts did not differ in their pglag efficiencies (PE)seeTable 3.2).
Without irradiation the PE (%) of LEC cells was 8.2 0.44, and LE cells- 1.5 + 0.35 (mean *

SEM, n = 6).
Table 3.2. Measured plating efficiency (PE) for LECand LE cell lines
LEC-1 LEC-2 LE-1 LE-2 LE-4
0.82 0.84 1.28 1.59 1.54
PE (%) 1.67 0.61 1.16 0,42 n.d.
0.42 3.30 3.02 n.d. n.d.
Mean + SEM | 0.97 +0.37 | 1.58+0.86 | 1.82+0.6 1 1.54
LEC LE
Mean + SEM 1.28 + 0.44 1.5 +0.35
Table 3.3. Measured survival for LEC and LE cell Ines
Dose,Gy| LEC-1 LEC-1 LEC-1 | LEC-2 | LEC-2 . LEC-2 | Mean (%) + SEM

0 1.00 1.00 1.00 1.00 1.00 1.00 100.0

1 0.69 0.54 n.d. 0.49 0.73 0.53 59.6 £ 4.7

2 0.25 0.23 0.23 0.33 0.29 0.19 25312

3 0.08 0.14 n.d. 0.11 0.08 n.d. 10.3+1.3

4 0.016 n.d. n.d. 0.05 n.d. n.d. 3.5

Dose,Gy| LE-1 LE-1 LE-1 LE-2 LE-2 LE-4 | Mean (%) = SEM

0 1.0 1.0 1.0 1.0 1.0 1.0 100.0

1 0.81 0.86 0.75 0.70 0.77 0.43 72+6.2

2 0.35 0.35 0.39 0.41 0.34 0.23 345+25

3 0.14 0.21 0.17 0.097 0.19 0.18 165+1.6

4 n.d. 0.01 0.03 0.03 n.d. n.d. 2+0.8

Table includes measured survival fraction of LEQ &t fibroblasts, p7-11, in the dose
range from O to 4 Gy, between 2 and 6 replicatedipe/dose point, mean percentage of
survival + SEM (where & 3)

The survival dataTable 3.3) were plotted against dose and further fittedhte linear-

guadratic curve (sdggure 3.5) according to the equation S

- D, D
="

The termsa_andb, which characterize the curves, were compared Tabke 3.4). The

mean values were different between LEC and LE ,c#lbs p-value of t-test was at the borderline

of 0.058 for thea component and non-significant for the 0.72 llocomponenbf cell killing.

Such a borderline t-test value might reflect ttmat mmode of cell killing had trend of increase in

a- values in LEC cells, what means that LEC celeddinore from single-hit cell killing events

than LE cells.

-75 -



Table 3.4. Parameters characterizing the fitting okurvival data

Best-fit LEC LE P value
values of t-test
a, Mean + SEM 0.39 £ 0.08 0.19+0.08 0.058
95% confidence intervals 0.23t00.55  0.03t00.34
b, Mean £ SEM 0.14 £ 0.04 0.16 £ 0.04 0.72
95% confidence intervals 0.05t00.23 = 0.081t00.24

The survival data were fitted to the linear-quadréinction. Table contains meanSEM
of and values, n =6 and 95% confidence intervals, eséchtom survival curves fitted

to linear-quadratic equation.

Additionally, the values of Divere estimated from each single survival curve,rttean

values and SEM were derived and tested for sigmfte applying Student’s two-tailed t-test.

Table 3.5. The evaluation of D1

D1 LEC LE P value
of t-test
Mean + SEM, N=6 1.61 +0.06 1.91+0.12 0.056

Although the mean values were different between 1d8@ LE — 1.61 + 0.06, for LEC
and 1.91 + 0.12 (mean = SEM, n = 6) for LE fibraida- the t-test did not reveal a statistically

significant difference between them, returning adedine p value of 0.056, which reflects the

statistical trend, as in the caseaof
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Figure 3.5. Experimental data of survival are fittal to a linear-quadratic function
y=exp(a*x - *x°)

Survival was measured for LEC and LE fibroblastas§age 7-11), in G1 phase of cell
cycle in 2-6 experiments after 1, 2, 3 and 4 Gy -o&diation (se€lTable 3.3.for single
values of survival fraction). Estimated mean ofvawal fraction+ SEM plotted against
dose. The fitting of data was done with Prism3.0¥tare. Student’s t-test shows
significant difference at 2 and 3 Gy (marked Wjtkith p-values being 0.018 and 0.029
respectively.

Survival measured for LEC and LEC fibroblast celek for a dose range from 0 to 4 Gy
(Table 3.3) was further tested for statistical differenceeath dose with Student’s t-test. The
results of the t-test showed significant differefedween LEC and LE fibroblasts at clinically
relevant doses of 2 and 3 GeeFigure 3.5) with p-values being respectively 0.018 and 0.029.
Two-way ANOVA test showed significant difference survival of fibroblasts between rat

strains (p-value 0.019).

The dose modifying factor (DMRApr SF was determined as the ratio of survivél and
3 Gy in LE cells to the respective values of LEGscand was 1.3 after 2 Gy and 1.58 after 3 Gy
in primary fibroblasts (se€able 3.6). The DMF of acute radiation syndromes after ilatdn of
LEC ratin vivowere derived from animal survival data publishedHayashiet al., 1992, 1993
[80, 81]. It was determined as ratio of 4J3dpand LDso;70f WKAH to that of LEC rat and its
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values were 2.36 for bone marrow death and 1.9nfesstinal syndrome. The DMF estimated
from published survival experiments, condudteslivo, was higher than imitro survival assay.
Table 3.6. The evaluation of DMF

2 Gy 3 Gy LDso/7* LDso/3d™
DMF 1.3 1.58 1.9 2.36

The values of DMF were estimated for SF at 2 ay 3or LE versusLEC fibroblasts
*The DMF of LDsg/7 was derived from data published by Hayaetral., 1992 [80].
**The DMF of LDsg/zowas derived from data published by Hayaethél., 1993 [81].

3.3 Pulsed field gel electrophoresis

In many cases sensitivity of mutants to cell kdliny radiation has been related to their
ability to repair DSB [122]. Non-repaired and mépaired DSB are particularly genotoxic and
are precursor lesions for the formation of chronmes@berrations. Therefore the ability of LEC
and LE fibroblasts to repair DSB at G1-phase wasstigated applying the PFGE method. These
investigations included evaluation of dose-depehdamage (induction curves), investigations
of the repair capacity, characterizing the amountepaired damage at times between 0 and 6

hours after 70 Gy of-irradiation, and kinetics of DSB repair.

Two examples of images taken from two PFGE gelgpagsented in thEigure 3.6 The
induction samples (Row 1) reflect the dose-depenihenease in DNA damage. The amount of
extracted DNA in repair samples was highest at tivedter IR and was decreasing over time.
Controls had a small increase in DNA fragmentatianng incubation. The amount of DNA in
the pseudo-band in repair samples at 6 hours wae ¢b that in the respective control, but was
still present at higher level, what means that irepas not completed. The amount of damage
was expressed as fraction of activity released (F#Rensity of DNA migrated out of the plug
was divided to the whole DNA in the band on the).gebr quantification of DSB induction,
repair efficiency, and kinetics the FAR values authsequently Gy-equivalents (deethods,
2.2.6, Pulsed field gel electrophoregisvere estimatedséeTable 3.7., APPENDIX, page 151-
152).
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Figure 3.6. The images of representative PFGE geadse shown

A: LEC-1, p12, experiment 5

B: LE-1, p12, experiment 5.

As described in Methods (s&e4) the PFGE gels were loaded with Induction, Ref#r
Gy), and Control samples of one experiment to sfynfilrther quantification. Replication
of samples in different rows (gél contains for example Induction of 0 and 10 Gyha t
first and third rows) allowed more exact evaluation
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3.3.1 Induction curves

To check whether the defect in LEC cells is causgdnduction of DNA damage, the
induction of DSB in LEC and LE fibroblasts was maasl by PFGE in the dose range from O to
70 Gy. After a dose of 70 Gy, more then 50% of DNAC 59.1+ 4.7% (n = 3). LE 60.4
6.1% (n = 3)) migrated out of the well, indicatiaghigh amount of induced damage (5&gire
3.6., A, B,Row 1 in both gel images).

The results indicate that induction curves (dospoase curves) do not differ between
LEC and LE fibroblasts, accumulated in G1 phaseetifcycle (se€igure 3.7).

The induction curves for a dose up to 50 Gy showdmhear shape, as was shown by
linear regression analysis (seigure 3.7). According to Forayet al., 1999 [123], the threshold
effect might be observed in the range of doses 0o 0 Gy region of the FAR curve, when the
number of DNA fragments, which are small enougheable to migrate into the gel is very low,
since only fragments smaller then a certain sieeasite to enter gel. In the performed induction
experiment no threshold effect was observed Egae 3.7). Difference from observations of
Forayet al., 1999 [123] might be explained by the different BEF@ethodology and conditions,
and also the detection system.

At a dose above 50 Gy, the increase of FAR become flatten, thus causing a
deviation from linearity at higher doses. This ntigk due to the induction of additional DSB in
DNA that is already damaged. After high doses Hrgd number of DNA fragments induced,
therefore is a higher probability that breaks odouhe same fragments. That is why the amount
of fragmented DNA entering the gel does not chasigmificantly, but the average size of
fragments decreases, and the amount of inducedggalma70 Gy is lower then that expected

from the linear regression analysis (&guire. 3.7).
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Figure 3.7. Induction (dose-response) curves are mmarised for LEC and LE primary
fibroblasts

The values of FAR (amount of DNA released out afgplwere measured for doses ef
radiation in the range of 0 to 70 Gy. PFGE of irtaug repair and control samples was
performed in one experiment. The mean values of EAEM (n = 3-6) are plotted against
dose and linear regression analysis of the cungedweae using Excel.

3.3.2  Analysis of repair data expressed in FAR

Analysis of DSB repair expressed in FAR suggestspiiesence of a minor decrease in
repair efficiency in LEC cells, since the mean ealof non-repaired damage in LEC were higher
than in LE after 1 hour, when the slow componentregair is operating (sekigure 3.8).
Comparison of data with Student t-test showed #sstally significant difference only at 4
hours after irradiation with 70 Gy, with p-value@b23.

DNA repair was studied during incubation of cellsibedded in low-melting point
agarose. This avoids artefacts related to thisiquéat experimental design. The DNA
degradation in controls was investigated in pdraliéh repair (SeeFigure 3.6). DNA
degradation did not change over the investigataed ind only slightly increased at 4 hours (LEC
9.6+ 1.3%, n=5; LE 6.& 1.2%, n = 4) and 6 hours (LEC 1%x@.0%, n = 4; LE 8.& 1%, n =
3) of repair incubation compare to time 0 (LEC #4.8.8%. n = 6. LE 5.4 0.6% (n = 6) Eigure
3.6., 3.8), where somehow slightly higher DNA degradationsvedoserved in LEC cells. This
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means that studied fibroblasts were able to funatiormally in applied conditions and did not

acquire significant DNA damage/degradation, whittteowise could evidence apoptosis.
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Figure 3.8. Repair curves and controls expressed FAR (fraction of activity released)

The amount of DNA released from the plug (FAR) wasmated using FAR3 program for
each sample from the gels stained with EtBr. ThameAR repair values + SEM of 3-7
experiments are plotted against dose for repaircamdrol curves. Student t-test had a p-
value of 0.023 for the 4 hours time-point (markethw), results of the test for other time
points were not significantly different. Fitting ofpair data to two phase decay equation
was performed with the commercially available saftevGraphPad Prism 3.03.

3.3.3 Analysis of repair data expressed in Gy-equiv  alents

The conversion of FAR repair values into Gy-equewés using the induction curves and
subtraction of background Gy-equivalents from retpe repair values revealed no major
difference in repair between LEC and LEglre 3.9). Although the mean values of repair in
LEC cells were slightly higher than that of LE, pidy indicating a slight deficiency, statistical
tests did not confirm it.

The mean FAR values measured at 4 hours had aathitfe of 8.5% between LEC and LE
cells (19.6+ 1.8% for LEC, and 11.0% 2.8% for LE cells, Meast SEM, n = 4 and 3 for LEC
and LE cells respectively) (seggure 3.8). After converting them into Gy-equivalents and
subtracting control (background) Gy-equivalentsniroepair Gy-equivalents the difference

became statistically non-significant (%30.8% for LEC and 5.2 3.8% for LE cells, Mear
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SEM, N = 4 for LEC and 3 for LE cells). It might lk&plained by observing induction curves in
the region of smaller damage (gggure 3.7). Induction of damage seems to be a bit higher in
the region between 0 to 20 Gy in LEC cells, andveosion of the same amount of damage then
produce higher values of Gy-equivalents in LE ctiisn in LEC. Summarising this difference
and background subtraction might cause such antefiéso considering that at the later times (4
and 6 hours) the amount of damage is very smalb(BYy-equivalents) even if the difference in
repair of 2-3 Gy-equivalents between LEC and LEesallace it is difficult to confirm it
statistically due to the methodological variatista{ning of the gels, background variation).
Additionally, the analysis of induction curves wasnducted only for these experiments, from
which the 4 hours repair time point was derived=(4 for LEC and n = 3 for LE) (sd&gure
3.10., Table 3.7., APPENDIXpage 151-15p The induction in LEC cells seems to be highentin

LE, what might explain the higher FAR repair value&EC.
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Figure 3.9. Repair of DSB induced by 70 Gy of IR ilLEC and LE fibroblasts was
expressed in Gy-equivalents and fitted to two-phasexponential decay equation

One run of PFGE included induction, repair, andtc@drsamples of one experiment. The
gels were stained with EtBr and intensity of stagniwvas measured in each line. The
amount of DNA released from the plug (fraction ofivty released - FAR) was estimated
for each sample and compared to the respectivectiohucurve. The Gy-equivalents were
estimated for each experiment, and Gy-equivalefit€omtrols were subtracted from
irradiated samples. The mean valteSEM plotted against time and fitting of data teiw
phase exponential decay was achieved using thelimear- regression analysis of a
commercially available software package GraphP#&ih8.03. Student t-test did not show
statistically significant difference in repair betan LEC and LE cells.
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Figure 3.10. The induction curves of the experimest which showed statistically
significant difference at 4 hours after irradiation

The experimental data were summarized for LEC &) and LE (n = 3) repair curves (see
Table 3.7., APPENDIX, page 151-152), where FAR analysis reflected a ssizily
significant difference at 4 hours after IR (deéigure 3.8). The inlet graph reflects the
repair in the dose region between 0 to 20 Gy.

3.3.4 Analysis of repair kinetics

To characterise the kinetics of repair, the Gy-eglent repair values were further fitted
to a two-phase exponential decay equation. Thetikgy@f repair can be described by three
components: the fast and slow components of regadrthe repair plateau, which is a constant
component of non-repairable DSB. The band interaityost reached the control level within 4-6
hours (se&igure 3.6), although repair values were still higher thahe respective controls (for
estimated FAR repair sé&dgure 3.8.).

According to the data derived from the fitting (Seble 3.8), the half-times of the fast
component was 0.28 hours in LE and 0.27 hours i€ tElls. The amount of damage repaired
with the fast component was 53% in LE cells and 48%EC cells. The calculations of the half-
times of the slow component showed values of 1@8&dfor LE cells and 1.29 hours for LEC

cells. LEC cells had a higher plateau value of %aI®mparing to that of LE — 3.8%, what means
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that repair was not completed in LEC cells. Howgwstatistical evaluation of the parameters,
characterizing kinetics of repair curves (slopdf-time of fast, and slow components of repair,

plateau) did not reveal significant difference betw LEC and LE Gy-equivalent repair curves.

Table 3.8. List of parameters, characterizing the @pair of DSB in LEC and LE
expressed in Gy-equivalents, resulted from fittingf repair curves to two phase
exponential decay equation

Best-fit LEC, LE, P value
values Mean + SEM Mean + SEM of t-test
A 24.1+22.1 26.6 + 26.3 0.94
b 0.54 +0.71 0.50 +0.7 0.97
C 24.2 +26.1 23.7 +30.9 0.99
d 26+27 2.4 +2097 0.95
PLATEAU 7.14+56 3.8+6.2 0.68
t1/2, tast, hrs 0.27 0.28
t1/2, siows Nrs 1.29 1.38
Frast 0.49 0.53
Fsiow 0.50 0.47

The experimental data of DSB repair as evaluatett WFGE and converted into Gy
equivalent units, were fitted to the two-expondrdiecay equation using GraphPad Prism
3.03 Software (se2.2.6, Pulsed field gel electrophoresigtitting of data and derived
parameters). Parameters A and C describe the amplitudes arahyeters b and d are the
rate constants of the fast and slow component jofniag, respectively. The curves are
characterized by their half-timé&; £) of slow and fast components of repair and amount of
breaks repaired by fast and slow components (Ffakiw)

3.4 H2AX foci quantification

Histone H2AX is phosphorylated after exposure to fikming microscopically visible
foci, each containing thousands of phosphorylate?AX (denoted as H2AX) molecules
covering about 2 Mb of DNA flanking the DSB. Format of H2AX is observed within a few
minutes, causes changes in chromatin conformadiothmay serve as a signal for recruitment of
DNA repair enzymes [124].

Despite its highly coordinated regulation, the ecole of H2AX in DSB repair is not
completely understood.H2AX is reported to mediate the recruitment of numns DSB-
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recognition and repair factors to the immediateaasé the break, including many chromatin
modifiers, DNA checkpoint proteins, and cohesioP4l The number of foci per cell was shown
to be equivalent to the number of DNA DSB [125].

The kinetic of DSB repair differs from that gH2AX dephosphorylation and occurs
significantly faster. It was shown that half-timé dephosphorylation is less than 3 hours and
fraction of phosphorylated histone H2AX foci, whigh higher then that of unrepaired DSB
persisted for a long time after irradiation [128[dditionally, at later time points the acquired
images ofgH2AX foci do not overlap as it happens at earlietes when phosphorylation of
gH2AX is maximal. Since loss ofH2AX has been proposed to reflect cellular radisgeity
and/or DNA repair of the DSB, the number of focr pell and size of foci were evaluated at 9
and 23 hours after 1 Gy of IR by immunofluorescaaining (se@able 3.9) and further image
analysis Figure 3.11). At 9 hours the number of foci was higher in LE€lls compared to LE
and unexposed controls, what means that the damvagenot completely repaired yet. The
results of the paired t-test comparison gave alpevaf 0.18, which was not statistically
significant and did not prove the observed diffeeem H2AX foci formation between LEC and
LE cells. The number ofH2AX foci at 23 hours reached the control valuebath LEC and LE
cells (seeTable 3.9). For further evaluation the number of foci pell ceeasured in the control
was subtracted from values in irradiated cells {sE#e 3.9) and a two-tail t-test comparison of
the resulted values was performed, which gave asigmificant p-value (0.2).

The background number dH2AX in the control was similar for LEC and LE fiddvlasts.

It is known that S- and G2 phase cells have a highekground H2AX then cells in G1 phase,
but radiation-induced phosphorylation is higheiGh than in S and G2 cells ([127], [128]). To
avoid the cell cycle phase effects on the resuitthe experiment, the cells were grown till
confluency, therefore getting synchronized in tHepBase of cell cycle. The same approach was

applied in all cell survival and PFGE experiments.
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Figure 3.11. Immunofluorescent staining of H2AX phephorylation in 9 hours after
1 Gy of -irradiation

Representative images ofH2AX staining are shown.H2AX was detected with mouse
monoclonal primary antibody; the secondary goatmaouse was labelled with Alexa488; the
nuclei were counterstained with DAPI. Microscopyswaerformed with LSM510, filter C-
Apochromat, objective 63 x 1,2 W. Bar sizertif.

A, B: LEC and LE cells after 1 Gy ofirradiation, 9 hours

C, D: LEC and LE cells, mock-irradiated controls, 9 feureft panel images depigreen
channel for detection ofH2AX foci; middle panel - DAPI stain of nuclei; htj panel -
merged image ofH2AX foci on DAPI field.
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Table 3.9. Evaluation of H2AX foci in LEC and LE fibroblasts

LEC LE
. . N of | Mean N of | Mean size | Nof | Mean N of | Mean size
Time, hrs Experiment - . . .
cells foci/cell of foci cells foci/cell of foci
1 40 2.28 0.364 51 1.7 0.55
9 2 46 3.5 1.097 81 1.88 0.90
3 218 6.97 0.65 82 2.95 0.59
MEAN #SEM 425+1.4  0.7%0.21 2.04+£0.26 0.68+0.11
1 72 0.55 0.51 76 0.91 0.32
2 99 1.43 1.65 85 1.07 1.37
Control
3 90 0.82 1.67 61 1.17 1.16
MEAN #SEM 0.93+0.26 : 1.05+0.08 1.28+0.38: 1.02+0.35
Subtracted 1
2 . .
(1 Gy,%h - e
control, 9h) 3 6.15 1.78
MEAN #SEM 3.3+1.42 1.13+0.32
1 n.d. n.d. n.d. n.d. n.d. n.d.
23 2 70 0.73 0.58 143 0.99 0.49
3 122 1.27 1.04 147 1.77 0.96
MEAN 0.99+£0.27 1 0.81 £0.23 1.38+0.39  1.02 £+ 0.52

Table summarizes data of evaluation dRAX foci from three independent experiments. It
contains the number of cells evaluated in each rampet, number of foci per cell as

obtained with ImageJ Software and mean size ofifobtEC and LE fibroblasts at 9 and 23
hours after irradiation with 1 Gy and in controf¢.9 hours after IR the mean number of
gH2AX foci in control was subtracted from that akidiated cells.

3.5 Comet assay

The repair of single strand breaks (SSB) and alkdkbile sites (ALS) was investigated
by means of the alkaline comet assay in lymphoaytédood of LEC and LE rat strains.

The inductionof damage was studied in both LEC and LE lymphesysince there are
some indications that some mutants (FA cells, ATIM9]) show higher levels of initial DNA
damage in alkaline comet assays. According to csitohs made by Djuzenowt al., 2002

[129], such observations mean the presence of eésangheir chromatin structure. No difference
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was seen in the dose-response of SSB and ALS daindgetion between LEC and LE
lymphocytes after irradiation with 4 Gy (sEigure 3.12. -3.14).

At the first instance the data of all animals oéatrain for one time point were compared
as box and whiskers plot&igure 3.12). Statistical analysis applying Kruskal-Wallis ttéms
shown the difference between medians with P<0.00Wis evaluation of comet assay data
indicated that LEC lymphocytes have a tendencyuppeession of repair of SSB and ALS. But
taking into consideration the studies of [115] tatistical evaluation of comet data, which show
that commonly used Mann-Witney test and Kruskal{i&/statistics are oversensitive, the Mann-
Whitney test was applied to find out whether thesealso a difference observed between
measurements at one time point of different aninohl®ne rat strain (seBigure 3.12). The
results indicated that measurements of differemals of the same rat stain at one repair time
point reporting significantly different values, fekample, Mann-Whitney test returned a value of
0,0033 when samples taken from two LEC rats andsared at 15 min after 4 Gy gfirradiation
were compared. As the rats were of the same aggemetically identical the observations are
probablz due to experimental variation. Considetimgse results and the recommendations of
[115], the data were further reduced to represiretateans, medians and"7percentiles of each
measurement in a set of animals (n = 3) analyzem fach rat strain (sédgure 3.13) at each
repair time point. These data were further testedsignificance with the Student t-test at each
time point and with ANOVA test for the whole datt,swvhich did not show statistical difference
in repair of SSB and ALS between the two strains.

Additionally, the estimated tail (Olive) moments aie sample were arbitrary classified
in 6 size groupygseeFigure 3.14.) The mean frequencies of comets in the size group® w
compared. Irradiation caused an increase in nurobeells in size fractions 200-1400 (TOM),
what reflects the damage induction, in parallehvatdecrease of cell number in the group size O-
200. After the repair time the distribution changesl becomes similar to that of controls,
although at measured time points some damageestithined unrepaired (s€gure 3.14). Cells
derived from LEC rat showed a tendency towards staepair comparing to those of LE rat.
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Figure 3.12. Repair of DNA damage is shown as TdiDlive) moment plotted against time

The values of Tail (Olive) moment were measuredeateral time points (0, 15, 30, 60
minutes) after 4 Gy of-irradiation in lymphocytes of whole blood from EC and 3 LE
animals, from 60-120 comets each. The data of repail background damage are
presented as box and whiskers plots for every réipa point. Every box and whisker plot
reflects highest, lowest values in the sample, $samgan, 2% and 7% percentiles (lower
and higher limits in the box). Altogether 3600 casneere measured. Statistical evaluation
with Kruskal-Wallis test showed the statisticaligrdficant difference between medians
with P<0.0001. Further statistical analysis haswshahat this difference was not
biologically significant.
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Figure 3.13. Distribution of mean Tail (Olive) momats in size groups

Comets depending on their size were classifiedzia groups and their frequency (fraction)
per sample (number of comets in particular grouptmer of comets measured) was
estimated. The mean values of fractions were catledlfrom samples taken from different
animals and per time points and plotted as didinbs in 3-D plot. The graph shows
induction of damage at time 0, which is not diffaréetween LEC and LE animals. The
fraction of cells in group with less damage (0-280yery small and distribution is shifted to
the right. With further repair incubation the distition gets close to the background level,
but complete repair of induced damage is not olesemuring the measured time. Tail
(Olive) moments of LEC cells were shifted to theugrs with higher tail moment, although
statistically it was not significant (Anova test).

-92-



A

Mean of

Median

75th percentiles

1250+

=
© 1000+
g ——LEC, 4 Gy
e 750 - LEC, control
Tg‘ LE, 4 Gy
O 500- . LE, control
T_G * : :
= 250- : 3
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A §
0 T T T T T 1
0 10 20 30 40 50 60
Time, minutes
$ 1050+
g + LEC,4 Gy
£ 800- -~ LEC, control
2 . LE, 4 Gy
O 5501 . : LE, control
5 3004 R T p—
50+
0 10 20 30 40 50 60
1500- Time, minutes
<
Q
g ——LEC, 4 Gy
£ 1000+ - EC, control
T LE, 4 Gy
5 LE, control
T 5001
I_
S e e ;
O T T T T T 1
0 10 20 30 40 50 60

Time, minutes

Figure 3.14. DNA damage induction and repair profies measured in lymphocytes by
the comet assay aftem vitro irradiation with 4 Gy of whole blood. The extent of DNA
damage was measured quantitatively as comet tail ment and expressed as means,
75" percentils and mediansn each of 3-6 animals

The values of Tail (Olive) moment were estimataahfrsingle cell electrophoregrams of
60-120 cells from each of 3-6 animals at differemtes after 4 Gy ofyirradiation. The
single values of meand\), 75" percentiles §) and medians@Y) of tail (Olive) moment
measured for each animal were plotted and meamea$urements LEC and LE rat strains
were connected. Statistical evaluation with Studetést did not show significant
difference.
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3.6 Cell cycle progression

To identify radiation-induced changes in cell cygegression, the analysis of DNA
distributions in asynchronously growing fibroblastas performed after 5 Gy of IR. The plots
(seeFigure 3.15) reflect numbers of cells in different phases loé ell cycle derived from
respective histograms (sEgure 3.16, APPENDIX, page 153

The percentage of cells in S phase decreased 615 hfier irradiation from 13.5% (LEC)
and 10% (LE) to 5% (LEC) and 8% (LE), and fall fet to till 2% (LEC) and 4% (LE) at 23.5
hours and stayed at low levels at investigated tatee-points (34 and 54 hours) (sEgure
3.15., B. Percentage of S-phase cells in controls (sheswlated) also decreased over time and
lowest numbers (10-6%) were observed at 54 houss iafadiation. After irradiation cells
accumulated at G2 phase of the cell cycle at 6uBsh>2-phase arrest) and exited it at 24 hours
(seeFigure 3.15., CandFigure 3.16.,APPENDIX, page 153 The number of G2 cells in controls
also decreased over time after plating.

The estimated percentage of cells in G1 fallsatitiat 6.5 hours, reflecting G2 phase
arrest. 24 hours after IR percentage of G1 cetisegsed in both LEC and LE.

Cells in control accumulated over time in G1, wathdecrease of cells in S- and G2-
phase, what reflects normal contact growth inhobitof primary fibroblasts, when they reach
confluency Figure 3.15).

The progression of LEC and LE cells through phade=ell cycle was similar with and
without IR.
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Figure 3.15. Kinetics of cell cycle progression (G1S and G2 phase) of LEC and LE
fibroblasts after 5 Gy of -irradiation and in the controls

The percentage of cells in G1, S, and G2 phase estimated from DNA distribution

histograms and plotted against time.
A: G1 phaseB: S phaseC: G2 phase.
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3.7. Genetic analysis of locus of interest in LEC v  ersus LE rat.

Establishment of candidate gene(s)

3.7.1 Sequencing analysis of Rad18, v-Raf-1, XPC an d Fancd2 genes

Considering the data published by Agtial., 2000 [83], showing linkage of LEC strain
radiosensitivity to an anonymous locus on chromasdr{sed-igure 1.1., Introduction, 1.2.9, the
locus was further analysed. A number of genes fonally related to DNA damage response and
repair is located within and include, among theectiRad18, Raf-landXpcgenes. The selection
of the genes was done considering their functiah karowledge of the phenotype in knock-out
mice/cells.

The coding sequence of tRad18gene was investigated by means of DNA sequencing,
since it is known that yeasad18 mutants are extremely sensitive to DNA-damagingnésy
including UV, IR, DNA alkylating agents, and DNAass-linking agents [130]. RAD6/RAD18
epistasis group proteins are involved in postraghn repair by TLS. RAD18 has DNA-binding
activity and a RING finger motif, common to E3 ubiiip ligases [131].

According to the ENSEMBL Genome Browser, the Rad18gene (sedigure 3.17) is
located at chromosome 4 between 148.461.924 - 43356 bps. The coding sequence of rat
Radl18was analysed using the published in NCBI Datalpedicted mRNA sequence under
GeneBank annotation XM_342734 (gi|34858303) (Ratilmsvegicus RAD18 homolog (S.
cerevisiae), predicted). Firstly, the RNA was ectied from liver and brain tissues of LEC and
WKAH rat (were only available at that moment) thesverse transcription was performed.
Further, sequencing of cDNA was performed with tacdgrimers designed on the basis of the
predictedRad18sequence (sedgure 3.17., A. The results of the sequence analysis reveaked th
absence of a part of the predicted mRNA of Ra&l18gene at position 344-471 in both cDNAs
of LEC and WKAH rat (se&igure 3.17., B. Moreover, this region was not correctly predicte
and represents a spliced out intron instead of emligied exon. The rat genomic sequence
released later under annotation NM_001077673 aoefirthis finding.

The substitution of a C-to-T nucleotide was found EC rat strain at position 585 of the

Rad18coding sequence, which does not lead to aminad@dge.
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A ——t 2182 Kb Fewese simnd —

148,461,924 bp ﬁ 148,543,746 bp
B F-1 F-4
—> —>
7
2 %
“R1Rk2 3 R4
Amplification fyenents with size:
1 2 3 4
F-1/R-1 F-2/R-2 F-3/R-3 F-4/R-4
397 bp 498 bp~ 851 bp 768 bp
(270 bp)
C
Mol. LEC WKAH
Marker
VI 1 2 3 4 1 2 3 4

Figure 3.17. Amplification of cDNA of Rad1&ene

A: The Rad18gene can be found on the chromosome 4 at loc&ttween 148.461.924-
148.543.746 bps. The total length of the predittaxiscript is 1.491 bps. The genomic structure
of Rad18was modified from Ensemble.

B: Primer design in thRad18gene. Hatched bars indicate the 5’'and 3’-UTR.

Further sequence analysis revealed the substitofi@r>T nucleotide in the position of 585,
which does not cause changes on the amino aci] bewet absence of part of predicted mRNA
in the position from 344-471 (XM_342734). F (fordamare 5'primers and R (reverse) are 3’
primers. The designed primers spanned the juncii@djacent exons, what allow exclude the
effect of possible contamination with genomic DNIhe sequences of respective primers are
listed in Table 2.2., Materials 2.1 PCR amplicon sizes in base pairs (bp) are inelitat
Detected SNP is shown ae?> .

C: PCR product resulting from amplification of cDNALEC and WKAH was subjected to the
gel electrophoresis on 2% agarose.

RAF-1 is a serine/threonine kinase signal transductiactof in the MAPK signal
transduction pathway and is believed to be involiedan IR signal transduction pathway,
modulating the G1/S checkpoint [132]. It was puidd that downregulation of Raf through

antisense RNA made human cells more sensitive {@3B], [134].
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The coding sequence &faf-1(seeFigure 3.18) was amplified with primers designed on
the basis of published sequence under accessioharnudM_012639, Rattus norvegicus murine
leukemia viral (v-raf-1) oncogene homolog.The prisnare listed ifrable 2.2., Materials, 2.17.
TheRaf-1gene is located on chromosome 4 at the genetitigpo$51.752.583-151.775.613 bps.
Figure 3.18.shows the genomi@{ and transcriptg) structure oRaf-1

Sequencing of amplified product§idure 3.18., Q of v-raf-1 gene indicated a €T
substitution in the 644 nucleotide, which is thedmucleotide in threonine and did not change
the aminoacid sequence.

A —et 23.03 Kb Reveme simnd —1
151.752.583 bp 0 151.775.613 bp
B F1 F2 F3 F4 F5
— —> —> —> —>
N
D
«— «— <« <
R1 R2 R3 R4 R5
Amplification fragments with size:
1 2 3 4 5
F1/R1 F2/R2 F3/R3 F4/R4 F5/R5
~ 699 bps 694 bps639 bps ~ 675 bps 658 bps
C
Mol. LEC WKAH
Marker 1 2 3 4 5 1 2 3 4 5

Figure 3.18. Amplification of cDNA of Raf-1 gene

A: The Raf-1 gene can be found on the chromosoméh&dbcation between 151,752,583
151,775,613 bps. The figure shows the genomic isgton of the gene with introns and
exons, shown as vertical lines of different thidsie depending on their size.
B: Scheme of the amplification of cDNA &afl with selected primers (s€kable 2.2.,
Materials, 2.1.7. Hatched bars indicate the 5'and 3-UTR. Furtlsequence analysis
reveals the substitution of=ST nucleotide at position of 644 (show ), Whilwes not
cause changes at the aminoacid level.
C: PCR products resulting from amplification of cONALEC and WKAH was subjected
to electrophoresis on a 2% agarose gel.
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DNA repair Xeroderma pigmentosum group C complemgnprotein homolog (XPCis

involved in an early stage of sensing and the iogigprocess of NER. An abnormally high
chromosomal aberration frequency was observed aferadiation in XP-C skin fibroblasts
[135-137].

TheXpcgene is found on chromosome 4 at position 125.8631425.699.866 bps.

Sequencing of theXpc gene was performed with primers designed from eecgl
published in the NCBI Database under annotation XB2194 (Rattus norvegicus xeroderma
pigmentosum, complementation group C (predictedPGXpredicted) and did not reveal a
difference in the coding sequence from the pubtisteta.Figure 3.19., Bcontains the schematic
representation aXpctranscript. The respective amplicons of PCR reactigh primer pairs for

amplification ofXpccDNA are pictured ifFigure 3.19., C
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A —=t 21.18 Kb Feve me siand —

125.673.446 bp I 12806866 bp
B F1 F2 F3 FAF5F6 F7 F8 F9  F10
—> — — —>—>> —> —>—> —>
N N
N N
“RL  YRRIRIMRS *R6TRYR8 © RRI0

Amplification fragments with size:
WKAH
1 2 3 4 5 67 8 9 10 11 12 13 14
F1/R1 F2/R2 F3/R3 F4/R4 F5/R5 F6/R6 F7/R7 F&RMR9 F6/R6 FA/R5 FO/R9 F10/R10 FO/R10
462 573 517 565 592 538 3404 466 538 747 466 50624
LEC
1 2 3 4 5 6 7 8 9 10
F1/R1 F2/R2 F3/R3 F4/R5 F5/R5 F6/R6 F7/R7 B&R/R9 F10/R10
462 573 517 747 592 538 03414 466 506

C ™ol WKAH WKAH LEC
makerl 2 3 4 5 6 78 9 101112 1314 1 248 56 7 8 9 10

Figure 3.19. Amplification of cDNA of Xpc gene

A: TheXpcgene can be found on the chromosome 4 at podifibr673.446-125.699.866
bps. The image contains the scheme of genomic isg@n ofXpcwith introns and exons,
shown as vertical lines of different thickness, etaging on their size.

B: Scheme of the amplification of cDNA with selectedmers forXpc (seeTable 2.2,
Materials, 2.1.7. Hatched bars indicate the 5’and 3'-UTR.

C: PCR product resulting from amplification of cONAICEC and WKAH was subjected to
the gel electrophoresis on 2% agarose.

Fanconi anemia (FA)s a rare autosomal disorder that is characterisedncreased

spontaneous and DNA crosslinker-induced chromosastability. FANCD?2 cells have a defect
in the IR-induced S phase checkpoint and show rasistant DNA synthesis [138].

The Fancd2gene is found at a chromosomal location betwe&4P4.558-149.500.006
bps. It has the total transcript length of 4.358 &pd is composed of 44 exons.
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Sequencing of coding sequenceFaincd2gene revealed two amino acid substitutions in
both LEC and LE rat strains (A955G (isoleu@nealine) and G1645A (glycin® arginine))

compared to the predicted sequermergonal communications with M. Rosemann).

A number of rat strains were genotyped for theseatians (seeTable 3.10). The
designed primers were located in the introns adfattethe exons, containing the changes. The
results showed, that another two rat strains, E3#ACopper rat, were also homozygote for both
polymorphisms. Therefore, the identified changaddoot be the reason for the radiosensitivity
in LEC rat, since it was shown by Tsajial.,2005 [85] that LEC rat is more radiosensitive then

F344 rat. The sequence information about the obsgepolymorphisms in the analysed rat
strains was submitted to GeneBank under the anootaty621075.

Table 3.10. Genotyping of several rat
strains for amino acid substitutions in the Fancd2jyene

Genotype
Rat strain Nucleotide 955 Nucleotide 1645
LEC G A
LE G A
WKY A G
Lewis A G
SHR A G
F344 G A
BN A G
Copper G A

Table lists the genotypes for nucleotides 955 ablin the Fancd2 gene (the reference
sequence is found in NCBI database under annotAti@21075) of different rat strains.

3.7.2 Real-time PCR
Validation of the 2 "PT relative expression method

The mRNA expression levels of two candidate gerfesn¢d2 and GataR were
compared in LEC and LE fibroblasts without irrdoha and at 4 and 24 hours after 5 Gy of IR
by means of the™?* relative expression method [120]. For validatidrihe 2°©" method the

efficiencies of primers used for amplification ddrget genesHancd2 and Gata-2 were
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compared to that of a reference gene - porpholgigndeaminasd?pgd) (for the list of primers
seeTable 2.3., Materials 2.1.J. The mearDCy values, ((G, Fancd2— G, Pbgd and (G, Gata-2

— Cr, Pbg0g), calculated for serial cDNA dilutions in threeperiments were plotted against log
of RNA dilutions. The slope of the linear regressiit had an absolute value of 0.073 for
Fancd2and 0.069 foiGata-2 (seeFigure 3.20). This means that efficiencies of selected primer
pairs for the targetGata-2, Fancdp and the referencd’bgd genes were similar at different
cDNA concentrations therefore, th€ 2" method could be used [120].

A 20 y=0074x+0,83 B 35 y=0,069x + 2,93
— 2 _
15| 7=062 r’=0.65
—— Fancd2 = —— GATA2
gl.o 1 Q30+
0.5 — Linear — Linear
0.0 ‘ . (Fancd2) 25 |  (GATA2)
1 01 0.01 1 .01 0.01
Log, dilution of total RNA Log, dilution of total RNA

Figure 3.20. Validation of the 2™ method

Pooled cDNA, which was reverse-transcribed from RNMAtracted from livers several
LPP rats, was serially diluted arfébgd, Gata-2 and Fancd2 genes amplified. The

efficiency of the primers was evaluated. T@; was calculated for each cDNA dilution.
The means of three measurements were fitted agpliyirar-regression analysis of Excel
[120].

A: DCr Fancd2= G, Fancd2- G, Pbgd

B: DCr Gata-2= G, Gata-2— G, Pbgd

Expression of the Fancd2 gene in LE/LEC fibroblasts

Levels of Fancd2 mRNA did not differ significantly between LEC amdE fibroblasts.
Both basal levels and those 4 hours and 24 hotes afGy of IR (sedigure 3.21., A were
almost identical. Irradiation of cells caused ardase ofFancd2expression at 4 hours and 24
hours in both LEC and LE cellgrigure 3.21., B. No reproducible difference was observed
between the strains.
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Figure 3.21. Analysis of Fancd2 expression with rafive 2" method

A: The expression dfancd2was investigated in LEC fibroblasts at 4 and 2drhafter 5
Gy of IR and in controls (sham-irradiated). Expres®of the target gene was normalized to
that of LE by means of the relative quantificatich®™" method Pbgdgene was used as a
calibrator.

B: The changes in expression over time (4 and 24shafter 5 Gy of IR) were investigated
compared to the control in LEC and LE fibroblagtspectively.

Exclusion of analysed genes from possible candidate s of the enhanced
radiosensitivity of LEC rat

The data published at the end of 2005 by Tstijal., 2005 [85] narrowed the locus of
interest down to the region of the sive 3 Mb between the D4Got85 and D4Got1Bigre 1.3.,
INTRODUCTION, 1.2.2) microsatellite markers. These results excludedahalysedRad18, v-
Raf-1, XPC and Fancd@enes, since they are located outside of the ugdaggon of interest.

3.7.3 Establishment of further candidate genes

A schematic presentation of the revised locus tdrest is shown ifFrigure 3.22 With
improved annotation of the rat genome, a humbexdaitional genes, hypothetical proteins and
predicted genes were assigned to the radiosemgitogus, which was defined by Tsugt al.,
2006 [94] to the region between the Al069943 an8®BM™22 SNP markers (sEgure 3.22., B.

Genes, which were analysed by Tsefial., 2005 [85], and novel genes, which were
assigned recently to the region, are shown. Thesingenes were analyzed for homology to
human and mouse genes using the UCSC Datalpépee( 3.23., APPENDIX, page 154-15b
Figure 3.23.was constructed with application of UCSC GenomevBer. It shows that the locus

of interest is now completely annotated without ayaps (all the gaps are bridged). It also
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contains the location of known genes in the lotiased on UniProt, RefSeq, GenBank mRNA
(B), N-SCAN gene predictions and rat mRNAs from GeamBdD), spliced ESTsK) and
evolutionary conservation in mammalian, amphibkard, and fish specie§).

The novel proteins coded by the genes, locatedherocus are RGD1562105_ predicted,
RGD1565557_predicted, LOC686635, RGD1307688 (sintdaRIKEN cDNA 5830446M03),
LOC500251, RGD1565596 predicted, GATARQgure 3.22. contains information about their
arrangement on the locus and genetic position asedefrom NCBI Database. The biological
function of respective human/mouse orthologousgimstand known functional domains is listed
in Table 3.11.

Genotyping of LE rat on the radiosensitivity locus

In view of the available information about the LE§EnotypeversusF344 on the locus of
interest, published by Aget al.,2001 [83], Tsujet al.,2005 [85], Tsujiet al.,2006 [83, 85, 94],
several LE rats were genotyped for number of matadte markers/SNPs and compared to LEC
(seeFigure 3.22., A. The position of the markers is given accordimdndre available) to the
CELERA and NCBI Databases. Comparison of the apdlygplotypes shows significant genetic
difference between LEC and LE rats at the locusarest. LEC had 5 markers different from
LE among 9 analysed (D4Got85, AW918941, D4Rat54NiB2, Rpnl (1 SNP)). Th&pnl
gene was analysed [uji et al., 200985], Tsujiet al.,2006 [94] among other candidate genes
located on the locus. LEC and LE had the same gpaotor the BF397992 SNP marker,
belonging to thé&ata-2gene. Such similarity was observed for anothernveokers, AW252115
and D4Nirs1.
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LE LEC Celera | NCBI Protein/hypothetical Genetic position

D4Rat38 90,553

I
B Protein/Marker | Celera | NCBI
D4Got85 | 108585 ! 121,325

Woxls | 107,672 | 120436 | | AI069943 ' 108,732 121,468

Mxd1 108,078 GKN1 121,496

. " BMP10 108,840 | 121,596
D4Got8S | 108,585 | 121,325 .
| | RGD1562105_pred 108,866 | 121,620
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Figure 3.22. Radiosensitivity locus in LEC rat
D4Got148 ' 109,882 122,550

A: Schematic representation of the LE versus LEC gpeotor chosen SSLP/SNPs.
Informative markers are indicated by the red tickshe LEC scheme. Painted black ticks
in LEC genotype indicate similar genotypes/hapletyn LE as in LEC. The position of
markers was derived from RGSC v3.4, released id 29Gthe Baylor College of Medicine
Human Genome Sequencing Centre (BCM-HGSC) as pdnedrat Genome Sequencing
Consortium (RGSC) (marker genetic positions acegrdo NCBI/CELERA data). The
titltes of SNPs are written in blue colour. The hatt dark blue region between D4Got85
and BF397922 markers delineates the radiosengitioitus [85]. Position of the BAC,
partially complimenting radiosensitivity in LEC rf84] is shown as couloures light blue
region.

B: The analysis of the locus of interest on chromasai defined by Al069943 and
BF397922 [85]genetic markers (hatched grey region). The positiotihhe complementing
BAC 65K18 is shown as light blue region. The knoproteins and hypothetical proteins
(written in blue), assigned to the region, are ghdroteins, which coding sequences were
analyzed by Tsujet al., 2005 [85], are marked by red astericks. The location (Mb) of
genetic markers (written in black) and genes issshaccording to the CELERA and NCBI
databases (where available).
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Table 3.11. List of novel genes mapping to the ragéensitivity locus in LEC rat

KNOWN BIOLOGICAL
PROTEINS ORTHOLOGUES IN PROCESS AND F%'\é)(,:\;:l\?NNSAL
MOUSE/HUMAN PUTATIVE FUNCTION
- signal transduction - Spectrin/pleckstrin-like
RGD1562105 predicted Rho-GTPas_e-actwatlng - control of the actin and - RhoGAP
protein 25
microtubule cytoskeleton
- novel repair gene [139
140]
. - interacts with XRCC1, : - FHA (forkhead-
RGD1565557_predicted C20rf13 (APLF) XRCCA and XRCC5 associated)
- activated by CK2
. - Calcium-binding
LOC686635 Hypothetical unknown EE-hand
Coiled Coil domain . .
LOC686646 containing 48 (CCDC48 unknown - Coiled-coil
RIKEN cDNA homolog of pre-mRNA-: - mMRNA processing - Isvilike splicin
5830446M03 splicing factor ISY1 : - splicing y plicing
(RGD1307688) - cell cycle?
LOC500251 C30rf37 unknown - DUF159
RGD1565596_predicted histone H1x - Cchromatine - Histone H1/HS,
modification histone H5
-Winged helix repressor
DNA-binding
GATA-2 GATA binding protein 2 _ transgrlptlonal - Zn-finger
regulation

Table was created on the basis of UCSC and NCBIGeaiome Browser, RGSC, v3.4, July
2006. It contains the novel loci identified in thegion of interest on the chromosome 4 (see
Figure 3.23. APPENDIX, page 154-155), the human/mouse orthologues gemesynk
function and functional domains as determined Moyp://www.ebi.ac.uk/InterProScan/
analysis.

3.7.4 Analysis of the Gata-2 gene

The BAC clone 65K18, which according to the compamation analysis, performed by
Tsuji et al., 2006 [94] partially complements the cellular radipsitivity phenotype in LEC, was
further investigated and it was found to containopen reading frame with high homology to
humanGata-2 (Gata binding factor 2), although authors Tstjial., 2006 [94] only reported
about the location of thepnlgene on the BAC.

GATA-2 (GATA binding protein 2) belongs to a number of-fimger transcription
factors specifically binding the DNA sequence (AZRTA(A/G) in the regulatory regions of

genes. Existence of numerous interaction partnBiIGATA-2, such as Fanconi anaemia zinc
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finger, Testis zinc finger protein, promyelocyteukaemia [141, 142], and the essential role of
GATA-1 (belonging to the same family of transcrpti factors) in the induction of ERCC1
(NER) through the MAPK pathway [143] makes thata-2gene the promising candidate in the

locus.

Bioinformatics analysis of Gata-2

Gata-2is highly conserved between species and (98.8%iitgdetween rat and human GATA-2
proteins, and 98.1% identity between rat and md@as&A-2) according to UniGene Database
(Rn 34322,
http://www.ncbi.nlm.nih.gov/UniGene/clust.cgi?UGIB85875& TAXID=10116&SEARCH=gat

ad.

The Gata-2 gene has a complex genomic structure and congpératlent function and
regulation as was shown in mouse and human [1434-E4fire 2.24 shows enhancers, which
have been identified and characterized in mousehantn (not all shown) [146]. The number of
promoters are located upstream of the untransibednd 1G exonsespectively [149]. The 1S
promoter of untranslated 1S exon in human (Sigare 2.24) was shown to be active in the
hematopoietic stem cell/progenitor fraction [148].

The described regulatory regions are known to sewed between species [150, 151],
and the according genomic regions regulatory in &lurand mouse have a high sequence
similarity to that in rat. BLAST comparison of pigfied enhancer sequences [146], revealed the
presence of the enhancer regions (-3.9; -2.8; {o8ition in kb from start of transcription of
mouseGata-2 in the upstream region of r&ata-2 which are reflected iRigure 2.24., A, lower
panel. Additionally an active intronic enhancer,jiethwas identified in mouse [145] in the intron
between exons 3 and 4 (+9.5, $égure 2.24, A.) is conserved and present in many species, as
shown by BLAST and UCSC conservation analysis (ammspn of genomic sequences of rat,
mouse, human, dog, opossum, chicken, Xndropicali. The genomic regions with high
conservation between species are reflected asragibns in the histograms&iure 2.24, A., B.
Pairwise alignments of each species to the ratrgerare displayed below as a grayscale density

plot that indicates alignment quality (The darkee #e regions, the higher is the alignment

quality).
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CONSERVATION
Figure 3.24. Comparative Bioinformatics Analysis ofcata-2genomic structure
(performed with UCSC Rat Genome Browser)

The image contains a schematic overview of thé&eth-2 gene, 5’ upstream region, and
its known orthologous in human and mouse. The Iqegrels depicture the conservation of
genomic sequence between vertebrate species (muwsan, dog, opossum, chicken, X.
tropicalis)

A: The highly conserved parts of 5’UTR region contaithancers. Number of them was
characterized in human and mo(i%45, 148].

B: The coding sequence Gfata-2 gene consists of two untranslated exons and ®iprot
coding exons. The comparison of homology betweetiep shows high conservation of
the promoters upstream 1S and 1G exons, the enhantee intron between'Band &'
exons, and of the protein coding region.

Sequence analysis of Gata-2

Consider thaGata-2is one of the positional and function candidateeg&ata-2 coding

sequence, sequence of respective exon-intron baesdeere analysed.
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The published genotyping of LE@4] included BF397922 (sdetroduction, 1.2.2, Figure
1.2). BF397922 is part of the EST starting in int@r{seeFigure 3.25) and includes exon 3.
BF397922 was shown to limit the radiosensitivity)cds in LEC [94], see Figure 3.22).
Considering this information, it is reasonable teswane that changes cousing enhanced
radiosensitivity in LEC happened in the region tgetn of the BF397922 genetic marker, which
includes untranslated exons and translated exoBsidtronic sequences Gfata-2and excludes
the downstream region @ata-2 what means that further exons number 4 and ®xrkided
(seeFigure 3.25).

To compare LEC to LE the genotyping of the BF3979&% performed with primers
listed inTable 2.1, Materials 2.1.7.

122280000 | 122281000 | 122282000 | 122283000 | 122284000 | 122285000 | 122288000 | 12228m00 | 12228M000 | 122280000
STS Makeas on Cerelig and Radiaton Hybrid Maps
8F 397922

*

T - - - - - - - - - - Y ] - ——

Figure 3.25. Genomic position of BF397922. The instgated SNP is located in the intron
(marked with *).

The results showed the similarity between LEC aidih the genotype of BF397922,
which is part ofGata-2gene Both LEC and LE had a SNP (C), when in the dawb@a&Y and
SD (G).

Sequencing analysis of the coding sequence ofGéta-2 gene was performed by M.
Rosemann and no changes in LEC and LE comparitigetpublished predicted sequence were
found (personal communications with M. Rosemann).

Further sequencing analysis included analysistobmrexon boundaries. For this purpose
the primers were designed in such way that seqsesfcat least 80 nucleotide of adjusted intron
were included and analyzed (d&gure 3.26). In such way analysis of the first two untranstht
exons, exon 1, 2, 3 and 4 was performed.

The found changes was addition of G in the positér26" nucleotide in the intron
following after 1G exon (¥ untranslated exon) comparing to the sequence ghddli in the
NCBI Database. The genotype was present in LECL&ndut was not observed in SD rat (see
Figure 3.27, APPENDIX, page 156).
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FI F2 F3 F4
— —> —> —»

BN 5 S s i I

F— Farward simnd 872 Kb -
*R1¥R2 ¥R3 Y R4
122.279.753 122.288.528

Amplification fragments with size:

1 2 3 4 5
F1/R1 F2/R2 F3/R3 F4/R4 F5/R5
374 392 481 566 482

Figure 3.26. Amplification of intron/exon boundaries of Gata-2gene

TheGata-2gene can be found on the chromosome 4 at theédadagtween 122.279.753-
122.288.528 bps. The image contains the schemenafnigic DNA with introns and exons,
shown as vertical lines of different thickness, etaging on their size.

Arrors show direction of primers used ftire amplification of first 4 exons with intron
boundaries (se€able 2.2.,Materials, 2.1.7).
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Expression of Gata-2 gene

Relative expression dbata-2 was evaluated in three independent experimentsE@
and LE fibroblasts. There was no significant deéfere observed in controls and at 4 and 24
hours after 5 Gy of IR (seleigure 3.28., A. The Figure 3.28., Breflects the pattern dbata-2
expression in irradiated cells, normalized to contralues. Irradiation of cells caused slight
increase (1.2 fold in LEC and 1.5 fold in LE cell§)e observed difference was not significant.
At 24 hours the expression Gfata-2had did not caused significant changes decreabBarafd2
expression at 4 hours and 24 hours in both LECldhdaells. No reproducible difference was

observed.

OLEC1
OLEC1

LEC2

B MEAN, LEC
BLE2

BLE2
LE4

‘ @ MEAN, LE
Expl Exp2 Exp3 MEAN 4 hrs 24 hrs

Figure 3.28. Analysis ofGata-2expression with relative 2T method

A: The expression oBata-2 was investigated in LEC fibroblastersusLE at 4 and 24
hours after 5 Gy of IR and in controls (sham-ireaelil). Expression of the target gene was
normalized to that of LE my means of relative gifaration - 2°™" method.Pbgd gene
was used as a calibrator.

B: The changes in expression with time (4 and 24dafier 5 Gy of IR) were investigated
comparing to that of the control in LEC and LE fiblasts respectively.
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V.  DISCUSSION

According to the data published by Hayashil., 1992, 1993 [80, 81], the LEC rat is a
rat strain that is more sensitive to total bodgdration rat than other rat strains (WKAH [80, 81],
F344 [85]), and BN [83]). Published data [80, 8ipw that the value of L§z0 of bone marrow
death in the LEC rat was 3 Gy and that in the WKeetl was 7 Gy, which is twice as high
compared to that in LEC (dose modifying factor (DME 2.38). The estimated LB, of
intestinal death are 7.8 Gy in the LEC and 13.0il¥he WKAH [80, 81]. Observations by
Hayashiet al., 1993 [81] show that hematopoietic cells were Irgecovered on 8 day after
irradiation in the bone marrow of WKAH rats; in ¢a@st, in LEC rats hematopoietic cells were

not recovered and fibrous tissues increased instead

LEC rats do not show any obvious phenotypic featurearacteristic of human cancer
syndromes, such as premature aging, neurologicahqgifipe, or increase in cancer incidence.
Liver cancer is inherited independently from radmstivity and results from hepatitis, which
LEC rat develop at 4-5 month of age [95] (it is s@a by mutation in thA&tp7bgene (a copper
transporter)). The presence of increased radiasathsiand absence of associated cancer
phenotype [152] makes the LEC rodent model paditylvaluable in the field of radiation
protection, since the presence of radiosensitidividuals who do not develop cancers in an
otherwise healthy population, was not studied. ®hly evidence to date, which might support
the presence of radiosensitive, but otherwise hgghersons, are epidemiological studies of
breast cancers in survivors of nuclear bombingkapan. A 6-fold increase in excess relative risk
per Sv for early onset cancer in women exposedwbéie age of 20 was found, which might

reflect the presence of radiosensitive fraction agnotherwise normal population [153].

-112 -



4.1 Investigation of growth characteristics in LEC and LE fibroblasts

Primary fibroblasts are a common experimental mdolephenotypes observed vivo.
Any germ-line defects in the LEC radiation respopaghway would most probably operate in
fibroblasts, since investigations of repair andosaensitivity of a number of mice with disrupted
genes involved in repair were performed in thediibasts and defects were identified and
characterized [27, 28, 30, 33]

The increase in doubling time of the fibroblastdhe same cell line reflects the reduction
of the growth potential of fibroblasts with passapiwith approaching the crisis, observed
normally in cultures of primary rodent/human fibladts [154-157]. The difference known
between rodent and human cells is that rodent (g)ocslls have the capacity of spontaneous
immortalisation after about 12 doublings in cultu®¥s4] and human fibroblasts go into
senescence after some number of population doublicglture not having the ability for such
spontaneous transformation [155, 156].

Growing fibroblasts are part of a differentiatingllcsystem composed of potentially
mitotic progenitor fibroblasts and differentiate@sp-mitotic fibrocytes [158]. LEC and LE
fibroblast cell lines had normal fibroblast culturlearacteristics described in the literature, such
as a generation time of around 25-55 hours andliigy to be inhibited by cellular contact [157,
158], without significant difference in generation tind3(9+ 14.9hours for LEC and 29.8 5.3
hours for LE cell linesRESULTS 3.1,Table 3.1)).

There are examples showing that cell cultures ddrifrom individuals with certain
diseases, for example progeria [159] and Down symér[160], demonstrate increased doubling
times (DT) as compared to the age-matched contald such observations were consistent with

premature-aging phenotypes of the progeria and Dsymdrome patients.

IR caused inhibition of growth in both LE and LE®rbblasts as was measured at 23.5
hours and 54 hours after 5 Gy (FRPENDIX, Figure 3.2.,page 150RESULTS 3.1, Figure 3.3.,
Table 3.1). Data of cell cycle progression after 5 Gy afradiation confirm the observed growth

inhibition, since the percentage of cells in S-ghdscreases from 10-14% in unirradiated cells to
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5-8% in irradiated cells and accumulate in the Gasge of the cell cycle 88-85% in irradiated
cells at 23.5 hours after 5 Gy of IR versus 81-18%hnock-irradiated (seEigure 3.15).

Inhibition of DNA replication and cell division caad by damage induction is an
important mechanism at the organism level agaiesplastic transformation and cancer [161].
irradiated fibroblasts may be blocked in the Glgghaof the cell cycle by premature
differentiation [15, 162, 163], by stress-induce@rpature senescence [164], or may undergo
mitotic cell death [15]. The stress-induced prem&tgenescence was shown [164] to be
characterized by changes in morphology, positivenstg for senescence-associated beta-
galoctosidase activity, accumulation of p53, p216 mnd phosphorylation of p38 MAPK,
although ATM activity was shown to be dispensable.

Normal human diploid fibroblasts do not show indoictof the apoptotic death mode by
IR (8 Gy), the same was shown for AT cells [165¢cérding to the work published by Rave-
Franket al.,2001 [15] in the fibroblast system vitro radiosensitivity is determined not only by
processes directly involved in DNA damage recognitand repair, but also by intracellular
signalling cascades, which will lead to radiatioddced premature differentiation mostly
mediated by TGF-L. This is supported by observations of Debacq+@aax et al.,2005 [166],
who showed an important role of TGE-in UVB-induced premature senescence of human
diploid fibroblasts. The authors [15] also showttimathe studied group of fibroblasts the highest
level of TGF-1 was produced in radiosensitive cells and thigetated with an increase in
radiation-induced excess of acentric fragments,cwhiesult mostly from unrepaired or

misrepaired DSB.

4.2 Clonogenic assay

The first parameter evaluated from clonogenic salviexperiments was plating
efficiency (PE) of the different cell lines at Q,2, 3 and 4 Gy of IR. The PE of human tumour
cells of various origins without irradiation may blese to 80-90%. However, the PE of normal
human fibroblasts is usually very low (ranging fras low as 1 to 12-15%) [105]. Similar low
values of plating efficiencies were determined he present study and were slightly, but not
significantly, lower in LEC (1.3 + 0.44%) compartmthose of LE (1.5 + 0.35%). It is known
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that fibroblasts from patients with genetic disosdare often not only more radiosensitive than
normal fibroblasts, but also show reduced PE, asatserved by Fertil and Deschavanne, 1999
[167] for AT homo- and heterozygote fibroblasts,cKayne syndrome, and retinoblastoma

mutant fibroblasts.

The parameters used to describe survival curves $F2, D1)can all provide specific
information about the mechanism of cell killing B, but have different limitations. Parameters
a and characterize the fitting of survival curves to timear-quadratic equation (SBESULTS
3.2, Figure 3.5., Table 3.4. According to the linear-quadratic model, thelbgical meaning of
and values relate to the mechanism of cell killireg. the linear component of cell killing,
results from cell death from ‘one-hit’ events andcell death from multiple hits. Increase in the
a component (0.39 in LEC as compared to 0.19 in idd)cate the possibility of higher cell
killing in LEC by the simple one hit event. The ebged difference was only a statistical trend,
since the t-test returned a borderline p-value .068. Theb parameter, characterizing cellular
radiosensitivity in the higher dose range, did differ between LEC and LE fibroblasts (0.14 +
0.04 in LEC cells and 0.16 £ 0.04 in LE cells), tiiest had a non-significant value of 0.72.

Often SF2 is preferred to other parameters to cefl@rinsic cellular radiosensitivity,
because it was shown to be the best discrimindteeltular radiosensitivity in rodent tumour cell
lines in culture and in addition represents theicdilly relevant, low-dose portion of the radiation
survival curve [168-171]. SF2 was significantlyfdient between LEC and LE fibroblasts (0.25
+ 0.02 for LEC and 0.34 = 0.03 for LE (s€able 3.3), n = 6, p-value of Student’s t-test 0.018),
therefore reflecting mildly enhanced intrinsic a&dr radiosensitivity of LEC cells. Comparison
of survival of LEC versus LE fibroblasts in the &pg dose range with two-way ANOVA test
showed significant difference in survival of fibtabts between rat strains (p-value 0.019).

The studies published in the literature [171-1743%)w&t human fibroblasts show that their
radiosensitivity is characterised by a broad vemmatDikomeyet al., 2000 [172], found that for
normal human fibroblasts the SF2 was found to rdrma 15 to 36%Zhouet al., 1998 [173]
have observed a different radiation sensitivity reveetween normal cell lines, which was
correlated with the number of residual DSBs at dra@fter irradiation.

The work of Kasten-Pisulet al.,2005 [171], shows that SF2 of studied mutant loedis
(NHEJ, BER, HR, signal transduction) varied in thege between 0.013-0.49 in contrast to a
variation of 0.15-0.53 for normal fibroblasts. Rodose of 2 Gy, SF2 varies from 0.14 to 0.53,
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which corresponds to a coefficient of variation (G 30% [122]. This variation was attributed
to genetic differences. The examples of the mossitiee fibroblasts are ATM and LIG4"
primary fibroblasts, where SF2 was shown to be o2 and 0.03 respectively. When
compared to AT-fibroblasts with SF2 = 0.02, the mak fibroblast lines are much more
radioresistant [12, 172].

The estimated values of SF2 of LEC and LE cellswstiat LE primary fibroblasts are in
a normal range of radiosensitivity and LEC arehdligmore radiosensitive, but not to such a
degree as the highly radiosensitiligid” or Atm’ fibroblasts. It is important to correlate the
cellular phenotype and effect of a particular motaton the whole animal. In the case of the
Ligd” knockout mice the fibroblasts are highly radiosewesj but embryonic lethality of the
knockout is 100%. In the case of LEC rat no sigaifit increase in embryonic lethality was
observed.

The values of DMF 2.36 for bone marrow death ar®dfdr intestinal death are derived
from published data on the radiosensitivity of LEATs in comparison to WKAH [80, 81]. They
are higher than DMF of 1.3 of SF2 in primary LE®réblastsversusLE. The observed
difference between in the degree of animal semisitand cellular sensitivity could be due to a
defect in a pathway, which operates predominamtlgtem cells of bone marrow and intestine,
rather then in fibroblasts, or is active in thel @gicle phase different from G1 (S or G2). For
example, it is known for the Fanconi Anemia (FAphdsome, where patients show an extreme
degree of radiosensitivity, that FA fibroblasts ardy slightly more radiosensitive then wild type
fibroblasts [129]. The difference in DMF observestvileen animal and cellular data could also
be explained by different controls, since in aniragperiments LEC was compared to WKAH

and in the clonogenic assay of the present stud¥toells.

The growth curve data do not show an increasediosansitivity of LEC fibroblasts, as
compared to LE cells. This might be explained Wfedent approaches in these endpoints. Cell
number counts for growth curves were done aftehédrs, whilst in the case of clonogenic
survival colonies were harvested one or two wedles aradiation. In addition, the dose of 5 Gy
applied in growth curve measurements, causes iialigkof nearly 100% in clonogenic survival
assay, where no colonies could be observed. Thans#hat cells loose their ability to form
colonies. The observations, which were done by Kallal., 2004 [174], in FA-D2 mutants

concerning reduced survival after UV-radiation esqpe, were also not paralleled by the

- 116 -



corresponding cell growth data. Their explanatiomswhat the 100-fold difference in plating

density between clonogenic assay and survival asgsayome mechanism such as metabolic
cooperation and/or a bystander effect, may haveriboied to their discrepant results and/or
minor degrees of sensitivity, which cannot be tdlisseparated from the background variation of
cell culture assays [174]. This might also be thason for experiments on growth curves
LEC/LE fibroblasts failing to reflect the clonogersensitivity of LEC cells.

The higher sensitivity of LEC rat to IR suggestattiamage induced in LEC may be less
efficiently repaired or may be induced at a higlesel, than that of the WKAH control rat [80,
81, 175]. Acute radiation syndromes develop duthéoexhaustion of the stem cell compartment
caused by DNA damage to such a degree that theyofaepopulate (seentroduction, 1.2.2).
According to [32], defect in stem cells repopulatimight result from defects in DSB repair.
Diminished DNA DSB repair in theig4Y288C(hypomorphic) strain causes progressive loss of
the hematopoietic stem cells and bone marrow eeitylduring ageing, severely impairs stem
cell function in tissue culture and transplantatishat elucidate the sensitivity of hematopoietic
stem cells to NHEJ deficiency [32]. Similar proid#ive exhaustion of stem cells has been
reported for mice deficient iR21 and GFI-1 (Growth factor independence 1). Tlieda [32]
show that stem cells have a low threshold for dan@mgckpoint activation and exploit apoptosis

or checkpoint arrest to limit the potential harmfapact of genetic damage.

The sensitivity of the LEC rat to whole body irration includes intestine syndrome and
bone marrow death. This might be attributed to feaddn the stem cells repopulation in bone
marrow/intestine of LEC rat. Known human cancer amdnunodeficiency syndromes [11]
include conditions with higher radiosensitivity uéghg from variable molecular defects in DSB
signalling and repair pathways (Rb, ATM, ATR, TP33RE11, PTCH, Ligase IV, BRCAL,
BRCAZ2, etc), translesion synthesis (helicases RECOYRN RecQ), nucleotide excision repair
(XPD and XPB), which in addition to their role iapair function as part of transcription factor
TFIIH [176] and mismatch repair (MLH1, MSH2, MSHBMS?2) [11].
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4.3 Induction of DNA damage

The dose-response data did not reveal an enhaeosdigty of LEC cells towards the
induction of DSB under the applied experimentaldibons of PFGE Kigure 3.7., RESULTS
3.3.

There was also no difference observed between LiCL& fibroblasts in induction of
SSB and ALS with 4 Gy of IR as shown by comet asgageFigure 3.12.-3.14., RESULTS 3%

It is known that, for example, FA fibroblasts haadigher DNA damage induction as revealed
by comet assay, even not being very radiosensjfi2€]. Increase in dose-response was also
demonstrated for AT fibroblasts [129], which are dontrast to FA fibroblasts extremely
radiosensitive. Investigations of damage inductioEC/LE fibroblasts/lymphocytes failed to
reveal any difference and clonogenic assay dateotishow any pronounced radiation sensitivity
of LEC cells.

4.4 Repair of DSB

The molecular biology of repair processes have lstetied extensively. In a number of
instances, a dramatically radiosensitive mutantresnlt from a mutation in a single gene that

functions as a repair or checkpoint gene.

Kinetics of DSB rejoining after 70 Gy afirradiation was evaluated by the PFGE-FAR
method, which does not allow estimation of how eoctly they are repaired. The different
capacities to rejoin DSB were shown to closely @ate with cell survival [177]. In terms of
clonogenicity, 70 Gy is a huge dose that generaesurviving colonies in the studied cell lines,
since only occasional colonies were observed aftadiation with much lower doses of 4-7 Gy.
According to Forat al.,1999 [123] the number of DSB induced per cell9sl3 Gy. Applying
the much higher dose of 70 Gy ofrradiation, would therefore induce around 2737BD%er

cell.
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Repair of DSB, expressed in FAR, demonstrated tigliminished efficiency in LEC
cells compared to LE (sédgure 3.8., RESULTS, 3.3 Converting FAR values to Gy-equivalents
using the induction (calibration) curves from eaafgle experiment (sdegure 3.9., RESULTS,
3.3 removed the observed difference in FAR.

This methodology is known to have some limitatioespecially when damage repair is
mostly complete. According to Forast al., 1999 [123], underestimation of residual damage
expressed as FAR is a problem when the amount mhda is small because of the threshold
effect, since under the applied conditions, in ittaege of induction doses from 0 - 10 Gy, the
number of DNA fragments, which are small enougheaable to migrate into the gel is very low.
Investigating this problem, Foragt al., 1999 [123], found an underestimation of damagthé
range of 15%, which therefore significantly affettbe evaluation of residual damage. There is
also a possibility, which was not evaluated, ti& $ame FAR values in induction curves and
repair curves of mutant and controls may resulinfdifferent distributions of fragments, when
the less repaired, larger number of smaller fragmesill give the same FAR as better repaired,

smaller number of longer fragments.

4.5 H2AX phosphorylation

Evaluation of H2AX phosphorylation as a marker epair and radiosensitivity in LEC
cells was performed. Current theory, although stdhtradictive, suggests thaH2AX is a
marker of DSB induction, repair, and radiosengyiy29].

According to [124], H2AX might be more important for processes occgrrfarther
away from the break that is required for efficiegpair such as sister chromatid cohesion. Studies
conducted in yeast reveal the possibility that dlgmal to trigger H2A loss might not be the
completion of DSB repair, but rather the completaira step that will normally lead to repair
and loss of H2A occurs after synapse formation but before cetiquh of repair [178].

Since it is known that the amount of residual daendgtermines cellular death, and the
half-time of H2AX foci loss after IR treatment (2-3 hours pasiatment) is longer than that of
DSB rejoining observed with PFGE (happens withia fiist 30 min) [179], the number of
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residual H2AX foci was analyzed in confluent LEC and LE eddk later times at 9 and 24 hours
after 1 Gy of -irradiation and in sham-irradiated controls. Bag&l2AX foci numbers did not
differ between LEC and LE fibroblasts (0.93 * 0f@éi per cell for LEC and 1.05 + 0.08 for LE,
n = 3), but the number of foci per cell counted®atours after 1 Gy of IR were consistently
higher in LEC then in LE in every single experimgseeTable 3.9., RESULTS 3.3 The
statistical evaluation of data (paired t-test) dat confirm the difference (4.25 = 1.4 in LEC
cells, 2.04 £ 0.26 in LE cells) (s@able 3.9), although a trend to higher foci counts in LEQsce
was clearly observed. These results might confirat LEC cells are radiosensitive and possibly

have a subtle defect in DNA DSB repair.

4.6 Comet assay

The analysis of data obtained from comet asGauie 3.12.-3.14., RESULTS 3)allows
to conclude that no significant defect in SSB/Alepair is present in LEC comparing to that of
LE, since the statistical analysis of means, mexdand 78 percentiles (seEigure 3.13) did not
show any significant difference at the measuredirdgpnes after 4 Gy of IR, although the mean
values of 78 percentiles were slightly higher in LEC and thdfedence was especially

pronounced at 15 min after irradiation ($égure 3.13).

4.7 Regulation of cell cycle progression

Eukaryotic cells respond to DNA damage induced By dy arresting cell cycle
progression and coordinating it with DNA repair, ramatin remodelling, transcriptional
programs and other metabolic adjustments or cethjeo ensure survival and propagation of
accurate copies of the genome in subsequent dingigii]. Failures in cell cycle checkpoints can

lead to the acquisition and accumulation of genatterations and karyotype abnormalities.
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These changes may result in the activation of omeeg and/or the inactivation of tumour

suppressor genes and ultimately result in tumongages.

Depletion of S-phase cells was observed in both BEE LE cells at 6.5 hours after 5 Gy
of IR (Figure 3.15., A. Activation of the S-phase checkpoint causehitibn of initiation of new
replicons and slowing down DNA replication leaditoga delay in cell cycle progression. It is
mediated by the Cdc25A-degradation pathway and Aiéthiated phosphorylation of NBS1 and
SMC1 proteins. A defective intra-S-phase checkpaoiuats also reported for cells lacking
functional BRCAL, 53BP1, FANCD?2 [31].

G2 arrest was induced with a dose of 5 Gy in LE@ BB cells and caused delay of cell
cycle progression and accumulation of cells inG2ephase at 6.5 hours. The number of cells in
G2 increased from 15% to 24% in LEC cells and fi##6 to 28% in LE cells (se&gure 3.15.,

C). The G2 checkpoint (also known as the G2/M cheukp prevents cells from initiating
mitosis when they acquire DNA damage during G2 fothey progress into G2 with some
unrepaired damage inflicted in the previous S pluseven G1 phase, what helps to avoid the
segregation of damaged chromosomes. At 24 hows;#hcheckpoint was resolved in both LEC
and LE cells, and G2 cells progressed further oGl phase of the cell cycle, since the number
of G2 cells felt to 8 - 12% and the number of Gllscecreased from 63 - 71% at 6.5 hours to
88-85% at 24 hours. The G2 checkpoint is mediated BM/ATR-and Chk1/Chk2 pathways,
which require transcriptional targets of p53, imthg the p21, GADD45 and 14-3t3roteins,
and additional mechanisms, such as p53 indeperBRRG¥A1-stimulated expression of p21 and
GADD45 [31, 180].

G1 arrest was activated both in LEC and LE cell$ 6y of IR. Accumulation of cells at
G1 phase was especially evident 24 hours aftediatian (seeFigure 3.15., A and was
prolonged into later time points measured. G1 arresalso activated by ATM/ATR and
Chk1/Chk2 pathway, which has two effectors, theZBdcphosphatase and the p53 transcription
factor [31].
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4.8 Discrepancy in observations of the cellular rad iation sensitivity

phenotype and cell cycle progression of LEC cells

The radiation sensitivity, as determined by thenolgenic assay, was expressed much less
in primary LEC fibroblasts, compared to the dataspnted by [82]. The conducted study of DSB
repair by PFGE (seBESULTS, 3.3 did not confirm the observations of Hayashial., 1994
[82], where a large deficiency in DSB repair wasrsén LEC fibroblasts, although the applied
dose was the same (70 Gy) and FAR analysis waerpetl. The reason for such discrepancies
in the results may be a different experimental esyst The authors performed their repair
experiments in SV40-transformed fibroblasts, withoonsidering the cell cycle distribution of
the studied cells and without calibrating the datanduction curves. The standardization of the
initial cell cycle distribution and performing expeents in primary non-transformed fibroblasts
led to different conclusions. It is known that SV#@nsformation changes many cellular
functional characteristics. Studies of Wachsbeege.,1999 [181], showed that immortalisation
with SV40 (T antigen) leads to failure of G1 cellcle arrest in infected cells due to its
perturbation of the retinoblastoma and p53 tumayppsessor proteins. Indeed, exactly this
phenomena was observed by Hayaslal., 1998 [182], who showed an absence of G1 arrest and
higher accumulation of irradiated SV-transformedCLebroblasts in G2/M. These observations
were also not confirmed by experiments performedthe present study in primary non-
transformed fibroblasts (sédgure 3.15., A-Q. Additional experiments were conducted later by
Masuda, Ket al.,2006 [183], in primary fibroblasts and showed nakoell cycle progression in
studied primary LEC fibroblasts.

4.9 Repair capacity and radiosensitivity in LEC

The radiosensitivity in cancer patients is not alsvaonfirmed by radiosensitivity tests.
For example, the study of ElI-Awady al.,2005 [175], failed to establish the correlatiotveen
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radiosensitivity of breast cancer patiemtsvivo and the performea vitro clonogenic survival
and capacity of DSB repair. The study of Budathal., 1998 [184], also did not reveal

significant correlation between fibroblast radiosiéxity and acute radiation side effects.

In the LEC rat, the high radiation sensitivity total body irradiation was observed,
although the studies of cellular phenotype havevshonly marginal difference considering the
values of DMF. Neither PFGE, nor analysisgh2AX foci in G1 fibroblasts or GO lymphocytes
in comet assays revealed a clear repair deficighenotype, although the possibility that they
carry a subtle defect, which is difficult to digiinsh from background variation due to the
methodology in the applied assays cannot be exdlude

According to the work of Kasten-Pisukd al., 2005 [171], big differences in cellular
radiosensitivity are caused by very small variagiom DSB repair capacity. The authors [171]
show, that SF2 of mutant cell lines deficient famponents of NHEJ, BER, HR, signal
transduction was in the range of 0.013-0.49 inremttto a range of values between 0.15-0.53 for
normal fibroblasts. The studied cells had no défee in the number of initial DSB and very
small variation in the number of DSB remaining 24fter irradiation, which correlated with the
cellular sensitivity measured as SF2. After 100 Gywas 2-5 Gy-equivalents for normal
fibroblasts and 3-7 Gy-equivalents for mutated taks, corresponding to repair capacities of
95-98% in controls and 93-97% in mutants [171]. Vakies of Gy-equivalents estimated in LEC
cells at 6 hours after irradiation with 70 Gy w&®&+ 1.8 (n = 3) versus 681.6 (h = 3) in LE

cells.

There are examples of radiosensitivity in canceiepts, wheran vitro studies, failed to
reveal a phenotype. Fibroblasts, established frghlyradiosensitive FA patients, do not show
a radiosensitivity phenotype, although comet assagals a higher dose dependent damage and
slower repair [129]. Other examples of non radisg#ere repair mutants afrRad52and Rad54
knock-out miceRad52andRad54genes are involved in homologous repair, but salmmost no
radiosensitivity phenotype and no DSB repair deficly, but misrepair of DSB, as detected with
the I-Scel nuclease based assay [27]. There isaal&xample of an AT mutation, where extreme
radiosensitivity is known, but reports about a regafect are contradicting each other, although
the data of Foragt al., 1997 [185], show that A-T cells have a higherdaal damage at 24
hours after doses of 5-40 Gy due to defective regda small fraction of DSB in A-T cells [185].
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It is also possible, that such a radiosensitivibhenqotype results from a hypomorphic
mutation, which does not inactivate completely filngction of the affected gene, but diminishes
it. There are examples, described in the literatthat even SNPs, which are causing single
amino acid substitution variants [186] in ATM, p§&1, XRCC1, XRCC3, and TGHE lead to
increased radiation sensitivity in human fibroldasAn increase in radiosensitivity was also
described in patients carrying SNPs (one silenbther missense) in a gene involved in DNA
DSB repair and sister chromatid cohesion — hHRAJ[LAnother example was described by
[188], where a SNP in a splice acceptor site ohekof XPC led to a decrease of its information
content and an increase of mRNA with skipped exoifh# abnormally spliced XPC mRNA
isoform had diminished DNA repair function and pblscaused cancer susceptibility.

Considering the small extend of radiosensitivity OEC fibroblasts and lack of
developmental defects/tumourigenesis it may beloded that the NHEJ repair pathway is not
affected in the LEC rat, since described NHEJ ntgtahow pronounced radiosensitivity (7 fold)
and repair defects [28].

DNA repair experiments, conducted on G1 cells camvaluate efficiency of another
pathway of DSB repair — HR, which operates mostlySIG2 phase of the cell cycle. HR is
considered to either act on a small fraction ofitluced DSB or to engage in the repair
processes at a step after the initial end joinid@9]. HR deficient cells show mild
radiosensitivity (1.7 fold) and a very small or mSB repair defect, but a high rate of
chromosomal aberration. Direct measurements of BiBEBrepair using I-Scel nuclease based
assays revealed that deficiencies in the HR protERCC2 and XRCC3 produce severse2b-
fold) reductions in HR repair and sensitivity t@ss-linking agents, which also was not tested in
LEC cells [62]. Loss of FA gene function has bessoaiated with mild»3.5-fold) reductions in

the efficiency of HR repair [62].

Cell killing is suggested to result from non- anmpaired DSB leading to chromosomal
damage such as terminal or interstitial deletionsvall as dicentrics [185]. It was found that in
normal human fibroblasts irradiated in the GO phakéhe cell cycle» 25% of all initially
induced breaks undergo mis-rejoining [190]. Invgion of DSB repair in LEC cells with the
applied FAR-PFGE technique allowed to measure regaisus non-repair, but not misrepair.
Evaluation of misrepair of DSB is possible withy Bxample, I-Scel nuclease assay or counting

chromosomal aberrations.
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Considering the sensitivity of LEC rats to DNA dagimey agents, other then IR, it is only
known that higher levels of chromosomal aberratiodsiced by BNU and MMS are observed in
bone marrow of LEC and LEA rats than that of WistaED rats [102]. Repair of damage, which
is induced by these alkylating agents, involves Bffid HR [191]. It is possible to hypothesise,
that this common between LEC and LEA rat straissle might be caused by the same defect,
which makes these rats also radiosensitive. Inyasbns of DNA repair on the cellular level
should also include the evaluation of cross-sentsitito other damaging agents, such as

alkylating and cross-linking agents.

4.10 Analysis of candidate genes

Excluding of Rad18, v-raf-1, XPC, and Fancd2 as can didate genes

The genetic analysis oRad18, v-raf-1, XPCand Fancd2 genes led firstly to the
establishment oFancd2as the main candidate, since fFencd2gene carried two mutations in
the coding sequence, at nucleotide 958, & which caused substitution of Isoleucine by \&lin
and at nucleotide 1645,&5 A, with substitution of glycine by arginin. The s#dyved mutations
were present in the LE rat too. In FA cells, theuswsulation of cells in the G2/M phase of the
cell cycle was observed after MMC treatment. DeficiDNA end joining activity in extracts
from FA fibroblasts has also been reported [138jisTknowledge of the function ¢fancd2in
DSB repair maddé-ancd2the best candidate for the LEC phenotype. Howether,number of
other rat strains were additionally genotyped foe tobserved mutations (s@able 3.10.,
RESULTS 3.7 and the same mutations were observed in F344Capger rat strains. Neither
F344 or Copper rats were shown to be radiosenséi the conclusion was done that the
observed changes are common polymorphisms. Thgsamailf Fancd2 expression with Real-
time PCR has shown the same level and patterrragfiation-induced changes in its expression
between LEC and LE cells. The observed suppressidtancd2 expression at later times was
also shown by Zhoat al.,2006 [192].
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GATA binding protein 2

The gene coding for the GATA binding protein 2 midie considered as the main
candidate due to its location in the 65K18 clonhiclv was shown by Tsugt al., 2006 [94] to
partially complement the radiosensitivity phenotyp&EC cells.

The family of GATA binding proteins include six kwa members with a common DNA-
binding domain that is highly conserved among \mege speciessata-1expression is restricted
to haematopoietic lineageGata-2 expression is less restricted, with expression in
haematopoietic, endothelial, and neuronal cell8]19

Although there are no evidences exist so far, winvoluld show the role of GATA-2 in
radiation response, hypothesizing about possiblection of GATA-2 in radiation-induced
changes in gene expression might explain diffeaéngigulation of large number of genes in LEC
versusFisher [85] in unirradiated and irradiated coratis. The role of GATA-2 in hemopoietic
stem cells (HSC) development [149] also points tite possibility that not-yet identified
mutations in regulatory sequences might cause tefedts function in repopulation of HSCs.
Although sequencing of the coding sequence didexaal any mutations, changes in introns of
the 5’UTR might affect tissue specific splicing toanscriptional regulation of this gene. There
was no significant impairment @ata-2 expression observed in fibroblasts, but the pdggib
that situation is different in targeted cells (hatopoietic cells) cannot be excluded. According
to the work of [194, 195] the changes in noncondsegluences may cause pathological
conditions. One recently described example is ¢iss bf 1-2 T in the poly(T) element in the
intron, which causes significant missplicing $Mmad5 leading mutant mice being unable to

rapidly respond to acute anemia [194].

Characterisation of other candidate genes identifie d on the locus

The locus of chromosome 4 (s€@gure 3.23., APPENDIX, page 154-155Figure 3.22,
RESULTS, 3.7) was investigated further for novel genes. Sevémglothetical genes were
identified, some of them are coding for proteinactioning in DNA repair and cell cycle (see
Table 3.12., RESULTS, 3.).

The product of the newly described gel@f (C20rf13 was shown recently by lliest
al., 2007 [140], and Bekker-Jensenal.,2007 [139] to be a novel member of the FHA domain
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family of proteins, interacting with XRCGh vivo andin vitro in a manner that is stimulated by
CK2. The authors [147] also show interaction of &ARAith the DSB repair proteins XRCC4 and
XRCC5 (Ku86), phosphorylation of APLF in a DNA dageaand ATM-dependent manner, and
that depletion of APLF reduces the rate of chromwddDNA strand break repair following IR
[140].

There is evidence in the literature [196], whiclowh that another candidate, histone H1,

plays a role in DNA NHEJ. It was proposed that DRK-may act as a linker histone kinase by
phosphorylating linker histones in the vicinityaDNA break and coupling localized histone H1
release from DNA ends with the recruitment of Igd¥/XRCC4 to carry out double-stranded

ligation.

Affected function of _Rho-GTPase activating protefb might also cause the

radiosensitivity phenotype, considering the dafg [@ublished about th€dc42GAPknockout
primary MEFs, which show radiosensitivity with SB230% for mutant and 70% for wild type
cells (sedntroduction 1.10). They have reduced survival as determined byigalrassays after
treatment with alkylating agent MMS, mitomycin C M), H,O,, increased genomic
abnormalities, induction of multiple cell cycle ibhiors, and premature senescence [37].

The other possible candidates, which function watsdescribed yet, are LOC686646,
Pre-mRNA-splicing factor 1SY,1 LOC686635 and LOC500251 Hypothetical protein
LOC686646has a known human ortholog, which is called ceded domain containing 48

(CCDC48). Its function is not defined yet, butstknown that in animals and yeast, the coiled-
coil motif has been identified in a variety of s associated with the cytoskeleton, the golgi,

centromers, centrosomes, the nuclear matrix, andbneitin. (JRL: http://www.coiled-

coil.org)).The function of Pre-mRNA-splicing factor 1ISYA Saccharomyces cerevisigerelated

to pre-mRNA splicing [197]Performed InterProScan analysis showed the presd#racealcium-
binding EF-hand domain in the hypothetical protdi®C686635 This protein has no
characterized orthologs with known function in humar mouse. Hypothetical protein

LOC500251is a homologous tédlomo Sapiens C30rf3@n chromosome 3. It codes for an

uncharacterized, yet highly conserved protein witknown function.
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FINAL SUMMARY AND CONCLUSIONS

The increased sensitivity of the LEC rat strairtdtal body irradiation, characterised by
the bone marrow and intestinal acute radiation gymes [80, 81], and the absence of any
phenotypic features of known radiosensitivity symdes or DNA repair deficiencies
(premature aging, neurological phenotype, cancalenLEC rat a very valuable model for

the field of radiation protection and radiobiology.

To understand the molecular basis for the increesgidtion sensitivity a series of studies

were performed.

The cellular radiation sensitivity and repair of @liase LEC fibroblasts was studied by
applying assays such as clonogenic survival, PR@GH, H2AX foci. DNA repair was also

studied in quiescent LEC lymphocytes of periphblabd by means of alkaline comet assay.

Fibroblasts of LEC rats were slightly more radiagewe than those of the parental LE
strain in the clonogenic survival assay. Althouphk statistically significant difference was
observed for SF at 2 and 3 Gy, no significant déifee in thea andb parameters could be
detected. Dose modifying factor at 2 Gy (DMF2) £2).3and DMF3 (1.58), both
characterizing radiation sensitivity in the clonogeassay, were lower in LEC fibroblasts
compared to LEC animals themselves (DMF of 2.36afe marrow syndrome and 1.95 of
intestinal death [80, 81]). This difference miglet éxplained by the use of different control
(WKAH in animal experiments and LE in performiedvitro clonogenic survival).

A connection between impaired DNA repair capaaitynon-dividing cells (G1/G0) and
radiation sensitivity in LEC rats could not be édithed by the alkaline comet assay. The
PFGE investigations of DSB repair did not reveaignificant defect in Gl-accumulated
fibroblasts applying conversion of FAR data into @guivalents, although the tendency
toward slower DSB repair deficiency existed in LE€}s compared to LE. Failure to detect

large differences might be caused by methodolodiocatations of FAR analysis in PFGE
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(low sensitivity of detection of small values of BNlegradation). The possibility exists that
affected pathway might operate in other phaselbtgcle (S, G2/M), and/or the difference

was not significant enough to be distinguished flmankground with the available methods.

The induction of damage (dose-response) was imatsti by means of PFGE in
fibroblasts (G1) and comet assay in lympocytes (&®) did not show any differences in
initial damage between LEC and LE.

It is known that the NHEJ pathway of DSB repaiopgerating mostly in the G1/G0O phase
of the cell cycle and mutants in this pathway havkigh radiosensitivity and pronounced
DSB repair deficiency. The luck of profound changeludes large defects in NHEJ,
although the possibility of a mild phenotype caubgda hypomorphic mutation still exists,
but may not explain the vivosensitivity. The HR pathway operates in the S/Gphdses of
the cell cycle. Mutations in its components areeofiethal in animal models, although cells
are not very sensitive to IR at GO/G1, without #igant defect in quantity of DSB repair, but
have pronounced misrepair of DSB. Mutations in HRRiponents cause high sensitivity to
alkylating agents, as well as defects in NER. Thbliphed observation of an increase in
chromosomal aberrations induced by MMS and BNU latikyg agents in bone marrow of
LEC rat [102]versusFisher/SD ramight indicate such a defect.

Cell cycle progression without and after IR did disfer between LEC and LE fibroblasts
and exponentially growing heterogeneous fibroblaspulation had G1 arrest, S phase
depletion, and transient G2 arrest induced by iatamh with 5 Gy. This indicates that no
mutation in genes controlling cell cycle regulatismpresent in LEC rats.

The results of PFGE, clonogenic, and cell cyclelyam assays do not confirm earlier
reports of a defect in LEC fibroblasts, which wasdibed by Hayaslat al., 1994 [82], and
Hayashiet al., 1998 [182]. In these earlier studies SV40 transédiom was used, which may
explain the high radiosensitivity, pronounced oejicle changes, and high DSB repair
deficiency in these fibroblasts [183]. In performegeriments the more biologically relevant
experimental system was studied - primary non-foansed fibroblasts, additionally the

standartisation of cell cycle conditions, which ksown to be particular important for
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reliability of data from clonogenic survival and ®GE, was performed. This leaded to a
different conclusion about cellular radiosensitiyitell cycle arrest induction and DSB repair
in LEC cells [82], [182].

The genotype of LEC and LE rats at the locus céregt was different for a number of
microsatellite markers and SNPs analysed, sugges$tia mutation arose at the time of
separation of LEC and LE strains. The analysisanfdidate genes exclud&hd18, v-raf-1,
XPC and Fancd2candidate genes from being responsible for the LB@losensitivity

phenotype.

Further analysis of genes on the locus establi§®@A binding protein 2 as one of the
main candidates. The expression of the GATA bindangtein 2 was not significantly
different between LEC and LE in either control oradiated cells. No mutations were

identified in the protein-coding region of the gene

The ORF with high homology to human genes: Aplf XHiistone, and Rho-GTPase
activating protein 25 were found on the locus ¢éiiest too together with several other genes,
which function has not been described yet. Forh&rrtcharacterisation of LEC rat it is
necessary to perform a more detailed genetic asabythe candidate genes, which includes
sequencing of exons, splice sites, introns, ar@l TR regions, which are highly conserved

between species (potential regulatory regions)exmiession analysis.

Further investigations on the cellular level migitlude (depending on the results of the
mutational analysis of candidate genes) estimatiocross-sensitivity of LEC fibroblasts to
other types of damage, different from induced bylilke alkylating and cross-linking agents,
investigation of DSB misrepair and sensitivity in2/@ stages of the cell cycle, and

comparison to that of LE cells.
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ABBREVIATIONS

AR acute radiation

AT ataxia telengeactasia

ALS alkali labile sites

BER base excision repair

DMF dose modifying factor

DSB double strand breaks

EST expressed sequence tag

FAR fraction of activity released

GGR global genome repair

Gl genomic instability

HR homologous repair

IR ionizing radiation

LDso/30 dose, necessary to kill 50% of animals ird&89s
LDsor7 dose, necessary to kill 50% of animals iraysd
LE Long Evance

LEA Long Evance Agoulti

LEC Long Evance Cinnamon

LMP low melting point

MEF mouse embryonic fibroblasts
MMR mismatch repair

MMS methyl methansulfonate

MN micronuclei

NHEJ non-homologous end joining
PARP poly(ADP-ribose) polymerase 1
PCNA proliferating cellular nuclear antigen
PE plating efficiency

PBGD porphobilinogen deaminase

PFGE pulsed field gel electrophoresis
ROS reactive oxygen species

RT room temperature

SEM standard error of the mean

SF2 surviving fraction at 2 Gy

SNP single nucleotide polymorphism
SSB single strand breaks

SSLP single-sequence length polymorphism
TCR transcription coupled repair

TLS translesion synthesis

uv ultraviolet

UTR untranslated region

XP xeroderma pigmentosum

XRCC X ray cross complementing

DMEM Dulbecco’s modified Eagle’s Media
FCS fetal calf serum

PS penicillin/streptomycin
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Figure 2.2. The scheme of preparation of samples dmel for PFGE

A: The procedure of preparation of PFGE samples declypouring of LMP agarose/cells
mixture into the prepared custom-designed moulds

B: After agarose solidification the moulds were opmkerend prepared plugs were
transferred into 50 ml Falcons filled with ice-caftedia (repair and controls); induction
plugs to 15 ml Falcons filled with ice-cold media

C: Samples were irradiated and left for incubati@péir and controls). Induction samples
were equilibrated with ice-cold EDTA and furtherség. At repair time intervals the
procedure was repeated with respective repair/cbpiugs

D: Samples were cutted to have pieces of 5 mm x 1rimmm size.

E: The custom-designed comb was applied. Boiled aedopled agarose was poured into
the chamber, forming the niches for the first rdie prepared plugs were inserted, comb
was applied lower on the gel and agarose was fugtbered into the space between
previous row and the comb.

F: After the gel was completed, rest of the agamss poured over the chamber. Solidified
gel was subjected to electrophoresis.
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Figure 2.4. The interface features of the FAR3 Softare for analysis of FAR values in PFGE

A: Starting the program and opening of one of theeargental data sets. As image indicate, all
lines on the gel might be selected

B: The definition of the band borders and backgrosutatraction is performed. The value of
DNA migrated into the plug is determined automadlyca

C: The program includes ‘user-friendly’ features lgaving of measured values and depicturing
them when the user returns to the file
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Figure 2.7. Computerized image analysis

A: stacking together 10 images with Alexa488 signdRAX) into one picture.

B: setting signal threshold and converting imageinaty for further automatic quantification of
foci number and size, which is performed by Imagefiware.

C: outlining of DAPI signal (nuclear stain) to havectear shape and counting number of
cells per analyzed image.

D: DAPI outlines(C) were merged with thresholdgd2AX image (B).
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Figure 3.2. Growth curves derived from two independnt experiments with controls
and irradiated with 5 Gy LEC and LE fibroblasts

For growth curves analysis at least two counts vieken from two - three plates of each
irradiated with 5 Gy and control (sham-irradiate&C and LE cell lines at 0, 23,5, and 54
hrs. Mean values of counts were plotted against fion measured controls and irradiated

cells.

A: data evaluated in ExperimentB:; data evaluated in Experiment 2.
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Table 3.7. PFGE experimental data

Repair, FAR | EXP1, EXP2, EXP3, EXP4, EXP5, | EXP6,

Time, min LEC2 { LEC1 LEC1 | LEC2 LEC1  LEC1 mean{SEM: n {mean; SEM n
0 62.5 61.7 51.9 62.4 44.8 559 565 29 6.0 544 52 3.0
0.25 n.d. 39.2 34.4 n.d. n.d. n.d. 36.8 nd. 20 nd.  n.d. ind.
0.5 50.0 40.7 29.5 43.5 26.6 n.d. 381 44 50 383 nd. n.d.
1 n.d. 19.8 18.2 n.d. 21.4 312 1227 29 140 263 nd. :n.d.
15 34.8 19.6 15.0 26.8 20.7 n.d. 234 1 34 50 27.8 | n.d. {n.d.
2 29.6 12.2 13.7 23.0 17.7 239 200 27 6.0 237 3.4 3.0
3 27.6 8.1 n.d. 20.8 17.5 n.d. 185 41 4.0: 226 : n.d. 2
4 22.2 n.d. n.d. 17.3 15.7 233 196 18 40 204 24 3.0
6 25.6 n.d. n.d. 15.2 14.2 260 1 203 3.2 40 219 39 3.0

Control, FAR | EXP1,: EXP2, EXP3, EXP4, EXP5, i EXP6,

Time, min LEC2 | LEC1 LEC1 | LEC2 | LEC1 | LEC1 mean!SEM ' n imean SEM | n
0 2.9 3.0 3.0 4.9 4.0 8.0 43 1 0.8 6.0 5.0 1.5 | 3.0
0.25 n.d. 5.9 3.9 n.d. n.d. n.d. 49 nd. 120 nd. | nd. nd
0.5 3.8 2.7 4.9 5.3 5.1 2.3 40 05 6.0 3.7 0.8 | 3.0
1 n.d. 4.1 3.1 5.6 6.2 4.2 46 06 50 52 nd ind.
15 55 4.1 4.2 7.5 7.8 2.3 52 109 6.0 52 1.6 : 3.0
2 7.1 3.5 5.3 9.3 8.0 5.6 6.5 i 09 6.0 6.9 0.7 : 3.0
3 8.5 5.3 n.d. 11.7 8.7 5.2 79 1 1.2 50 7.5 1.1 3.0
4 10.0 4.8 n.d. 10.7 9.7 13.0 96 | 1.3 50 109: 1.1 3.0
6 7.7 n.d. n.d. 8.4 11.6 16.3 1 11.0 20 40 11.9: 25 @ 3.0

Induction EXP1, EXP2, EXP3, | EXP4, EXP5, | EXP6,

Dose, Gy LEC2 | LEC1 LEC1 LEC2 LEC1 | LEC1 imean SEM: n mean: SEM | n
0 4.7 1.8 3.5 4.5 1.5 6.0 3.7 0.7 (6.0 407 i 1.34 3.00
5 7.9 5.1 6.1 8.5 5.1 9.5 70 1 0.8 (6.0 750 : 1.29 3.00
10 n.d. 6.3 9.5 14.1 11.6 153 114 1.6 5.0 13.45 n.d.  n.d.
15 21.6 n.d. 8.3 n.d. n.d. 19.3 1 164 41 3.0 20.45: n.d. | n.d.
20 22.2 n.d. 19.5 n.d. 17.7 228 1206 : 1.2 40 20.90: 1.61 3.00
30 32.1 27.5 n.d. 22.2 n.d. 325 286 24 4.0:3230 n.d. | n.d.
40 47.2 40.3 n.d. 45.6 18.4 429 38,9 5.3 {5.0.36.17; 8.97 3.00
50 51.5 45,7 n.d. 62.6 28.0 642 504 6.6 5.0 47.90:10.60 3.00
60 n.d. 52.4 n.d. 63.5 41.4 n.d. 524 6.4 3.0 41.40 n.d. n.d.
70 n.d. 68.5 n.d. n.d. 53.6 55.2 59.1 47 3.0 5440 n.d.  n.d.

Repair,Gy-eqv | EXP1, { EXP2, EXP3, | EXP4, EXP5, | EXP6,

Time, min LEC2 { LEC1 LEC1 | LEC2 LEC1  LEC1 meaniSEM . n imean: SEM n
0.0 56.5 61.0 n.d. 43.5 63.0 540 556 34 50 578 27 3.0
0.3 n.d. 35.5 n.d. n.d. n.d. n.d. 355 nd. 1.0 nd.  nd. ind.
0.5 39.1 36.5 n.d. 32.5 28.5 n.d. 342 23 :40: 33.8 nd. 20
1.0 n.d. 17.5 19.0 n.d. 16.0 315 21.0 3.6 40 238 nd. i 2.0
1.5 25.3 20.5 15.8 16.0 14.5 n.d. 184 2.0 50: 199 nd. 2.0
2.0 20.3 16.0 13.0 12.5 14.0 225 1164 1.7 :16.0: 189 i nd. : 3.0
3.0 17.0 7.0 n.d. 10.7 11.0 n.d. 114 1 21 140 140 | nd. 20
4.0 n.d. n.d. n.d. 7.8 9.5 10.5 93 0.8 3.0 10.0  nd. 2.0
6.0 n.d. n.d. n.d. 9.5 11.0 5.0 85 18 30 80  nd. 20
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Repair,FAR |EXP1, {EXP2, EXP3, EXP5, i EXP6,

Time, min LE2 LE2 LE4 LE1 LE2 mean SEM| n mean: SEM | n
0.0 57.2 63.6 44.6 52.3 475 1530 34 50 523 28 3.0
0.3 43.2 50.3 35.1 n.d. nd. 1429 44 3.0 432 nd. 1.0
0.5 33.3 35.0 25.9 30.4 nd. 1 31.2 20 40 319 nd. 2.0
1.0 23.6 27.5 17.7 n.d. nd. {229 28 :3.0; 236 : nd. 1.0
1.5 n.d. 22.4 13.1 18.3 nd. 179 27 3.0 183  nd. 1.0
2.0 22.3 n.d. 15.3 n.d. 158 178 23 3.0 19.1 : nd. : 2.0
3.0 15.9 n.d. 3.8 n.d. n.d. 98 nd. 20 159 nd. 1.0
4.0 9.6 n.d. n.d. 7.1 16,5 111 28 i3.0i 11.1: 2.8 | 3.0
6.0 12.5 n.d. n.d. 15.0 172 1149 1.4 130 149 1.4 | 3.0

Control EXP1, EXP2, EXPS3, EXP5, | EXP6,

Time, min LE2 LE2 LE4 LE1 LE2 mean SEM n mean SEM | n
0.0 3.5 5.8 6.5 4.2 5.6 51 06 50 4.4 0.6 . 3.0
0.3 1.8 6.7 6.3 n.d. n.d. 49 116 30 18 nd. 10
0.5 5.1 7.5 6.2 2.0 n.d. 52 1.2 40 36 | nd. 20
1.0 4.7 7.0 7.7 n.d. 3.1 56 1.1 4.0 3.9
1.5 4.2 6.5 7.3 55  nd. 59 07 40 49 nd. 20
2.0 3.3 7.1 8.2 9.0 6.6 6.8 1.0 50 6.3 1.7 3.0
3.0 2.8 n.d. 6.5 n.d. n.d. 47 nd. 20 28 i nd. 1.0
4.0 55 4.2 n.d. 9.3 8.2 6.8 1.2 40 7.7 1.1 | 3.0
6.0 6.9 n.d. n.d. 9.2 10.4 88 10 3.0 838 1.0 3.0

Repair, Gy-eq | EXP1,  EXP2, EXPS3, EXP5, | EXP6,

Time, min LE2 LE2 LE4 LE1 LE2 mean SEM:i n mean: SEM | n
0.0 58.2 60.5 57.0 51.0 43.0 {539 3.2 50i50.7: 44 3.0
0.3 39.0 n.d. 425 n.d. nd. | 40.8 nd. {20 39.0  nd. 1.0
0.5 24.0 28.0 33.5 40.0 nd. 314 35 40 320 nd. 20
1.0 19.0 22.8 18.0 n.d. 26,0 215 18 40: 225 nd. i 20
1.5 n.d. 19.0 11.0 19.0 nd. 163 27 3.0 190 nd. 1.0
2.0 14.5 n.d. 13.5 n.d. 156 145 0.6 3.0 151  nd. 2.0
3.0 11.5 n.d. n.d. n.d. 143 1129 nd. 120 129 nd. | 2.0
4.0 3.0 n.d. n.d. 0.0 12.6 5.2 1 3.8 3.0 52 3.8 | 3.0
6.0 4.0 n.d. n.d. 5.5 9.3 6.3 16 3.0 6.3 1.6 3.0

Induction EXP1, EXP2, EXPS3, EXP5, | EXP6,

Dose, Gy LE2 LE2 LE4 LE1 LE2 mean SEM n mean SEM: n
0 0.1 2.2 5.1 4.0 6.8 36 | 1.2 50 363 1.94 :3.00
5 3.8 6.9 4.7 7.4 10.0 6.6 1.1 5.0 7.07 : 1.80 ;{3.00
10 10.5 12.0 9.4 9.6 136 11.0 0.8 {50 11.23; 1.21 1 3.00
15 15.3 n.d. 11.3 19.8 nd. 1155 25 3.0 17.55 2.25 2.00
20 25.3 19.1 n.d. 26.8 18.3 1 224 21 4.0 23.47: 2.62 {3.00
30 33.4 30.9 n.d. 30.4 nd. 316 0.9 /3.0 3190 1.50 2.00
40 41.9 n.d. 24.9 51.1 416 {399 55 4.0 44,87 3.12 :3.00
50 52.5 52.3 345 56.7 576 50.7 4.2 50:55.60 1.57 :3.00
60 55.7 n.d. 42.0 n.d. 64.2 540 6.5 3.0:59.95 4.25 :2.00
70 64.6 68.2 n.d. 48.3 nd. | 604 6.1 3.0 56.45 8.15 2.00

Table contains the data from the respective PFGieraxents and gel images evaluation. The number of
respective experiment and evaluated cell line (p2}is showrA, B, C, D—- LEC data se€&, F, G, H-

LE data set. Red colour indicates the respectipemxental data, which subsequently show statistica
significant difference in repair as expressed irRFA, E: fraction of activity released (FAR) values of
repair;B, F: FAR values of controlC, G: FAR values of inductior), H: Gy-equivalents.
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Figure 3.16. Overlayed DNA distribution histogramsshowing cell cycle progression of LE-
4 and LEC-1 cells after 5 Gy of IR

Plates with cells in exponential growth were hamesat 6,5 hours, 23 hours, 33 hours, 54
hours after 5 Gy (LEC-1-filled red colour) of ioirig radiation as well as controls (LE4-filled
blue colour) at 0 hours, 23 hours, 54 hOurs.
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Figure 3.23. The genetic map of the locus was constted with UCSC Genome
Browser (http://genome.ucsc. Edu/)

A: gaps in the assembly;

B: Known genes based on UniProt, RefSeq, GenBank mRNA
C: orthologous RefSeq genes (not all are shown);

D: N-Scan gene predictions, Rat mMRNAs from GeneBank;

E: spliced ESTs;

F: conservation in vertebrates
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Figure 3.27. The sequencing electrophoregrams ofefintron-exon bondaries with insertion of
extra G

The intron-exon boundaries of Gata-2 were analybbd.SNP was detected (marked yellow).
The arrow sign shows the exon/intron boundary.
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