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ABBREVIATIONS

3'UTR: 3'Untranslated Region

5'dRP: 5’ deoxyRibose Phosphate

5'UTR: 5’ Untranslated Region

8-0x0G: 8-0xoguanine

AA: Amino-acid

AP: abasic (apurinic/apyrimidinic) site
APEL1: AP endonuclease 1

AT: Ataxia Telangiectasia

ATLD: Ataxia Telangiectasia like Disorder
ATM: Ataxia Telangiectasia Mutated

ATR: Ataxia Telangiectasia and Rad3 related
BC: Breast Cancer

BER: Base Excision Repair

BRCA: Breast cancer susceptibility protein
BRCT: BRCA1 Carboxy Terminal domain
BS: Bloom’s Syndrome

CHO: Chinese Hamster Ovary

Cl: Confidence Interval

Ct: Threshold Cycle

CS: Cockayne Syndrome

DAR: transcription Domain-Associated Repair
DNA-PK: DNA-dependent Protein Kinase
DNA Pol: DNA Polymerase

DSB: Double Strand Break

FCA: Flow Cytometric Analysis

GO: absence of radiation effect

G1-G2-G3: grades of radiation effect

GGR: Global Genome Repair

global rapid SSBR: global rapid single strand bresgdair
HR: Homologous Recombination

HRR: Homologous Recombination Repair
IR: lonizing Radiation

LCL: Lymphoblastoid Cell Line

Lig: Ligase

LP-BER: Long Patch-Base Excision Repair
miR34a*; microRNA (miR) 34a*

MMR: MisMatch Repair

NBS: Ninmegen Breakage Syndrome
NER: Nucleotide Excision Repair



NHEJ: Non-Homologous End Joining

NIR: Nucleotide Incision Repair

OGG1: 8-oxoguanine-DNA-glycosylase

PARP: Poly(ADP-Ribose)Polymerase

PBL: Peripheral Blood Leucocytes

PBMC: Peripheral Blood Mononuclear Cell

PCNA: Proliferating Cell Nuclear Antigen

PCR: polymerase chain reaction

PNK: PolyNucleotide Kinase

PNKP: PolyNucleotide Kinase 3'-Phosphatase

OR: Odds Ratio

RAD51: RAD51 homolog (RecA homolode,coli)

RD: Residual Damage

RFLP-PCR: Restriction Fragment Length PolymorphBotymerase Chain
Reaction

ROS: Reactive Oxygen Species

RPA: Replication Protein A

RQ: Relative Quantitation

RT: Radiotherapy

RTOG: Radiation Therapy Oncology Group
RT-qPCR: quantitative reverse transcriptase-PCR
gPCR: Quantitative PCR

S/G2-specific XRCC1-dependent SSBR: S/ G2-speXRE€C1-dependent
SSBR

SE: Standard error

SNP: Single Nucleotide Polymorphism

SP-BER: Short Patch-Base Excision Repair

SSA: Single Strand Annealing

SSB: Single Strand Break

SSBR: Single Strand Break Repair

TCR: Transcription-Coupled Repair

TD: Tail DNA

TFIIH: Transcription Factor IIH

UV: Ultra Violet

VNTR: Variable Number of Tandem Repeats

XP: Xeroderma Pigmentosum

XRCC1: X-ray Repair Cross-Complementing group 1
XRCC3: X-ray Repair Cross Complementing group 3
WS: Werner’s Syndrome



SUMMARY

Polymorphisms represent the main source of genigtier-individual
variability. The presence of polymorphic allelesDNA repair genes may
alter repair capacity and thus modify the biolobresgponses to exogenous
and endogenous DNA insults, both at the cellulad &issue level. In
addition to impaired DNA repair capacity and in@eé mutagenesis,
polymorphisms in DNA repair genes may also resula imodified risk of
developing cancer. Radio-induced DNA damage andejisir also play a
critical role in the susceptibility of patients tievelop side effects after
radiotherapy (RT). Therefore, the development iof vitro cellular
radiosensitivity tests and genetic markers, that loa used as biomarkers
for the extent of patients’ normal tissue reactjagasf great interest. Such
markers could be used to adjust RT protocols fdah badio-sensitive and
radio-resistant patients.

The aim of this PhD project was to analyse thetimiahip between
induced DNA damage, the DNA damage responses andnthividual's
genetic background. In particular the influencesafiant alleles in damage
signalling RAD5]) and repair XRCC1, OGGland XRCC3 genes on
individual susceptibility to developing cancer aod sensitivity to IR-
exposure, were assessed analysing imotivo/ex vivoandin vitro systems.
Ex vivostudies were focused on breast cancer patients|lethin Italian
and French Oncology Units and in order to investighe cellular response
to IR exposure and to find a possible explanation differences in
radiosensitivity, we conducted vitro assays on lymphoblastoid cell lines
(LCLs) established from BC subjects, peripheralodlanononuclear cells
(PBMCs) isolated from healthy donors and the ham@#iO) cell lines
AA8 and EM9, that represent a model to study thectional role of the
XRCCl1gene.

In the research part on BC patients, the Comelyass@aled that the cases
exhibited a higher level of basal and X-ray (2Gyuced-DNA damage
than healthy controls. Moreover, in patients shgumo adverse reactions
(G0) the DNA damage significantly decreased from@&®0 min of repair
times, unlike BC subjects showing acute skin reastiG1-G3).

With respect to the polymorphisms in the&RCC1 gene, XRCC1-399
(rs25487) was significantly associated with aneéased risk of developing
sporadic breast cancer. The 399-GIn may act asrendat allele and when
combined with the wild type allele at codon 194 &mel variant allele at the
position -77, was associated with a significantighler BC risk. On the
contrary, XRCC1-77 XRCC1-194 OGG1-326 XRCC3-241 RAD51-01
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Summary

RAD51-52as individual SNPs did not show any associatiotth \BIC risk.
However, carrying combination of SNPs in severahgge involved in
different repair mechanisms, increased the ristesieloping breast cancer.
We found a significantly higher BC risk for subjgetith 3 variant alleles
compared to those with <3 variants, suggestingra @ additive effects of
genetic variants in multiple repair pathways.

Using LCLs we demonstrated tHRAD51mRNA and the microRNA (miR)
34a* were expressed constitutively and that afierekposure (5Gy of-
rays) they appeared induced at 2h and 4h respBgctivet this induction
was independent of tHRAD51-52(rs11855560) genotype. Furthermore, by
4h to 8h post-irradiation a decreasdRIAD51MRNA expression was noted
in all the LCLs.

Differences in the constitutive levels of RAD51 f@io levels were found in
the four LCLs examined that also appeared to beepeddent of the
RAD51-52genotype, however p53 protein levels were simifailowing
IR treatment, as expected p53 levels increasedhirga@ maximum at 4h
post-treatment, however no marked differences irDRA protein levels
were observed.

Using the two hamster cell lines, AA8 and EM9, weeistigated the impact
of irradiation on XRCC1 levels. Immediately aftespesure to 1.25, 2.5 and
5Gy no significant change IKRCC1mRNA levels was found indicating
that these doses of X-rays did not cause a di@tiade to RNA molecules.
In contrast, western blotting analysis conductedpostein extracts from
AA8 cells revealed that XRCCL1 protein levels seerteebe unchanged
immediately after irradiation with 1.25 and 2.5Qyt beduced immediately
after 5Gy treatment. In all extracts from EM9 ceélle XRCCL1 protein was
completely absent confirming its status as a nuitamt line. In EM9 cells,
which are capable of expressiddRCC1 mRNA, the XRCC1 protein is
absent as result of a CT substitution at nucleotide 661 that introduces a
termination codon thus producing a truncated pgitide lacking two
thirds of the normal sequence.

However, by comparing thERCC1mRNA levels in AA8 and EM9 cells,
the null mutant EM9 displayed significantly loweevels of XRCC1
transcript than the wild type AA8, both before amdmediately after
treatments. It is likely that the lack of functidtéRCC1 protein influenced
XRCC1gene expression or that the small amoutXRE€C1ltranscript was a
consequence of a nonsense-mediated mMRNA decay thdeNs.

Using synchronized cell lines we examinédRCC1 mRNA levels in
different cell cycle phases; in untreated AA8 cellwe observed
significantly higher levels oKRCCL1transcript in S phase compared tp G
and G and significantly reduced levels in, hase when compared to S
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and G phases. The EM9 cells also showed a significatitedse oXRCC1
MRNA levels in G as regards &In contrast, the EM9 cells did not show
an increase cKRCC1mRNA during the replicative phase and instead they
showed a decrease when compared ¢eélls. The treatment of cells with
IR (2Gy of X-rays) did not influenckRCC1mRNA levels in the different
cell cycle phases either in AA8 or EM9 cells, excémr a significant
decrease in S phase in AA8 cells.

In quiescent PBMCs, we observed that IR treatmpatifically caused a
XRCC1induction in a time-dependent manner; 90 min aiftediation a
significant increase 0KRCC1mRNA levels was found in comparison to
control level. However, already at 60 min postiimeent a significant, but
less pronounced, enhancement XRRCC1 expression was noted. With
respect to the repair kinetics of radio-induced Ddsnage, in GPBMCs
from 15 to 90 min after treatment a gradual andifgant decrease of Tail
DNA (TD) mean value, measured using the Comet assag detected.
This trend indicated that radio-induced DNA damagerepaired very
quickly after IR exposure.

In summary, we highlight the potential 8RCC1las a possible genetic
marker to assess the risk of developing sporadéadir cancer and we
suggest studying it in combination with other SNPs.

The in vitro CHO studies allow us to conclude th8RCC1lis expressed
differentially through the cell cycle and maximally S phase during which
the XRCC1 protein assists in DNA replication. Ferthore, by dose-
response analysis, we show that the average Xasg denerally used as a
single fraction dose in radiotherapy does not af§RCC1 mRNA and
protein levels.

Investigating the response to IR in quiescent perial blood mononuclear
cells, we can confirm that X-ray treatment causesnauction ofXRCC1
gene expression and that the DNA radio-induced demia quickly
repaired, mainly by global rapid SSBR pathway inchkhXRCC1 operates
as a scaffold protein.

In LCLs, we conclude that the miR34a* binding ie 8y UTR of RAD51is
not influenced by theRAD51-52 SNP, and it does not modifRAD51
MRNA levels. The IR activation of p53 is responsifdr the induction of
the miR34a* expression, seen 4h post-treatmentfamthe decrease in the
RAD51mRNA levels, observed starting from 4h post-iragidin.



Summary

| polimorfismi genetici rappresentano la principtdate di variabilita inter-
individuale. La loro presenza, sopratutto in gemplicati nella riparazione
del danno al DNA, potrebbe alterare la capacitéartipa e quindi
modificare, sia a livello cellulare che tissutale, risposte dei sistemi
biologici agli insulti di tipo endogeno ed esogeAocausa di una possibile
compromissione della capacita ripartiva e quindumiiaumento del rischio
di insorgenza di mutazioni, i polimorfismi nei gemioinvolti nella
riparazione del danno al DNA potrebbero modifichnéschio individuale
di sviluppare il cancro. Fatte queste premessensiderando la riparazione
del danno al DNA radio-indotto cruciale nel detarare la suscettibilita dei
pazienti oncologici alle reazioni avverse al tnamto radioterapico, €
molto importante riuscire ad individuare dei test vitro in grado di
misurare la radiosensibilita cellulare e dei mardagenetici che possano
essere utilizzati come indicatori dell'entith delazioni avverse nei tessuti
normali. Tali marcatori consentirebbero di sviluppadei protocolli di
radioterapia quanto piu mirati e specifici per zieati radio-sensibili e
radio-resistenti.

Lo scopo di questo progetto di ricerca € statolqudil studiare l'influenza
del background genetico individuale sulle rispostdlulari attivate in
seguito all'induzione di danno a livello del DNA primo luogo ci siamo
proposti di valutare l'influenza di varianti polimfiche in geni coinvolti
nella segnalazioneRADS5Y) e riparazione XRCC1, OGGle XRCC3 del
danno al DNA, sulla suscettibilita individuale dlggpare il cancro e sulla
diversa sensibilita all’esposizione alle radiazimmizzanti. Per raggiungere
guesto obiettivo abbiamo effettuato studi in sistsiain vivo/ex vivochein
vitro.

Gli studi ex vivosono stati condotti su pazienti affetti da tumateseno,
reclutati presso le Unita ospedaliere di Oncoldgidtalia e in Francia.
Inoltre per studiare le risposte cellulari attivateseguito al trattamento con
IR, e trovare quindi una possibile spiegazione differenze in termini di
radiosensibilita, abbiamo effettuato esperimenmti vitro in linee
linfoblastoidi (LCLs), derivanti da soggetti conmare al seno, in cellule
mononucleate di sangue periferico isolate da donasmi e linee cellulari
di ovario di hamster cinese (CHO) AA8 e EM9, chepr@sentano un
modello per studiare il ruolo funzionale del ge¢iRCC1

Relativamente alla parte di ricerca incentrata gagienti con tumore al
seno, il saggio della cometa (Comet assay) ha exia® che quest'ultimi
presentano un danno a livello basale e indottdrdétamento con raggi X
(2Gy) piu elevato rispetto ai controlli sani. Irrelt nei pazienti che non
hanno sviluppato reazioni avverse (GO) alla radaptia il danno al DNA
risulta significativamente ridotto tra 30 e 60 ndopo il trattamento, al
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contrario dei soggetti con reazioni avverse aculigedlo della pelle (G1-
G3), che invece mostrano un danno residuo maggiore.

Per quanto riguarda I'analisi dei polimorfismi géaedi XRCC1 XRCC1-
399 (rs25487) e risultato essere significativamentesoeiato con
l'insorgenza di tumore al seno di tipo sporadictllele variante399-Gin
inoltre sembra comportarsi da allele dominanteandao € in combinazione
con l'allele wild type nel codone 194 e la variaptdimorfica in posizione -
77 determina un significativo e piu elevato risctigviluppare il tumore al
seno. Al contrario dKRCC1-399 per i polimorfismiXRCC1-77 XRCC1-
194, 0GG1-326 XRCC3-241RAD51-01e RAD51-52 non si € evidenziato
nessun tipo di associazione con I'insorgenza dorenal seno, quando sono
stati considerati singolarmente.

Tuttavia la combinazione di varianti polimorfiche diversi geni coinvolti
nei processi di riparazione aumenta il rischio diuppare questo tipo di
tumore. Infatti, abbiamo osservato che i soggété presentano tre o piu
varianti polimorfiche hanno un rischio significaimvente maggiore di
sviluppare il tumore al seno rispetto a quelli acmeno di tre varianti
alleliche, suggerendo quindi un effetto combinatasi sommatorio delle
varianti alleliche presenti in piu meccanismi giaiiazione.

Dallo studio effettuato sulle linee linfoblastoidnostri risultati dimostrano
cheRAD51e il microRNA 34a* sono espressi costitutivamesta seguito
allesposizione con IR (5Gy raggi gamma) essi appai indotti
rispettivamente a 2h e 4h dal trattamento, ma Umohe risulta
indipendente dal genotipo cellulare hetus RAD51-52 Inoltre in tutte e
quattro le linee linfoblastoidi & possibile evidemeg una riduzione del
messaggero RAD514-8h dopo l'irraggiamento.

A livello dell’espressione basale della proteinal®A sono state osservate
differenze nelle quattro linee linfoblastoidi stawi, che tuttavia non
risultano imputabili al genotipo cellulare. La mimta p53, invece, risulta
espressa in modo simile nelle diverse linee. Ipossa al trattamento con
5Gy di raggi gamma, come atteso p53 viene espe@ssassimi livelli a 4h
post-irraggiamento; nessun cambiamento rilevantest&o osservato
nell’espressione della proteina RAD51.

Nelle linee cellulari di hamster, AA8 e EM9, il ttamento con tre differenti
dosi di raggi X: 1.25, 2.5 e 5Gy non determina irdimtamente dei
cambiamenti significativi a livello del trascritth XRCC1 indicando quindi
che queste dosi non causano un danno diretto ablecole di RNA.
L'analisi mediante western blotting ha invece exmato che nelle AA8 i
livelli della proteina XRCC1 sembrano rimanere in&a subito dopo
I'esposizione a 1.25 e 2.5Gy ma ridotti in seguitdrattamento con 5Gy.
Contrariamente, nelle EM9 la proteina XRCC1 risuttampletamente
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assente sia nelle cellule non trattate che irraggieonfermando quindi
guesta linea difettiva per XRCCL1. Nelle EM9, selibgmene é espresso la
proteina XRCC1 & assente a causa di una sostiiZionT al nucleotide
661 che introduce un codone di stop. Questa mutazinon-senso
determina la sintesi di una proteina tronca cheoaatei due terzi della
sequenza aminoacidica.

Attraverso il confronto dei livelli del trascritii XRCC1nelle AA8 e EM9,
le EM9 presentano dei livelli KHRCC1ImRNA significativamente pit bassi
rispetto al controllo positivo, AA8, sia prima cimmediatamente dopo i
trattamenti con le tre dosi di raggi X. E' probabithe I'assenza della
proteina XRCC1 funzionale influenzi I'espressioneniga oppure che la
ridotta quantita di messaggero &RCC1 sia una conseguenza del
decadimento del mMRNA mediato da codoni non-senke oellule EM9.

Lo studio nelle linee CHO sincronizzate ci ha pesseedi osservare che i
livelli del messaggero dKRCCLlrisultano variare significativamente nelle
differenti fasi del ciclo cellulare; nelle AA8 notrattate, noi abbiamo
rilevato dei livelli del trascritto significativamée piu alti nella fase S
rispetto alle fasi @ e G e significativamente ridotti in G quando
confrontati con S e & Anche nelle EM9 i livelli di trascritto sono
significativamente minori in Grispetto G; ma, al contrario, le EM9 non
esibiscono un incremento del messaggeroX&CC1 durante la fase
replicativa in cui sembra piuttosto esserci unaziodne quando confrontata
con i livelli rilevati in G,. Il trattamento con raggi X (2Gy) nelle differenti
fasi del ciclo cellulare non determina una variaeiodei livelli del
messaggero dKRCC1] ad eccezione di una riduzione osservata nel@a$as
nelle cellule AA8.

Riguardo gli esperimenti condotti su colture dildel mononucleate di
sangue periferico quiescenti, abbiamo evidenzidte kesposizione alle
radiazioni ionizzanti causa un’induzione dell’egsiene genica dKRCC1
in maniera tempo-dipendente; a 90 min dal trattamGy raggi X) si puo
evidenziare un significativo incremento dei livediél trascritto diXRCC1
rispetto alla condizione di controllo. Tuttavia,agia 60 min post-
irraggiamento un significativo, ma meno pronunciatocremento di
XRCC1mRNA puo essere rilevato.

Per quanto riguarda la cinetica di riparazione dhno al DNA radio-
indotto, nelle cellule mononucleate (PBMCs) quiestiidai 15 ai 90 min
dopo l'esposizione €& possibile notare una grade@gynificativa riduzione
del valore medio di Tail DNA (TD), misurato attrase il saggio della
cometa. Questo andamento ci suggerisce che il danB®A indotto dalle
radiazioni ionizzanti inizia ad essere riparato idamente dopo
I'esposizione.
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Alla fine di questi tre anni di ricerca, noi dungeddenziamoXRCClcome
un possibile marcatore genetico per valutare ithis di sviluppare il
tumore al seno di tipo sporadico e in particolarggeriamo di analizzare le
varianti alleliche di questo gene in combinazioae altri polimorfismi.
Inoltre, gli studiin vitro condotti sulle CHO ci permettono di concludere
che XRCC1 viene espresso differentemente durante il ciclbulege e
specificatamente ai massimi livelli nella fase Gashte la quale la proteina
XRCC1 sembra assistere la replicazione del DNA. alggiunta, gli
esperimenti di dose-risposta hanno evidenziatdadese media di raggi X
generalmente utilizzata come singola frazione idiaterapia (2Gy) non
causa un danno diretto a livello delle molecol&NiA.

Lo studio delle risposte cellulari alle radiazidohizzanti nelle cellule
mononucleate di sangue periferico quiescenti ainette di affermare che |l
trattamento con i raggi X (2Gy) € responsabile di'induzione
dell'espressione genica ®iIRCC1ldipendente dal tempo e che il danno al
DNA radio-indotto viene riparato in tempi precadca riparazione riteniamo
avvenga principalmente attraverso il procegtmbal rapid SSBRsingle
strand break repair)in cui XRCC1 opera come proteina scaffold
coordinando il reclutamento delle diverse companem vi intervengono
per riparare la lesione al DNA.

Nelle linee cellulari linfoblastoidi possiamo condkre che il legame del
microRNA34a* al 3'UTR del gendRAD51 non risulta influenzato dal
polimorfismoRAD51-52 e che il miR34a* non modula i livelli di trascat

di RAD51 L’attivazione di p53, conseguente al trattamestn radiazioni
ionizzanti, & responsabile dell'induzione dell’esgsione del miR34a*,
osservata a 4h post-trattamento, e della riduzimdivelli del messaggero
di RAD51registrati 4-8h dopo l'irraggiamento.
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[. INTRODUCTION

1. DNA damage and DNA repair pathways

During evolution, mammals have evolved distincthpatys to repair their
DNA thus preserving genome integrity and avoidimgeyating and fixing
harmful mutations that could promote the onseewtsal diseases.

DNA lesions could be caused by exposure to exteag@nts, such as
ionizing and UV radiation and mutagenic substarseeh as those found in
tobacco smoke but they can also be produced endusgkm for example by
reactive oxygen species (ROS) generated duringi@bggcal processes.
Protein sensors, such as ATM and ATR detect the @#¢fons and trigger
a series of cellular responses including, firsfiNA repair.

In human cells five different repair mechanismseéhaeen well described:
MMR (MisMatch Repair), BER (Base Excision RepaMER (Nucleotide
Excision Repair), HRR (Homologous Recombination &gpand NHEJ
(Non-Homologous End Joining). Each of these patlwapecialized in
removing or correcting different kinds of DNA lesg are a finely
regulated step-by-step process.

Figure 1 illustrates schematically the link betwekamaging agents and the
relative DNA repair pathways that can be activatetesponse to different
DNA lesions. In some case, it is possible thatehieran overlap of the
different repair processes and a cross-talk betwkem, to optimize and
safeguard the cell’s viability.

1.1 Mismatch Repair (MMR)

MMR is a postreplicative mechanism that ensures apelication of
Watson-Crick base pairing principle of the DNA dtmbhelix, by
discriminating mismatches resulting from DNA polyiage errors and
rectifying them to avoid mutations being propagated daughter cells.
Even if DNA polymerases have a high fidelity angparticular for Pol and
Pol it is further improved to 1 in TOnucleotides synthesized by their
inherent proofreading ability (McCulloch and Kunke2008), DNA
biosynthesis represents a source of mismatches.

Failure of mismatch correction will give rise tongdic mutations: purine-
pyrimidine mismatches will generate transition ntiotas in 50% of the
newly synthesized DNA and purine-purine or pyrimipyrimidine
mismatches transversion mutations.

Therefore, to prevent DNA mutations cells monitardaassist DNA
replication through MMR. The eukaryotic MMR, in fadepends on factors
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which are components of the replication machinétledzkowskaet al,
2001; Johnson and O’Donnell, 2005), as outlinedwel

Damaging agent
X-rays IR, HU
oxygen racicals UV-light UV-light
alkylating agents  polycyclic aromatic X-rays replication
spontaneous reaction hydrocarbons anti-fumor agents EITors
Lesion
uracil 6-4 photoproduct A-G mismatch
abasic site bulky adducts interstrand crosslink T-C mismatch
8-oxoguanine cyclobutane double strand insertion
single strand breaks  pyrimidine dimer breaks deletion
Repair process
Base excision Nudleotide excision ~ Recombinational Mismatch
repair (BER) repair (NER) repair (HR/NHET) repair (MMR)
DNA glyoosylases XPC-HRI3B ATMIATR DHA polymerase o, 52
APE! endonuclease TFIIH MREL1/MBS1/RADSD MSH2
DWA polymerase f X MLHL
XRCCI-DNAligase3 EPaA HE: PME2Z
ERCC1-XFF RAD51,RADSZRADS  MSH3
BRCAL, BRCA2 MSHE
Transcription-coupled XRCC2, XRCC3 MLH3
repair (TCR)
CSA, CSB NHEI:
¥ AR2 KU70, KU3D
TFIH DHAPE,
%rC HRCC4
DNAligase 4

Fig.1 A simplified schema of the most importantaieprocesses. DNA-damaging
agents (top), examples of DNA lesions (middle), tredrelevant repair mechanisms
(bottom). The essential genes involved in each Digpair pathway are shown
below the corresponding titles. (Adapted from Hwoeikers, 2001, Khanna and

Jackson 2001, Svejstrup, 2002)
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Briefly, in eukaryotes an occasional base-base atisimis recognized by
MutS , an heterodimeric complex composed of MSH2 and BlSkhich
possesses ATPase activity. The mismatch recogrigégends on increased
DNA pliability caused by the helix destabilizingfedft of the mispair, as
proposed by Schofield and Hsieh (200Bjen, MutS recruits the MutL
heterodimer (MLH1+PMS2) and after to an ADRTP exchange, that
induces a conformational change, this quaternampdex is able to slide
away from the mismatch along the DNA duplex. HerMafL actived by
MutS and some components of the replication appar®CNA, RFC),
introduces nicks up- and down-stream of the mismadtc the newly
synthesized filament.

The nascent DNA strand is discriminated by the gmes of DNA primer
ends and strand-interruptions between unproceskagaRi fragments.
Subsequently, the nuclease EXO1 excises the tmtthioing the mispair
thus generating a gap that is filled in by PoFinally, DNA ligase |
completes repair by sealing the nick. (Figure 2)

Unlike DNA polymerases errors that occur mainlytire nascent strand
during replication, mismatches can also be induice@ither strands by
chemical (i.e. alkylating agents) or physical metag which modify the
Watson-Crick hydrogen-bonding partner.

In this case, mismatches caused by DNA base matits are recognized
by specific and selective DNA glycosylases whickalae the hydrolysis
of the N-glycosidic bond of a damaged deoxynuckmsjenerating an
abasic site (AP), so initiating the BER (Base BEixti Repair) process.

1.2 Base Excision Repair (BER)

BER is the most versatile and the predominant Dpair pathway for
small base lesions, caused by oxidative, alkylatioth deamination damage
(Lindahl, 1993; Kavliet al.,2007; Sedgwiclet al, 2007). Moreover, single
strand breaks (SSBs) generated by reactive oxygmties (ROS),
byproducts of metabolism and irradiation (X- andays) are repaired by
single strand breaks repair (SSBR), a DNA repaihway that utilizes the
BER proteins but differs from it in the recognitignitial step. BER corrects
DNA base lesions via two sub-pathways: short paSi?-BER), a
mechanism whereby only 1 nucleotide is replacedlamgl patch (LP-BER)
that leads to a repair tract of at least two nudes.

For both, the first step consists of the recognitid a damaged base by an
appropriate DNA glycosylase which determines thecHieity of this
pathway. (Robertsoet al, 2009)
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Fig.2 Simplified overview of MisMatch Repair in ergotics. Briefly, MSH2 and
MSH6 compose MutSheterodimer which binds the mismatch (b) and iiecithe
MLH1-PMS2 heterodimer (Mutl) (c). This latter when activated is able to
introduce nicks in the discontinuous strand (redwainead) (d) and the nicked strand
is degraded by EXO1 (e), generating single gapstwhre protected by RPA (f).
Repair is completed by polymerase and ligase. (fdmtfrom Kunzet al, 2009)
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Basically, the BER pathway, discoveredHrcoli nearly 35 years ago by
Lindhal (1974) can be resumed in five distinct anatic steps, illustrated
in Figure 3.

As mentioned above, the first step consists in DMAmaged base
recognition by a DNA glycosylase, which could benmoor bi-functional.
To date, 11 different mammalian glycosylases haa@nhbdescribed (Table
1) and four of them are specialized to remove aeidibases: OGG1 (8-
oxoguanine-DNA glycosylase) (Aburatanigfial, 199%; NTH1 (homolog
of the E.coli Nth endonuclease) (IkedeeSal, 1998); NEIL1 (Nei-likel)
and NEIL2 (Nei-like2) (Hazrat al.,2002).

OGG1, NTH1, NEIL1 and NEIL2 are bifunctional glygtsses with an
additional AP lyase activity which allows them toopess the abasic site
(AP) via or elimination reaction. However, for OGG1 which 8-
oxoguanine (8-0xoG), resulting from the oxidativenrthge of G base, the
lyase reaction is very wedHill et al, 2001).

Table 1 DNA glycosylases and their enzymatic activitiesrffan
nomenclature)

ENZYME | TYPE* ENZYMATIC ACTIVITIES
UNG M Uracil

SMUG1 | M uracil, 5-OH-meU
TDG M T, U and ethanoC (CpG sites)
MDB4 | M T and U opposite G (CpG sies)

MUTYH |M A opposite 8-0xoG

0OGG1 Bi () 8-0x0G, fapyG

NTHL1 |Bi() |Tg, fapyG, DHU, 5-OHU, 5-OHC
NEILL |Bi( ) |As NTH1 and fapyA, 8-0xoG
NEIL2 Bi( ) | Overlap with NTH1/NEIL1
NEIL3 ? Unknown

MPG M 3-meA, hypoxanthine, ethanoA

*Type M= monofunctional; Bi=bifunctional

(Modified from Robertsoet al, 2009)
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Thus, the primary function of glycosylases is t@ise altered bases that
cause only minor perturbations of the DNA doubléxheeleasing a free
base and creating an apurinic or apyrimidinic 6&B, abasic site). Then,
the DNA backbone is cleaved by either a DNA AP endtease (APEL),
that generates 3'OH and 5'dRP (deoxyribose phosphiatmini or a DNA
AP lyase, and in this case the 3’ terminus at tleavage site requires
further processing, by APE1 or PNK, in order tovide a suitable substrate
for a DNA ligase.

At this point, the DNA repair pathway could procesa two sub-pathways
depending on, among other factors, the state obheP terminal moiety
(Klungland and Lindahl, 1997): the short-patch &FR), also named
single nucleotide repair (SN-BER) and the long-pdtd®-BER).

In the SP-BER, the DNA polymerase(Pol ), with an intrinsic dRPase
activity (Prasackt al., 1998), displaces the AP site and polymerizes DbIA t
fill in the gap, preparing the strand for ligatidmy a complex of DNA
Ligase Il (Lig 1l ) and XRCC1 (X-ray repair cross-complementing
group 1).

In the case where the 5’ lesion is refractory td pdyase activity, the
pathway switches to LP-BER (described for the ftiste by Dogliotti’s
group, Frosineet al, 1996) in which polymerase, or , coupled with
PCNA (proliferating cell nuclear antigen), FEN1 endclease and Lig |
synthesizes DNA to fill the gap and repairs théoles

The single strand break repair (SSBR) pathwayzeslimany of the above
mentioned BER proteins. Genotoxic agents that geeeBSBs in the
genome directly or indirectly activate PARP1 and_PR.

PARPL1 recognizes the single strand break and liépsecruitment of the
repair machinery to the damaged site. The polynggnserated by the
activated PARP1 on DNA leads to the recruitmenthef scaffold protein
XRCC1, and then the gap-tailoring enzymes (palg Il and PNKP) are
recruited.

More recently, two additional minor sub-pathways BiER have been
described: the Nucleotide Incision Repair (NIR)thwa unique APE1-
mediated repair initiation event that allows thenoal of oxidized cytosine
(Daviet et al, 2007) and an APE1-independent BER sub-pathwayhier
repair of oxidized bases initiated by the bi-fuonl DNA glycosylases
NEIL1 and NEIL2 (Wiederholet al, 2004; Dast al, 2006).
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1.2.1 XRCC1 (X-ray repair cross-complementing grolp

Many of the genes involved in BER are highly comedrfrom bacteria to
humans, indicating that this mechanism is a fundaateepair pathway in
many living organisms. Even if no disease phenatyeeve been linked to
BER deficiencies, studies on knockout models hasenbimproving our
knowledge about BER protein functions.

Of particular interest is the case XIRCC1cloned in 1990; it was the first
mammalian gene isolated which affects cellular isigitg to ionizing
radiation and is able to correct DNA strand breagair in the CHO-
deficient cell line EM9 (Thompsoet al, 1990)

By the 1990s, XRCC1 was established as a BER ddgffotein: it has no
enzymatic activity but acts coordinating primar8-BER and SSBR, and
as described later, participating also in doubignst breaks (DSBs) repair.
XRCC1 is one of the first proteins recruited to thiek generated by the
action of a glycosylase, and to a single-strandlre

It has been demonstrated XRCC1 physically interagith several
components of BER, such as Lig Ill (Caldeasttal, 1994) pol (Kubota
et al, 1996) hOGG1(Marsinet al, 2003) APE1(Vidal et al, 2001) PNK
(Whitehouseet al, 2001) and PARP1 (El-Khamisy et al, 2003) and
activates many of them. (Figure 4)

These protein-protein partnerships can regulatbwsyt efficacy, dictating
subsequent steps or sub-pathway choice. Furtherrtoeeprocess of the
formation of complexes during the repair procespeaps to provide an
increase in specificity and efficiency to the BE®Rhway. The regulation of
BER is further refined through post-translationaldifications, where the
most common is phosphorylation. XRCC1 for instaisgghosphorylated on
at least four residues by CK2 (S518, T519, T523) BINA-PK (S371)
(Loizouet al, 2004; Lucet al, 2004; Levyet al, 2006). (Fig. 4)

84-183 183-310. PCNA, Ape 315-403 514-530 538-629
POLB Ogg1, MutyH? Parp1 phosphorylation Lig3
Parp2

PNK

Fig.4 Human XRCC1 domains and locations of bindiitgs with interactive protein
partners and of phosphorylation sites. (From LasiMy€, 2006)
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1.3 Nucleotide Excision Repair (NER)

NER is an extremely adaptable pathway that doesreqtire a set of
specific enzymes, each recognizing a differenplesiut rather it senses the
distortion caused by a damaged base and excisastat a few nucleotides
around the lesion.

In this way NER repairs a broad-spectrum of danw@gesed by chemicals,
that form bulky-adducts or by cross-linking ageatsl also by physical
agents such as UV. This mechanism can ensuresattae genes are
rapidly repaired by the transcription-coupled rep@CR) sub-pathway
whilst the repair of non-coding and non-transcrilbedions is carried out
via global genome repair (GGR). A third sub-pathwaamed DAR
(transcription domain-associated repair) that desraon both strands in
active genes has also been described (Nousptkal, 2006; Nouspikel,
2009).

For the first two main sub-pathways the moleculachanisms are well
characterized (Figure 5); the first step is lesensing.

In mammalian GGR, the structural distortion is dttd directly by the
XPC-HR23B-centrin2 complex, which binds through Xp@ferentially to
the non-damaged strand. But in the case of a malistsirtion the DDB
complex, a heterodimer consisting of DDB1 and DD8ZE firstly
recognizes the lesion and then recruits and stakiliXPC by poli-
ubiquitination.

In TCR the stalling of the RNA polymerase Il at tlesion site in the
transcribed strand actives genes and attracts e éhzymes.

From this point, the two sub-pathways act usingoamon sequential
mechanism. The next step involves the general drgnton factor TFIIH,
that possesses two helicase subunits (XPB and X#iph form together
with five other components, a ring-shaped structhed is able to open a
denaturation bubble around the lesion. The TFllirglex also recruits a
DNA binding complex, made up of a XPA and RPA hettémer, that
seems to displace the XPC complex (Hatyal, 2002) and identifies the
strand that carries the lesion (Sugasawal, 1998).

The damaged strand is then incised by the XPG erudiease and the XPF-
ERCC1 complex, on the 3’ and the 5’ side respelgtivi@ mammals the
fragment excised is about 25-30 nucleotide in lenghe two final steps
consist of filling in the resulting gap by eithelNB polymerase or |,
probably associated with PCNA, and in sealing tiek oy ligase I,
together with XRCC1. In actively replicating cellggase | concludes the
NER process. (Mosat al, 2007)

In contrast to the situation for BER genes, sevgmietic diseases have
been described to be caused by mutations in genes/ed both in GGR
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and TCR, such as Xeroderma pigmentosum (XP), Caekayndrome
(CS). But as seen for the BER proteins, post-tedizsial modifications and
protein-protein interactions can further regulateR\

H

Fig.5 Mechanism of NER. DNA lesions can be detectiedctly by XPC-HR23B-
Cen2 (A) in GGR or by DDB complex (B) in TCR. Aftdifferences in the first step
of lesion sensing, the two sub-pathways share anmmmmechanism which is
detailed in the text. (From Nouspikel, 2009)
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1.4 Double Strand Breaks repair: NHEJ and HRR

As shown previously, in BER and NER mechanismslsistrand breaks
(SSBs) are an enzymatic consequence of the repBINA damaged bases
but they can represent a serious risk for cellthéy are not filled by a
polymerase and rejoined by a DNA ligase. In factirty DNA replication
SSBs can be converted to more lethal DNA DBSs.

Apart from the collapse of replication forks whése treplication machinery
encounters SSBs, DSBs can arise directly from aexpodo ionizing
radiation (IR) and radiomimetic chemicals, and ipragrammed manner
during meiosis and immunoglobulin gene rearrangespexs simplified in
Figure 6.

DSBs are regarded as the most toxic of DNA leslmtause, in addition to
the potential of causing mutations, they could letd deletions,
chromosome translocations, genomic instability i¢Elland Jasin 2002;
Thompson and Schild, 2002) and under some circurostathey can
induce cell cycle arrest and apoptosis (Norbury Hinttson, 2001; Jackson,
2001). (Fig.6)

Homologous Recombination Repair (HRR) and non-hogmls end
joining (NHEJ) are the two major pathways of DSBpair. A third system,
a nonconservative process named single-strand Bmne@SA), shares
HRR and NHEJ components.

Exogenous agenis Endogencus agents
-ionising radiation —reactive oXyYZew species
-UW Light —replication
~-chemicals —meiosis
—programmed rearrangements
h £
S ' I

SIGNAELLERS

h
| DINA repair |Cell-cycle arresll IApclptosisl

Fig.6 Simplified scheme of exogenous and endogeagests causing DSBs and
consequently possible cell responses. (From Jackefi)
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The fundamental difference between HRR and NHEBdasdependence on
DNA homology. HRR takes place in cells that haveady replicated so it
is an error-free mechanism specific to late S andeB cycle phases; on the
other hand, NHEJ is an error-prone pathway, predanti in higher
eukaryotes, that occurs in early S angGz cells that lack a homologous
template.

In NHEJ whenever a DSB is generated, the DNA eneidaund by the Ku
heterodimer (Ku70 and Ku80) together with, in marsmahe DNA-
dependent protein kinase (DNA-PK). This stimula@eslA-PK kinase
activity and it can subsequently phosphorylate @etsa of DNA-binding
proteins thus regulating temporally the sequencevehts in this pathway.
Among the possible targets are KU, XRCC4/Ligaseahd also itself: this
automodification leads to its dissociation from DNRees-Miller et al,
1990; Chan and Lees-Miller, 1996; Lebstral, 1998). Additionally, the
XRCC1 scaffold protein that acts mostly in BER nsmubm can be a
further substrate for DNA-PKcs. This phosphorylatam Ser 371 results in
its involvement in DSBs repair. (Léwt al, 2006)

The XRCC4/Lig IV complex is a crucial componentNiflEJ: it mediates
the final DNA strand-joining step. Occasionallydigect end-ligation may
be possible but in most cases DSBs require praagbsifore ligation.

For radiation-induced DSBs, as described in Valand Povirk’'s (2003)
model resumed in Figure 7, the protruding 3’ teiinaire processed by the
combined action of two enzymes: TDP1 and PNKP.

A complex of Ku, XRCC4/Lig IV and a DNA polymerasersobably Pol
(Mahajanet al, 2002), then forms at the end-to-end junction eaiglyzes
gap-filling and ligation, completing the repair pess.

It is evident that this mechanism not requiring amdamaged partner
molecule could lead to errors and thereby mutatiBnsthermore, sequence
deletions may be introduced by action of the MREplex (Rad50-Mrell-
NBS1 in mammals) which possesses nucleolytic dgtivi

The Rad50-Mrel1-NBS1 complex is also involved ie garly step of the
HRR pathway (Figure 8) of DSBs recognition and césa through MRE’s
5" 3’ nuclease activity to yield single strand overgsn

ATM could control this step since NBS1 is a dirscbstrate for ATM
phosphorylation on at least three different sitdsm et al, 2000)
Moreover, ATM is able to phosphorylates histone M2at Ser 139, and
this occurs rapidly (1-3min) in response to ionjgiadiation, leading to an
“opening-up” of the chromatin and foci formatiolRagakouet al, 1998;
Downset al, 2000).
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Fig.7 Model to repair radiation-induced DSBs ttghUNHEJ,
proposed by Valerie and Povirk (2003).

After nuclease action, the 3’ single stranded DNdist are bound by
RADS51 that forms nucleoprotein complexes, coatedRBA, to mediate a
search for homologous sequence on an undamageatepanblecule and,
when these have been found, it catalyses a stoantihege reaction.

The RADS51 paralogs, RAD52 and RAD54 seem to fadditthe action of
RADS51 binding. (Taret al., 1999). Recently, it was demonstrated that also
BRCAZ2 (breast cancer susceptibility protein) hdgasling of RAD51 onto
the DNA. (Yanget al, 2002)

XRCC3, a member of the recA-like gene family, fuoes as an accessory
strand transfer protein whose function is not ledito HR initiation but
extends to late stages in formation and resoluGbrHR intermediates,
possibly by stablilizing heteroduplex DNA. (Brenremet al, 2002)
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Fig.8 The steps in HRR. In the earliest stages, ASéhses the DSBs and
phosphorylates H2AX, which would then attract BRCAhd NBS1. BRCAL
coordinates the repair events that follow and théRvtomplex resects the DNA to
provide ssDNA overhangs. BRCA2, attracted to theSy BRCAL, facilitates the
loading of RAD51 with the help of RAD51 parologsdanf the BLM and/or WRN
helicases. The tumor suppressor p53, known todatevith BRCA1, RAD51, BLM
and WRN is also found in this DNA-protein compl&om this point, there are two
possibilities to finish the repair process: eitbgrnon-crossing over or by crossing-
over. (From Valerie and Povirk, 2003)

Following sister-chromatid pairing and strand ingasof DNA overhangs,
HRR can go on in two directions: the non-crossimgrgath in which the
Holliday junction is disengaged, the gap in the dged strand is filled in
by DNA polymerase and the ends are then sealed iggsé I; or the
classical crossing over path, in which after DNAypterase synthesis and
Lig | sealing, the Holliday junctions have migratadd resolved to yield
two intact DNA molecules. As a consequence, HR galyeleads to
accurate, error-free repair. In mammals, two heisaencoded by tHglLM
and WRN genes, associated with Bloom’s syndrome (BS) aretnét’s
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syndrome (WS) respectively, interact with the Higly junctions and play
an important role in this pathway (Constantiraiwal, 2000; Mohaghegbt
al., 2001).

Considering the severity of DSBs, the above desdrimathways collaborate
in the cell to maintain genomic stability and tpae a double strand break
with minimal error. In fact, it has been suggedteat when one of them is
impaired, the other seems to act to compensatefisiency (Pluthet al,
2001; Allenet al, 2002).

Moreover, NHEJ seems to be helped by some comperenthe BER
pathway in repairing DSBs; Audebeet al, (2004) demonstrated that
DNA-PK, XRCC4/Lig IV complex interact also with PAR and
XRCC1/Lig Il to approach, firstly, DNA ends andetinto seal them.

In addition to crosstalk and coordination betwedferknt types of DSBs
repair pathways, there is also a balance between gird anti-apoptotic
mechanisms that potentially modulate repair (Beingtt al, 2002). The
DNA damage sensors, especially ATM, are able tosphorylate, at
different sites, the tumour suppressor gene p53.qufs as a transcriptional
factor; it could control cellular destiny by activey cell cycle check-points,
thus promoting firstly DNA repair, or alternativepoptosis (Offeet al,
2002) to avoid the accumulation of an excess of Ddd#nage which may
lead to carcinogenesis. The different processedrated by p53 are
resumed in Figure 9.

p53: the master switch [ p53 ] [ mqmz'J
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Fig.9 p53 downstream events and final cellular onie. http://www.p53free.fy
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2. Gene polymorphisms and individual susceptibility

It is well known that defects in DNA repair mechems caused by
mutations in DNA repair genes, as described inglevious section, are
associated with human disorders.

Still, despite the lack of a marked pathologica¢pitype, humans carrying
variants in DNA repair genes could show an impalB®&tA repair capacity
and a different response to DNA damage that cowdabsociated for
instance with an increased sensitivity to DNA damgg agents.
Furthermore, related to an impaired DNA repair c#fyaand an increased
mutagenesis, variants in DNA repair genes could ai®dify the risk of
developing cancer.

The principal source of inter-individual variabylits represented by genetic
polymorphisms which are allelic variants at a gen&icus that have a
frequency higher than 1% at the population levéleyfcan be summarised
into three different classes: ti8ngle Nucleotide_PlymorphismgSNPs),
deletions or insertions in DNA sequence, aadiable Number of Bndem
RepeatdVNTR).

About 1.4 million of SNPs have been described by Htuman Genome
Project and 93% of human genes have almost onebBNfPeir distribution
is not uniform throughout the whole genome. Thaylsa present in exonic,
non-coding, such as 5’UTR and 3'UTR, or regulataggions, thus altering
the structure of encoded proteins, levels of pro&ipression or mRNA
stability by for instance modifying the affinity ahicroRNAs (Shastry,
2009).

In the last few years these small-non coding RNAat act through a post-
transcriptional mechanism targeting the complemgnt@RNA target, have
been proposed to be related to cancer risk (Gréndstaal,, 2007; lorio and
Croce, 2009).

When present in exonic regions, SNPs can also eekhange in amino-
acid (AA) sequence, too. If the replaced AA is flaene as the original one,
the SNP is called synonymous. On the other hamsnasynonymous SNP
gives rise to an AA substitution that may altertpio function and for this
reason their effects are the object of many rebaarestigations.

SNPs have been reported in members of the BER pgths described
above the humaXRCC1 located on chromosome 19g13.2, encodes for a
633aa protein which coordinates the recruitmeritbér BER components,
such as polymerase APE1, hOGG1, PARP and ligase Ill through NH2-
terminal, BRCT I, and BRCT II, COOH-terminal domaiespectively, as
shown in Figure 10.

In 1998 Shen and co-workers (Shemt al, 1998a) described three
polymorphisms in theXRCC1 gene, which resulted in non-conservative
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amino-acid changes in evolutionary conserved regiothe C T
substitution in codon 194 of exon 6 (Arg to Trp3]v99782]; the G A
substitution in codon 280 of exon 9 (Arg to His3Z5489] and the GA
substitution in codon 399 of exon 10 (Arg to GIrg25487]. (Fig. 10)
Recently, Hao and colleagues (2004) identifiedaihinese population,
another variant in th&XRCC1gene located in the 5’UTR (5’-untraslated
region), -77T C (Fig. 10). This polymorphism has been also cardil to
be present, with a high frequency, in Caucasiaruladipns (Bremet al,
2006; Sterponet al, 2010b)

Whilst the three exonic SNPs could impair proteiatpin interactions and
therefore XRCC1 repair capacifunn et al, 1999), the promoter T/C
substitution might disrupt a consensus sequenc&drbinding site (Hao
et al., 2006), so that this polymorphism may have the gatketo alter
XRCClI1s transcriptional level.
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Fig.10 Human XRCC1 protein and gene structure.h&: diagram shows XRCC1
domains and the regions of interaction with othemponents of BER; B: the
diagram shows the structure of the gene with thetroommon and studied single
nucleotide polymorphisms (SNPs): -77T, R194W, R280H and R399Q. Each of
them is detailed in the text. (From Sterpone andz{2010)

Several SNPs giving rise to amino-acid substitiidrave also been
described in theOGG1 gene, of which the Ser326Cys in exon 6
(rs1052133) is the most common. This polymorphiénaracid is located
outside the domains conserved among DNA glycosglaske functional
differences between the two polymorphic OGG1 prstah human cells
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still remain unclear; Yamanet al. (20049 and Bravardet al. (2009)
suggested thatOGG1Cys326 protein had a reduced 8-oxoG DNA
glycosylase activity and therefore a lower abitilysuppress mutation than
the wild-type protein.

In the XRCC3gene, whose encoded protein is a member of théyfarh
Rad 51-like proteins (Liwet al, 1998) that participates in homologous
recombination, sixteen allelic variants have besorted. The most studied
substitution Thr to Met in codon 241 (due to a $iaon C>T in exon 8)
[rs861539] does not reside in the ATP-binding dareawhich are the only
functional domains identified in the protein (Sheat al, 1998a).
Concerning the recombinase RAD51, to date fourt8&liPs have been
described and two of them are within non-codingaesg; they are named
RAD51-01(rs1801320) andRAD51-52(rs11855560). The former in the
5'UTR seems to modify the alternative splicingRAD51 transcripts and
the penetrance &RCA1/2mutations (Antoniowet al, 2007), and the latter
is in the 3'UTR which is thought to be a microRNAding site from a
bioinformatic analysis.

For several years there has been an interest essing possible links
between genetic factors, in particular low peneteavariants such as SNPs,
and increased/decreased risk of tumour.

To this day, molecular epidemiological studies hslvewn that a number of
links exist; for instanceXRCC3Thr241Met polymorphism has been
implicated in an increased risk of melanoma (Winsegl, 2000); SNPs in
XRCC1seem to be associated with several kinds of cansech as lung
(Divine et al, 2001; Cheret al, 2002) and pancreatic adenocarcinoma
(Duell et al, 2002), oral carcinoma (Hsiedt al, 2003; Hacet al, 2004) as
well as bladder (Matullet al, 2001; Sheret al, 2003) and breast cancer
(Huanget al, 2009).RAD51-01SNP is also thought to be associated with
breast cancer risk, especially in view of the linkith BRCA (Gaoet al,
2010; Zhouet al, 2010). Case-control studies on the SNP in codtth &
hOGG1(8-0xoG-DNAglycosylase) suggest that this polyniisp may be

a risk factor for lung adenocarcinoma (k#bal, 2002; Hunget al, 2005)
and stomach cancer (Takezakial, 2002), but the 326Cys allele plays a
protective effect to breast cancer in European wofYeanet al, 2010).
Since studies have given conflicting results in sarases due to ethnicity,
small number of samples and mainly to low statgtipower, the
relationship between genetic polymorphisms and eanccurrence is not
so clear. Hence, in this interesting field of reshdurther investigations are
required to better understand the influence of theividual genetic
background in order to select SNPs as possibletigemarkers for cancer
susceptibility.
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3. Radiosensitivity

Other than cancer susceptibility, the individuakdlelic architecture
(Andreasseret al, 2003), or combination of SNPs in different getfest
are carried, and of particular relevance are gémasved in DNA repair
processes, may influence responses to ionizingatiadi (IR), a physical
agent used in radiotherapy (RT). RT is an efficiamd widely used
modality for cancer treatment due to the charagties of IR to produce a
variety of DNA lesions.

Radiation extends its effects on DNA by direct iatgions (van der Schans
et al, 1973) and by radiolysis of @ that generates oxygen radical species
capable of causing indirect damage to DNA (von $amn1987). Hence,
radiation exposure activates DNA signalling andaiepathways to correct
both SSBs and DSBs which have been generated linnooimal and cancer
cells, without exception.

Interestingly, cancer patients receiving radiotpgrdisplay a great inter-
individual variability in their responses to IR e@gqure and the risk of
developing adverse reactions in normal tissuesdcbel different among
them. The term adverse reactions include acutetsffesuch as erythema,
desquamation, dermatitis, as well as late efféatsdcan develop months or
years later, such as telangectasia, fibrosis ametiyyasecondary tumours.
Although part of this inter-patients variabilityrcée ascribed to differences
in treatment as well as in fraction size and tumdharacteristics, it has
become clear that there might be an important geneimponent to explain
radiosensitivity (Andreasseret al, 2002; Fernet and Hall, 2004;
Andreassen, 2005).

New insights into the underlying molecular mecharisof this sensitivity
are coming from radiogenomics studies that assessilje associations
between common genetic variants, mostly in DNA dgendetection and
repair genes, and the development of adverse oeacto radiotherapy.
Recently, a Radiogenomics Consortium was estaldish&nited Kingdom
with the aim of collecting such studies conductedughout the world in
order to perform meta-analysis and achieve mornifgignt conclusions
(Westet al, 2010). The goal of radiobiology is to identifgregetic markers
and to developn vitro tests which allow to predict clinical radiosenasttf

in order to adjust RT protocol for both radiosdmsitand radioresistant
patients. (Figure 11)

To date, as resumed by Jeggo and Lavin (2009) tet frequently used
techniques to monitor SSBs and DSBs formation aphir, and thus
evaluating cellular radiosensitivity, are sucrosedigent sedimentation;
alkaline and neutral elution (lliaki®t al, 1991a); pulsed field gel
electrophoresis (lliaki®t al, 1991b), alkaline and neutral comet assay
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(Singhet al, 1989; Oliveet al, 1991) and H2AX foci formation. Moreover,
studies on patients with radiation sensitive disosd (i.e. Ataxia
Telangiectasia AT; AT like Disorder ATLD; Nijmegdreakage Syndrome
NBS) and radiation sensitive mutant models (i.ee todent XRCC%t
deficient CHO cell line, EM9) have been providimgpiortant insights into
the identification of genes critical for radiatiogsistance.

INDIVIDUAL RADIOSENSITIVITY (genetic basis)

Patient factors
Comorbkdity

in vitro radiosensitivity tests Cormrelation? Clinical radiation reactions.:
" Tuimour oells + Acute affects

" Narmal cells (lymphocytes, + Late effects

fibrotfasts, keratinocytes) ~ Cancer induction

Clonogenic assays Tailoring treatment Treatrment factors:
Cytogenetic tests o ———— L Dose, dods rate,
Repair capacity tests |J|L|: L Il tractionation, radiation
Radiation induced apoptosis b quality, tumour volume

Fig.11 Relation between clinical and vitro radiosensitivity, considering factors
that influence side-effects. The way forward liestbe development of predictive
assays which allow tailoring patient’s treatmeRtofn Bourguignoret al, 2005)

3.1 XRCC1 and radiation exposure

In the 1980s Thomsost al. (1980; 1982) described a Chinese Hamster
Ovary (CHO) cell strain characterized by hyperg@nsi to (m)ethylation
agents, sensitivity to ionizing radiation, accuntiola of single strand
breaks in DNA after damage and an unusually higlydency of sister
chromatid exchanges (SCEs). This cell line, den&td® was isolated from
mutagenised AA8 cell line and was found to be deficin the XRCC1
protein, and in Liglll activity (Caldecott al, 1995).

A few years later, Shen and co-workers (1998b) ritest the mutation in
the hamsteiXRCC1coding sequence found in EM9 cells. The EM9 cells
are capable of expressing t&RCC1gene, but the protein is absent as
result of a C T substitution at nucleotide 661 that introducésranination
codon. Consequently a truncated polypeptide (22ues) lacking two
thirds of the normal sequence is produced. Thislreseans EM9 line is
effectively a null mutant that provides a modebtwerstand functional role
of XRCC1. Therefore, many studies have been coeduasing the EM9
cells to investigate the biological consequences XRCC1 deficiency. To
date, it is known the lack of XRCC1 is responsiiolesensitivity to DNA-
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damaging agents like IR, reduced rate of singleBf&Sand double strand
break repair (DSBR) and perturbation of DNA reqliga. (Dillehayet al,
1983 ; Schwartet al, 1987; Thomsoet al, 1990).

Furthermore, by using RNA interference techniquerBrand Hall (2005)
clearly demonstrated thaXRCCL1 is required for efficient SSBR and
genomic stability in human cells. Overall thesedfimgs suggest that
XRCC1is an interesting genetic factor which, both is wild type and
polymorphic forms, can play an important role intedmining the
radiosensitivity.

Beyond investigations at the protein level, anotimportant question is
whether XRCC1 gene expression could correlate with differential
radiosensitivity. Although a low-abundanceX®RCC1mRNA was found in
rat, mice and most mammalian tissues (ébal, 1992; Walteet al., 1994;
Zhou and Walter, 1995; Thomson and West, 2000)psx@ to a wide
range of DNA damaging agents, including IR, has sbbwn any
convincing changes IlKRCC1 mRNA levels (Thomsoret al, 1993).
However, transcription ofXRCC1 was reported to be enhanced by
irradiation in ataxia telangectasia cells (Shueg al, 1994) and a
radioresistant mouse showed higher levelXRCC1mRNA (Labudoveet
al.,, 1997a; Labudovat al, 1997b). So, th& RCC1mRNA inducibility
could represent an additional interesting fieldegearch, especially in the
light of recently developed techniques such as ftijagine RT-PCR that are
more sensitive than techniques such as northettirgo

Radiosensitivity is considered to be a polygerdit tivhich also depends on
the cell cycle. Generally, mammalian cells are m@adiosensitive during
G, and M than S phase (Sinclair and Morton, 1966) thigican in part be
explained in terms of DNA repair efficiency.

For single strand break repair, Caldecott noted32Qhat cells possess a
rapid XRCC1-dependent process that operates thomtgtne cell cycle
(global rapid SSBR) and by which SSBs are rejoinétin 0.5-3h, but also
a S/G specific XRCC1-dependent pathway. This latter vedlorepair of
single breaks induced specifically in S phase Irsd those persisting from
G, in order to prevent DSBs formation and fork godle. (Figure 12)

BRCT domains of XRCC1 have been demonstrated byoraygroup to
have a cell cycle-specific role. In fact, globapich SSBR is inhibited by
mutations in BRCT Il which disrupt XRCC1-Lig lllinteraction (Tayloet
al., 2000), whereas S-phase SSBR is ablated by musatiithin BRCT |
(Taylor et al, 2002). The BRCT | domain is of fundamental intpoce in
linking the SSBR machinery and the replicative appss, as Lévy and
colleagues (2009) reported; in fact, it interacthhe p58 subunit of DNA
Pol -primase complex, which begins DNA replication byNAR primer
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synthesis, and this interaction helps to stabikzalled fork preventing
collapse. In the case of damage to DNA, XRCC1-BRIC§timulates

PARPL1 so that primase activity is inhibited by §8lpP)ryboses and thus
cells have more time to repair lesions prior touneimg the replication
process. The inhibition of DNA primase is facilgdtby the interaction of
XRCC1 with p58 subunit (Lévgt al, 2009).
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Fig.12 A model for S/G2-specific XRCC1-dependenBBRSAN unrepaired SSB in
the template (black) strand is encountered by tiMADreplication machinery
(yellow oval) and is repaired ahead of the fork.(Alternatively, the SSB collapses
the replication fork and creates a DSB (B and @).this case, homologous
recombination reactions result in a Holliday juonotiand restoration of the
replication fork (D). (From Caldecott, 2003)

Such a specific recruitment of XRCC1 protein durihg replicative phase
of the cell cycle seems to correlate positivelyhwdata in the literature that
show an induction cKRCC1lexpression by transcription factors generally
important in the regulation of S-phase specificageand progression into
DNA replication.

In response to DNA damage, for instance, the twamstription factors
FOXML1 and E2F1 are phosphorylated and their agt/érms are able to
bind directly to theXRCC1promoter thus increasingRCC1transcription
(Tanet al, 2007; Cheret al, 2008).

Adequate levels of XRCC1 are important to allow DKepair and once it
has occurred, to continue cell progression. In, fastBrem and Hall (2005)
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showed, RNA interference lowered levels of XRCCbtein lead to a

significant delay in S-phase after MMS treatment.

So, as radiosensitivity is a complex trait depen@enmany factors studies
have to be conducted at different levels to understthe complicated
cellular mechanisms of the responses to IR exposure
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II. AIM of the RESEARCH

The aim of this research was to analyse the reiship between induced
DNA damage, the DNA damage responses and the gdratkground. We
concentrated on studying the influence of variatieles in damage
signalling and repair genes on individual suscdjitiio developing cancer
and on sensitivity to IR-exposure, analysed hotiivo/ex vivoand usingn
vitro systems.

Ex vivo studies were focused on cancer patients, enrotietalian and
French Oncology Units. Radio-induced DNA damage imdepair play a
critical role in the susceptibility of patients tevelop side effects after
radiotherapy (RT). Therefore, the development iof vitro cellular
radiosensitivity tests and genetic markers, that loa used as biomarkers
for the extent of patients’ normal tissue reactjdasf great interest. Such
markers could be used to adjust RT protocols fah badio-sensitive and
-resistant patients.

In the first part of this project, we investigatie in vitro capacity to repair
ionizing radiation induced damage in peripherabliéeucocytes (PBLSs) of
Italian sporadic breast cancer (BC) patients, whd hot yet had RT, in
relation to their genotype. Blood samples was iatdl in vitro with 2 Gy
of X-rays and the DNA primary damage (namely singland breaks and
double strand breaks) and the repair kineticsefiheld time intervals after
irradiation (0, 30 and 60 min), were measured ushey alkaline Comet
assay. All patients and matched healthy controlewenotyped for SNPs
in a panel of repair genes involved mainly in twffedent repair pathways:
Base Excision (BER) and Homologous RecombinatioiRRH Repair.
Through RFLP-PCR, we defined the genotypesX&CC1 (taking into
account three allelic variants iXRCCt -77T C in the promoter,
Arg194Trp and Arg399GINDGG1(Ser326Cys) andRCC3(Trp241Met).
The induced DNA damage and the repair capacity wene correlated with
each genotype in order to investigate whetherabidd provide a possible
explanation for the observed inter-individual rasges to X-ray treatment.
Additionally, the correlation between the adversalthy/normal tissue side
effects (graded by S.Camillo’s clinicians using tRadiation Therapy
Oncology Unit score) and the individual genetic kgaound was analysed
in a cohort of Italian BC patients who had previgusad radiotherapy.
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Then, since it has been reported that the presehgenetic variants in
multiple repair pathways may have a joint or agditeffect on BC risk and
on development of RT adverse reactions, we examihedassociation of
the 5 SNPs, and in particulXiRCCZ1lhaplotypes, with the risk of sporadic
breast cancer and the radiotherapy-induced eavigrad reactions in Italian
BC patients.

During my PhD | also spent six months (from Januaryune 2009) at the
INSERM U612 based at Institut Curie (Orsay, Frante)study the
influence of polymorphisms ilRAD51 a key player in the DNA double
strand breaks response, on individual radioseitsitivhe aim was to
investigate whether two SNPs in the DNA repair geA®51, ex10-52T>C
(RAD51-52 located in a miR34a* miRNA binding site and exX@&-C
(135G>C: RAD51-0), that seems to modifBRCA1-BRCA2mutation
penetrance, were associated with an increasedfrid&veloping cancer and
adverse reactions to radiotherapy in two cohortbrefst cancer patients,
established from Italian and French Hospitals.

In addition, lymphoblastoid cell lines (LCLs), dslished from patients
homozygous for wt and variaRAD51-52alleles, was screened to assess
whether the expression of miRNA34a* and the SNPoggres might
influence RAD51 expression amuvitro cellular responses to radiation.

We first genotyped all the BC patients and heattbgtrols for theRAD51-
01 and RAD51-52SNPs using RFLP-PCR and sequencing, respectively.
Then to assess RAD51-52polymorphism could influence the level of
RAD51 mRNA or miR34a* binding, as theoretical bioinforticaanalysis
suggested, we determined basal levels and levéds #&eatment with
ionizing radiation (5Gy of -rays) and recovery at different time points (0O,
2, 4, 8, 24h) ofRAD51 and p21 mRNA and miR34a* in the LCLs with
different RAD51 genotypes. The analyses were performed by RT-gPCR
using the TagMan gene expression assay-compar@tiveethod, which
allows the quantitative expression of a cDNA targeirmalized with an
endogenous control and a reference sample. Moreswerassessed the
influence of the RAD51-52 polymorphism at the protein level, by
determining basal levels and levels after the mneat with IR of RAD51
protein levels and in parallel the p53 protein lsvey western blotting in
the same cell lines.

In order to better understand the role of one gdready characterized in
my lab at the Department of Biology in Rom&RCC1 we analysed the
biological responses to X-ray treatment in two h@msell lines derived
from CHO (Chinese Hamster Ovary): the EM9 null XRIC@wutant, as
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described in above (pg.34), and the wild type patesell line, AA8, as a
control.

By comparing in these two cell lines the resporsdNA damage, we
assessed whether the lack of functional XRCC1 canfldience: a) the
stability of XRCC1 mRNA; b) the XRCC1 gene expression measured
through quantitative real time reverse-transcript®CR (RT-qPCR with
SYBR Green |); c) thXRCC1lexpression in the different phases of the cell
cycle by RT-gPCR and finally d) the protein express/alued by Western
blotting.

In the final part of this project we focused ondsting in depth the
mechanism of Base Excision repair (BER), in whicRCC1 is mainly
involved using quiescent peripheral blood monorarctells (PBMCs). To
do this, we analysed the time courseX&CC1mRNA expression and the
repair kinetics after IR exposure iy BBMCs isolated from buffy coat of
healthy donors, obtained from S. Camillo Forlaminispital-Rome.

After the isolation, performed using Lympholyte djent separation
medium, the quiescent peripheral blood mononuateis were irradiated
with 2Gy of X-rays and at different time points (0, 30, 60, 90 and 120
min) total RNAwas extracted and radio-induced DNA damage repas w
measured through alkaline Comet assay.

41



42



[ll. RESULTS

1. Genetic polymorphisms, repair capacity and breasancer risk

In peripheral blood leucocytes (PBLs) of 35 BC @at$, not yet submitted
to radiotherapy, and 34 age- and sex-matched lyeadthtrols we studied
cellular response to X-ray exposure using thelia&aomet assay.

The characteristics of the studied populationg@semed in Table 1.

Table 1 Characteristics of populations involvedhia study

dast Cancer Patients Healthy Controls
All 35 34
Current age (years+SD) K35 52+9.4
Age (range) 40-76 40-70
Smokers 8 (23%) 9 (26%)
Not smokers 22 (77%) 25 (74%)
RTOG/EORTC* score of early adverse effects (Orgssue: skin)
GO 15 (43%)
Gl 14 (40%)
G2/G3 6 (17%)

* RTOG/EORTC [8]: Radiation Therapy Oncology Groipfopean Organization for Research and Treatment of
Cancer scale. GO (grade 0): no change over basdlifhe(grade 1): follicular, faint or dull erytherspilation/dry
desquamation/decreased sweating; G2/G3 (graded2/@ tender or bright erythema or moderate edsnélent,
moist desquamation other than skin folds, pittidgrea.

(Modified from Sterponet al, 2010a)

In Figure 1 we showed the basal level and the Ximdyced DNA damage
measured as % of DNA in the Tail (TDJjhe BC patients exhibited a very
significantly (p<0.001) higher mean level of bagdNA damage when
compared to healthy controls (1.6 vs 0.83). Imntedifaafter irradiation
and 30 min later BC patients had significantly kigt{p<0.01) level of
DNA damage and this level persisted significany.05) higher 60 min
later, in comparison to healthy subjects.

In terms of the kinetics of DNA repair, in both gps DNA damage slowly
decreased 30 and 60 min after irradiation, nevachieg the basal level. In
BC patients we observed a significantly higher gadi DNA damage both
after 30 and 60 min when compared to basal lev&ld &nd 2.5 vs 1.6,
p<0.0001). In healthy subjects a similar trend waserved with a less
significant difference (2.5 and 1.7 vs 0.83, p=8.@0d 0.002, respectively).
When residual damage (RD) was considered, we f&&% and 26% of
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RD in BC patients at 30 and 60 min, respectivelg 48% and 28% of RD
in controls at the same times (data not showngiré).

[=Patients (n=35) 0 Contrals (n=34)]
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Fig.1 Basal and X-ray induced DNA damage expresse@iail DNA in BC patients
and controls. The Comet assay was performed ineatgtd condition (0Gy),
immediately after irradiation (2Gy) and 30 and 60 fater. ***p< 0.001, **p<
0.01, *p<0.05 at Mann-Whitney U-test when comparBi@ patients to controls;

p<0.0001 at ANOVA nonparametric Friedman test wbemparing TD values at
30’ and 60’ after irradiation with basal value i€ Batients; p=0.008, p=0.002 at
ANOVA nonparametric Friedman test when comparing vidues at 30’ and 60’
after irradiation, respectively with basal valuecontrols. (Taken from Sterporet
al., 2010a)

Furthermore as Figure 2 shows, there was not at gnéer-individual
variation either in the BC or healthy subjects witlem basal DNA damage
was considered. On the contrary, after irradiaogreater variation was
observed in both groups: about 35% (12 of 34) cbmind 40% (15 of 35)
patients had values higher than the mean TD vddagzpntal line). When
RD values were considered, about 46-47% and 35%oibf controls and
patients showed higher RD values than mean RD \aitee 30 and 60 min,
respectively.

Interestingly, we observed a great individual vidoia in mean DNA
damage in both groups after irradiation but ndizsal level, corresponding
to the existence of an individual radiosensitivifysobably genetically
determined and independent of cancer disease.
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Fig.2 DNA damage in single BC patients and contréfs basal and immediately
after irradiation TD levels and B= residual damd&D) 30 and 60 min later.
Horizontal line represents the mean TD and RD vgJuaken from Sterponet al,
2010a)
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In order to examine whether differences in the atdh response could
influence the development of normal tissue reastiome checked the
relationship between the repair capacity and theaside effects.

In Figure 3, the RD after 30 and 60 min from iredatin was reported in
three groups of patients showing GO, G1 and G2-@®&rae reactions
following RTOG scale. In patients showing no adeersactions (G0=15
patients) the RD at 60 min was significantly (p&0) lower than at 30
min (50.2% vs 14.2%). On the contrary, in patiestowing G1 (14
patients) and G2-G3 adverse reactions (6 pati@otsjgnificant reduction
of residual damage was observed comparing the yatu&0 and 30 min
from irradiation (50% vs 29.4% and 63.4% vs 37.9&spectively). The
seeming increase in 60 min RD values among thepgrdid not show any
significance at ANOVA test (p=0.21).
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Fig.3 Residual DNA damage (RD) 30 and 60 min aftediation in BC patients
classified on the basis of RTOG scale. *p=0.006Viann—Whitney U-test.
(Taken from Sterponet al, 2010a)

In conclusion, in patients showing acute skin rieast (20 patients from G1
to G3 grade) DNA damage did not significantly dese=from 30 to 60 min
of repair times. This result was particularly evitléen 6 over-reactors who
showed G2 and G3 reactions.

In these BC and control populations we examined géeotypes of the
polymorphic variants of three DNA repair genes nign¥RCC1 OGG1
andXRCC3

Firstly, the 34 healthy controls and an amount3BC€ patients (the 35 BC
patients not yet submitted to radiotherapy plusaBepts who have already
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undergone breast-conserving surgery) were genotfgued SNPs located
respectively in exon 10 oKRCCL1 (Arg399GlIn), in exon 6 ofOGG1
(Ser326Cys) and in exon 8 SRCC3(Thr241Me).

The genotype distributions and the variant alleleqdiencies are
summarized in Table 2. The genotype distributionsrewin Hardy—
Weinberg equilibrium for all SNPs in both the catdérand BC patients. In
the control population thERCC1genotype distribution was close to H-W
equilibrium being the p=0.06 af test.

Table 2 The allele and genotype frequency and OtReof
polymorphic variants of thERCC1 OGGlandXRCC3genes in
breast cancer patients and controls

(Modified from Sterponet al., 2010a)

In the control population we found an allele fremexe of 0.32, 0.28 and
0.34 for the variant alleles 6ARCC1 OGG1 and XRCC3 respectively,
consistent with the literature data for Caucasiabjexts (Tuimaleet al,
2002; Cornettat al, 2006).

On the other hand, in BC patients we observed & @é&quency for
XRCC1-399variant allele which was significantly differentom XRCC1
variant allele frequency in healthy controls [BCoamntrols: OR=2.4 (95%
Cl 1.2-4.7) p=0.0095]. No difference in allele fuegcies was found for the
other SNPs in the other genes in BC patients whmmpared to control
ones.
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Moreover, a strong significant association betwieerast cancer occurrence
and the presence of tHRCC1-399variant allele (GIn) was revealed: in
particular p=0.0038 for heterozygous genotype (@hg) [BC vs controls:
OR=5.4 (95% CI 1.78-16.43)] and p=0.0032 when bgtnotypes
[homozygous variant allele genotype (GIn/GIn) + elnetygous] were
considered [BC vs controls: OR=4.9 (95% CI 1.7761§. As far as
homozygous variant allele genotypes, the p valug elese to significance
(p=0.058) for OR=4.1 (95% CI 1.13-15.10).

There was no significant association between theerogenotypes and
cancer occurrence.

At this point, we combined genotype data with DNAnthge values
obtained from the Comet assay and information coieg patients’ acute
side effects.

In order to check a possible association betweengdmotypes and the
extent of basal and X-ray induced DNA damage, waieg the ANOVA
Friedman test to compare the DNA damage in wildetyp heterozygous
and homozygous genotypes for the considered gen&cCi patients. No
correlation was found between different genotypes the amount of DNA
damage measured by the Comet assay. In the sameemavhen adverse
effects were stratified for different genotypes, significant associations
were observed being the distribution of patientthwiild type or variant
genotypes quite similar in the three different growf patients (GO vs G1
vs G2-G3) [data showed in CD supplementary matseietion: Table | and
Table 11].

Secondly, to assess whether haplotypeXRCCland SNPs in multiple
repair pathways might have a joint or additive effen BC risk and on
development of RT adverse reactions, we investigat® other SNPs in
XRCCl1gene: a variant located in 5’UTR (5’untranslatedion), -77T C,
and a C T substitution in codon 194 of exon 6 (Arg to Trjphe 43 BC
patients and 31 controls were genotyped also &seltwo polymorphisms.
In Table 3, the genotype distributions and the @iation between these five
studied SNPSXRCC1 -77T/C; Argl94Trp; Arg399GInDGG1Ser326Cys
andXRCC3Thr241Met) and BC risk are shown.

The genotype distributions were in Hardy—Weinbeggiléorium for all the
SNPs in both the controls and BC patients)(p at * test for each group).
In our study, the frequency of the variant T allglethe codon 194 of
XRCC1in the controls was 0.05, according to previousrditure data
(Smithet al, 2003); as far as position -77, in the controbs fitequency of
the variant C allele was 0.31. In the literature flequency of the variant
allele at this position has shown considerable atiam: the C allele
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frequency was 0.10/0.11 in Chinese subjects (etaal, 2004; Huet al,
2005) and 0.40 in a French population (Bretnal, 2006).

We found that the variant allele frequencies fa 8NPs studied iDGG1
and XRCC3were consistent with literature data for Caucasi@uimalaet
al., 2002; Cornettat al, 2006).

The allele frequencies for all these genes foundB® patients were
comparable to control ones and not associatedB@th

On the contrary, when we considered XIRCC1-399variant allele, BC
patients showed a significant higher frequency4pthan healthy controls
(0.32) and this SNP was significantly associated(@5) with breast cancer
occurrence.

Table 3 The genotype distributions of theNd*S and BC risk

(Modified from Sterponet al, 2010b)

In fact, when compared to subjects homozygousXRE€C1399 wild type
allele (that we used as the reference group), thettheterozygous and the
homozygous genotypes for variant allele showed rareased risk of
developing breast cancer [p=0.007, OR=4.8 (95%.66-14.78); p=0.005,
OR=4.4 (95% CI 1.13-17.1)], thus proposing that-@3® may act as a
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dominant allele [Arg/Arg vs (GIn/GIn + Arg/GlIn), GRR.67 (95% CI 1.65—
13.23), p=0.005 at Fisher’s test].

In terms of XRCC1haplotypes, we combined the genotyping data fer th
SNPs at positions -77, and codons 194 and 399 inaB@ control
populations to derive seven possible haplotypesctwhre summarized in
Table 4.

In the controls the most frequently found haplotypld) contained the C
variant at the position -77 together with the wiyge alleles at codons 194
and 399 (35.5%) and we considered this to be tferemece haplotype.
Interestingly it was present in only 11.6% of tlases.

Table 4 Association between haplotypeXBiCCland BC risk

(Modified from Sterponet al, 2010b)

The haplotype (H4) based on the wild type alleteth@ three positions was
present in the controls (3/31 = 9.7%) but no in@Pulation.

In terms of BC risk, the haplotype H3 containing tild type allele at
codon 194 and the variant alleles at codon 399aan@d7 was significantly
associated with increased BC risk [p=0.009, OR=798% CIl 1.63-30)].
This haplotype was found in the 37.3% of the casabsin the 16.1% of the
controls.

In Figure 4,we show the distribution of the number of varidiglas for the
SNPs analysed in the controls and breast cancempatBoth populations
presented a Gaussian distribution, as verified witle method of
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Kolmogorov—Smirnov, and the most numerous grouph o the controls
and in BC patients, was that with three variantle (12/31 and 18/43,
respectively). Among the controls, about 45% (1#/8dssessed less than
three variant alleles and 55% was distributed antbeggroups with three
and four variant alleles. In the BC population,ce8es (23%) were found to
possess one or two variants and the 77% showeé thranore variant
alleles. In particular we detected five BC subjegith five or six variant
alleles and this situation was completely absethéncontrols. Based on the
statistical analysis conducted using the Fishee'st, tthe risk of breast
cancer was significantly higher for subjects witl3 variant alleles
compared to those with <3 variants [OR= 2.72 (95% 0(®9-7.39),
p=0.04].

Fig.4 Distribution of the number of variant alleletthe SNPSXRCC1399, 194, -
77, 0GGL XRCC3 in the controls and BC patients. (Taken from [Steeet al,
2010b)

Additionally, we assessed a possible associatidwedsn the number of
variant alleles being carried and the risk of depilg adverse side effects
(Figure 5); among the BC patients without severictty (G< 2), we found
nine cases (21%) who had got a total of <3 vaadlates and 26 with three
or more variants.

In contrast, among the eight patients who develamrde side effects (G
2), 12.5% (1/8) had <3 variant alleles and the iaimg ones possessed
three or four variants as shown in Figure 5. Thebability for the
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development of Grade2 toxicity seemed to be higher [OR=2.42 (95% ClI
0.26-22.5)] for patients with 3 variant alleles compared to those with <3
variants, but walue was not significant (p=0.39) as can be sgehédlarge
95% CI.

Fig.5 Distribution of the number of variant alleles SNPsXRCC1399, 194, -77;
OGGJ1, XRCC3according to radiation-induced early side effé@smde 2 vs Grade
< 2). (Taken from Sterporet al, 2010b)

Two SNPs in theRAD51gene: a variant in exon 1 of 5UTIRAD51-01
and a substitution in exon 10 within 3'UTR, knowsiRAD51-52were next
genotyped in the 43 Italian BC patients and a dotibBC patients enrolled
in a French Oncology unit and their aged matchegdufation based
controls.

In Table 5, the genotype distributions and thaavdrallele frequencies of
both theseRAD51 SNPs are summarised. The genotype distributions we
in Hardy—Weinberg equilibrium for the SNPs in bdiie controls and BC
patients.

For RAD51-01 the variant allele was found at a very low fraggyein both
populations and was in agreement with previousditee data (Antonioat
al., 2007). On the other hand, the variant allel®AD51-52was relatively
common: 0.52 and 0.50 in the controls and BC ptjerespectively.
However, no significant differences in the frequenoof either SNPs was
found between the breast cancer cases and corditileugh a hint of an
association was seen between the variant allel&RAD51-01and an
increased risk of BC occurrence [OR=2.21 (95% 88¢5.47)].
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Table 5 The genotype distributions and the afieguencies for
SNPs inRAD51in BC patients and controls
CONTROLS BC PATIENTS
RAD51-01 G>C All 241 All 238
variant allele variant allele
number frequency number frequency OR (95% CI)
GG 234 0.02 225 0.03 2.21(0.89-5.47)
GC 7 11 p=0.06*
cC 0 2
RAD51-52 T>C All 324 All 293
variant allele variant allele
number frequency number frequency OR (95% CI)
T 82 0.52 7 0.50 1.10 (0.86-1.35)
TC 144 136 p=0.49*
CcC 98 80
* Fisher's test

(Taken from poster data presented at FISV Con@@83)

In order to investigate if a possible associatioisted between these
polymorphisms and the increased risk of developside effects after
radiotherapy, we stratified the information on gadnd late adverse
reactions (classified according to the RTOG scale the late side effects
available only for French BC patients) for the eliint genotypes.

We found that the twoRAD51 SNPs did not show any significant
association with either early or late adverse ieast(data showed in CD
supplementary material section: Fig.1s and Fig.2s).

2. RAD51 expression and IR exposure

In four lymphoblastoid cell lines (LCLs), estabksh from French BC
patients, two of which are homozygous for the Tdwilpe (BC108; BC26)
and two for the C variant (BC98; BC231) allele loé RAD51-52SNP, we
assessed whether IR treatment (5Gy @hys) modulated the levels of
RAD51 mRNA and miR34a* and whether this was influenced the
genotype of th&@AD51-52 polymorphism.

In Figure 6 reported as RQ (Relative Quantitatidhg basal levels of
RAD51mRNA, p21 mRNA and miR34a* are displayed. The induction of
p21 mRNA was used as a positive control for p53 attivethat is found 2-
4h after exposure to this dose of IR.

53



Results

IR R

Fig.6 Basal levels oRAD51 and p21 mRNA and miR34a*. Constitutive gene
expression was monitored at TO and 24h later imeated LCLS. For RAD51 we
show the mean of three experiments while for p2d miR34a* we show results
obtained from one experiment by way of example. 8Cline was used as the
reference one. The genotype for tRAD51-52SNP is given for each cell line.
(Taken from poster data presented at FISV Con@@83)

In order to examine the constitutive levels of egsion oRAD51andp21
MRNA and microRNA 34a* the four cell lines were tpld at the same cell
density and left to grow overnight when a first R¢RAtract was prepared.
The cultures were allowed to continue to grow fofugher 24h when a
second extraction was carried out. In all the fmes examinedRAD51and
p21 mRNA and microRNA 34a* were expressed constitlyive a manner
that appeared to be independent of RA&D51-52genotype. Interestingly
the variation between the cell lines was less pnaned at 24h. This might
reflect the saturation of the cell cultures an@duction in the proportion of
the cells in S-phase of the cell cycle. In orderinwestigate whether
exposure to IR could modify the levels BfAD51 p21 and miR34a*
expression, we performed RT-gPCR analysis on RM#aisd at different
time points after irradiation (2-4-8-24h). The R@ues are shown in Figure
7. lonising radiation induced a small increase he tevels of RAD51
MRNA, at early time (2h) that appeared to be inddpat of theRAD51-52
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genotype; however by 4h and 8h post-irradiationearehse inRAD51
MRNA expression was noted.

As expected21 mRNA was induced by IR in the LCLs, in what is lano
to be a p53-dependent manner, and at 4h post-teeatexpression levels
were maximal in three out of the four LCLs.

miR34a* was induced by the treatment with IR but flour cell lines
studied showed differences in the profiles, bus thas independent of the
RAD51-52genotype. It was noted that in at least threehef BC lines
miR34a* reached a maximum 4h after exposure to n& this induction
time course paralleled that of p53 activation.

RADS51 mRNA

©2h C m2h T @4h 0 8h m24hT/24hC|

£l in fa 78 o

BCO98 CC BC231 CC BC108 TT BC 26 TT
p21 MRNA
[22h c m2n T @4h o eh m24anT/24nC
8
R ! :
g a
2
o
BC98 CC BC231 CC BC108 TT BC 26 TT
miR34a*
©2h C m2h T @4h O 8h @ 24nT/24hC |
i 1 |

RQ
o B N ® &

BC98 CC BC231 CC BC108 TT BC26 TT

Fig.7 RAD51 and p21 mRNA and miR34a* levels induced by irradiation.tdlo
RNA and miR were isolated from treated LCLs at 8-24h and at 2h and 24h also
from untreated cell lines. (Taken from poster gatsented at FISV Congress 2009)

In the same four LCLs, we also analysed the cast levels and levels
after IR exposure of the RAD51 protein, togethethwthat of p53 by
western blotting. The basal RAD51 protein levelgevdifferent in the 4
LCLs but no association was observed ViRD51-52genotype, whilst that
of p53 protein levels were similar in the four exaed cell lines (Figure 8).
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Rad51 basal protein level

BC25 BC93 BC108 BC231
cell line
p3= basal protein level mocze
mECSE
0.7 OeCios
mEBCZ231

[

BCIZS BCSE BC108 BCZE1

Cell ine

Fig.8 Constitutive levels of RAD51 and p53 protd8C98 and BC231 lines were
homozygote for the C allele whereas BC26 and Bda08he T one. (Taken from
poster data presented at FISV Congress 2009)

Following exposure to IR, p53 levels increased waitth a dose of 5Gy its
expression was at a maximum 4h after treatmentthenother hand, no
marked differences in RAD51 protein levels werensexer this time
period, as showed in Figure 9.

gomm

Fig.9 RAD51 (top) and p53 (bottom) protein leveteralR exposure. (Taken from
poster data presented at FISV Congress 2009)

56



Results

3. XRCC1 expression and IR exposure

The biological responses to IR exposure were atamaed in two hamster
cell lines, AA8 and EM9, which are a model to stuldg functional role of
XRCC1.

First, in asynchronous cells we monitoredRCC1 mRNA levels
immediately after treatment with three differensds of X-rays: 1.25, 2.5
and 5Gy in order to check the direct effect of distion on mRNA
molecules and the influence ofXRCC1lgene mutation on its expression
(EM9 cells).

The results of the quantitative RT-PCR performedX$tCC1 transcripts
from the two CHO cell lines are shown in Figure T@e fold-induction of
XRCC1gene expression with respect to the basal levet &eatment was
expressed as 27(- Ct) [2*(-DDCt)].
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Fig.10 Fold-induction oKRCC1mRNA levels in AA8 and EM9 after exposure to
different doses of X-rays. The graph representsrigan of mMRNA activation
obtained from three different experiments with thiespective SE.

The two cell lines seemed to respond similarly reatments. Although
irradiation with 1.25Gy determined a small increaB¥RCC1mRNA level

in both cell lines, variation iXRCC1transcript levels was not significant at
one-way ANOVA test (p=0.15 and p=0.23 for AA8 ardE, respectively).
However, AA8 and EM9 differed significantly in aliste levels 0fXRCC1
mRNA (Figure 11); two-way ANOVA test confirmed thelhanges due to
irradiation were not significant (p=0.27) and reeelathat in EM9XRCC1
MRNA levels were significantly lower than in AA8 thobefore and after
treatments (p=0.001).
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OAA8 m EM9
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XRCC1 mRNA levels

Fig.11 XRCC1mRNA levels in AA8 and EM9, before and after inegtbn. The
graph represents the meanX®®CC1mRNA levels, normalized with housekeeping
-actin, obtained from three different experimenithwiheir respective SE. Two-

way ANOVA: **p=0.001

We also checked the effect of irradiation with ¢hrdifferent doses at
protein level by western blotting (Figure 12). IPA& XRCC1 protein
levels seemed to be unchanged immediately aftérdnd 2.5Gy treatments
when compared to control but a reduction could bedh with a dose of
5Gy. On the contrary, in EM9 XRCC1 protein was ctetgly absent both
in control and in irradiated cells, as expected.

-actin levels remained constant in both cell liregn after IR treatment.

AA8 EM9

a) XRCC1 (83kDa)

b) -ACTIN (42kDa)

Fig.12 XRCC1 (a) and-ACTIN (b) protein levels, detected by western tig in
AA8 (lane 1- 4) and EM9 (lane 5-8) before (lanant 5) and immediately after IR
with 1.25Gy (lane 2 and 6), 2.5Gy (lane 3 and @ a8y (lane 4 and 8).

Afterwards this analysis in asynchronous cellsnext investigatekRCC1
expression in the different phases of cell cycléhtat the basal level and
immediately after irradiation with 2Gy. Cells wesgnchronized by adding
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1% DMSO to complete medium for 96h and analysedoutin
cytofluorimetric analysis (FCA) of DNA content anef BrdU
incorporation. (FCA plots showed in CD supplementaraterial section:
Fig.3s, Fig.4s and Table ).

XRCC1mRNA levels were expressed asactin normalized values with
reference to gcontrol condition. Figure 13 and 14 displARCCImRNA
relative levels observed in AA8 and EM9 cell linesspectively.

3 *
2,50 o
2,51
P 2,03
T o2 —
% 1,5 1 1,23 1,23
o 1 — —
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0,5 1| *%
0,18 0,18
0 : S o N : :
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Fig.13XRCC1mRNA relative levels in different phases of AA8laycle. Samples
irradiated with 2Gy of X-rays are shown as grillears. The graph represents the
mean of values obtained from three different expernits with their respective SE.
Student’st-test: *p<0.05; **p<0.01. Studentstest when comparing untreated and
irradiated sample: °p<0.05
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Fig.14 XRCC1mRNA relative levels in different phases of EM9 cgcle. Samples
irradiated with 2Gy of X-rays are shown as grillears. The graph represents the
mean of values obtained from three different expernits with their respective SE.
Student’s-test: *p<0.05
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In both cell linesXRCC1mRNA basal levels differed significantly through
the cell cycle as confirmed by one-way ANOVA te&Ag p<0.001; EM9
p=0.003). In untreated AA8 cells, we observed digantly higher levels of
XRCC1 transcripts in S phase thany, @=0.04) and @ (p=0.04) and
significantly reduced levels in Gohase when compared to S (p=0.04) and
G, (p=0.01) phases. Also the EM9 cells showed a fogmt decrease of
XRCC1mRNA levels in G as regards gp=0.02) On the contrary, EM9
did not exhibit an increase ®RCC1mRNA during the replicative phase
instead a decrease in levels was observed whenarethgo RNA from
cells in G, even though this difference did not reach statistsignificance
(p=0.16).

In conclusion the IR exposure did not influenxd@CC1ImRNA levels in the
different cell cycle phases either in the AA8 ottlie EM9 cells, except for
a significant decrease in levels from 2.5 to 2.803Fiphase in AA8 cells
(p=0.03).

To further study th&XRCC1lexpression profile in response to irradiation, we
assesseMRCC1ImRNA expression time course after exposure to @G-
rays to quiescent ({p peripheral blood mononuclear cells isolated from
male healthy subjects.

Figure 15 resumes the results of the quantitatiiePRR. The fold-
induction of XRCC1gene expression with respect to the basal level af
irradiation and recovery at different time pointasvexpressed as 2/\(-
DDCt).

The upper part of Fig.15 displays the individuabfiles of XRCC1gene
expression obtained from each of five PBMCs culumhereas the mean
values and their respective standard error (SEphoevn at the bottom of
the figure.

As the graphs show, the five profiles did not ekhéb great inter-subject
variability and the radio-inducedXRCC1 mRNA levels changed
significantly in a time-dependent manner as cordidmby one-way
ANOVA test (p<0.0001).

In contrast, in untreated cellRCC1lexpression levels remained constant
for the two hours following the cell culture edtabment (red line at the
bottom of Fig.15), thus confirming tha&RCC1 transcript levels were
indeed modified specifically by the IR treatment.

In detail, after X-ray treatment a significant iease ofXRCC1 mRNA
levels were noted 90 min after treatment in conguarito the levels seen in
control cells (3.87 vs 1, p=0.0006) and 0 min (3w&70.84, p=0.0003)
levels. Indeed, already at 60 min after irradiatersignificant, but less
pronounced, enhancement IKRCC1 mRNA expression was noted
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compared to the controls (1.46 vs 1, p=0.002) andi® (1.46 vs 0.84,
p=0.02) levels.

In addition to extracting RNA from isolated PBMCe studied the repair
kinetics of radio-induced DNA damage using the Cobemsay taking as
recovery times: 0, 15, 30, 60, 90 and 120 min.

The basal level (untreated) and the X-ray inducéthRamage measured
as % of DNA in the Tail (TD) are shown in Figure 16
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Fig.15 Fold-induction oKRCC1mRNA after treatment with 2Gy of X-rays. At the
top individual kinetics profiles are shown; the tbot reports the mean of data
obtained from untreated (red) and treated (blud)s cand their respective SE
Student’s-test: *p<0.05, **p<0.01, ***p< 0.001

At the top of Fig.16, @kinetics profiles for each of the five samples are
shown separately whereas at the bottom the TD malaes are displayed.
The TD is significantly modified in a time-depentl@manner as shown by
one-way ANOVA test (p<0.0001).

2Gy of X-ray treatment resulted in an immediate) @2 fold-increase in
DNA damage compared to the basal DNA damage l&@#(vs 1.55, p=
0.001). However, from 15 min after irradiation aadwal and significant
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decrease in damage levels were measured (3.3448s [2-0.04; 3.34 vs
1.65, p=0.04; 3.34 vs 1.17, p=0.001; 3.34 vs 034).0007; 3.34 vs 0.6,
p<0.0002); this trend indicated that DNA repair loedurred.

By 30’ and 60’ after IR exposure, DNA damage levelached basal level
(1.55 vs 1.65, p=0.65; 1.55 vs 1.17, p=0.15) s@esting that DNA repair
mechanisms, mainly global rapid SSBR and NHEJ, aipdr quickly to

repair radio-induced damage.
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Fig.16 Basal and X-ray induced DNA damage expressetiail DNA. The Comet
assay was performed in untreated condition (0 Gginediately after irradiation
with 2Gy (0") and 15, 30, 60, 90, 120 min latediindual and mean TD values with
their SE are shown at the top and at the bottospedively. Student’d-test:
*p<0.05, **p<0.01, ***p< 0.001

By 90" and 120’ post-treatment TD value did notma significantly (0.84
vs 0.6, p=0.22) but the values were lower thankthsal levels measured.
This phenomena is probably due to treatment whatimulating DNA
repair pathways, could also promote the repair oflogenous DNA
damage, that is revealed by the Comet assay.
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V. DISCUSSION and CONCLUSION

The DNA damage repair capacity is considered atgetm@it which can
influence the individual susceptibility of normairan subjects to chemical
and physical exposure. Each subject differentlycteedo external stimuli,
activating a series of biological responses inclgdDNA repair pathways.
The alkaline Comet assay is one of the most comynased tests to analyse
both the induction and the repair kinetics of DN&mhge. It is also useful
for evaluating the baseline level of DNA damagehiman subjects not
exposed to damaging agents (Collins, 2004). RedDd¢A repair capacity
could be the underlie cause of abnormal responses patients
therapeutically exposed to agents damaging bicdbgmacromolecules
such as is seen in some cancer patients treatbdstgihdard radiotherapy
regimes. In this field it seems particularly im@ont to identify simple and
rapid methods as predictors of side effects

During my PhD program, firstly | evaluated the mnese of both basal and
X-ray induced DNA strand breaks in BC patients andontrol population.
The data obtained showing that BC patients hadghehiextent of basal
DNA damage are in agreement with other recentlylipluéd data (Smitlet
al., 2003; Shahidet al, 2007; Sanchez-Suéretral, 2008;Synowiecet al,
2008); furthermore our results show a higher meatues of induced
damage immediately after irradiation in BC patiectenpared to healthy
controls. Both basal and radio-induced DNA damageels were
independent of patients’ genotypes with respethé¢dXRCC1-3990GG1-
326 andXRCC3-24Jpolymorphisms.

As far as repair capacity, in both groups (patiestsl controls) DNA
damage persisted at a significantly high level e&@min after irradiation.
When considering the RD, which takes into accobst initial TD value
obtained immediately after irradiation, we foundtth comparable amount
of un-rejoined DNA breaks was still detectable bimtHBBC patients and in
the controls. This result is not in agreement v@ttahidiet al. (2007) who
showed that after a much longer repair time (2thé)controls did not have
any residual damage whereas BC patients had mare26%. They used,
however, a standardized residual damage that didamsider the initial TD
value immediately after irradiation.

Interestingly, we observed a great inter-individuatiability in mean DNA
damage in both groups after irradiation but not lmsal levels,
corresponding to the existence of an individualiasensitivity, probably
genetically determined and independent of canceradie.
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In order to examine whether differences in the atdh response could
influence the development of normal tissue reastiome checked the
relationship between the repair capacity and theeia# side effects. An
interesting outcome was obtained showing a relati@tween higher
degrees of adverse reactions (as evaluated oralie &®f ROTG scale) and
the residual DNA damage: in patients showing aakia reactions (20
patients from G1 to G3 grade) DNA damage did ngnificantly decrease
from 30 to 60 min of repair times. This result @ripcularly evident in 6
over-reactors who showed G2 and G3 reactions. Alasimesult was
reported by Alapetitet al. (1999) in 3 over-reacting BC patients but not by
Popandaet al. (2003) who failed to find any significant assoiatbetween
the clinical signs of radiation sensitivity and DN#epair parameters
measuredn vitro. It will be interesting to follow our over-reacgrpatients
(particularly those showing G2 and G3 grades) &be Iclinical symptoms
which can develop several months after therapy ti&en 2006).

When we calculated the Odd Ratios for the DNA damagene
polymorphisms, we found a significant associatieteen thexRCC1-399
variant allele and the risk of developing spordutieast cancer: the 399-GIn
allele of XRCClincreased significantly the risk of sporadic BQ@ ainmay
act as a dominant allele.

In the literature, however, studies on associati@ween thisXRCC1
polymorphism and breast cancer have yielded caimitjaesults. Recently,
Huang et al. (2009) performed a meta-analysis to investigates th
association in 37 studies (22,481 cases and 23%80&ols) in different
inheritance models. Our data are supported by akstrdies that showed a
slightly increase of BC risk in Caucasians usingnoh@nt model (Duelkt
al., 2001; Moullanet al., 2003; Smithet al, 2003; Zhanget al., 2006),
however they are partially in contrast with othearks such as Saadett al.
(2007) who observed that 399-GIn allele may aca ascessive allele and
increase the BC risk, Cos# al. (2007) who reported that women carriers
of XRCC1399-GIn genotypes had a protective effect conogrrireast
cancer and Breast Cancer Association Consortiur@gRhich found no
evidence of an association of breast cancer WERCC1 Arg399GIn
polymorphism. In conclusion, based on our resultd aupported by the
meta-analysis study (Huargt al., 2009), individuals who have the Gin
allele in codon 399 are more likely to develop bteancer.

Additionally, XRCC1lhaplotype analysis revealed that the 399-GIn waria
allele when combined with the wild type allele atlon 194 and the variant
allele at the position -77 (haplotype H3) deterrdimesignificant higher BC
risk.

64



Discussion and Conclusion

To date, only one study has described the anabysiaplotypes considering
the SNP in theXRCCl1promoter in BC patients and healthy controls (Brem
et al, 2006). Our data are partially in agreement witerBet al's work,
where XRCC1 haplotypes based on alleles at position -77 andoiions
194, 280 and 399 were determined in French bremster patients and
controls. In fact, also in their study the mosifrent haplotype contained
the C variant at position -77 together with the dwifpe alleles at the
remainingloci, both in the controls and BC population. They atgmorted a
quite similar frequency for the haplotype with wilghe alleles in all four
positions (11.8% of controls vs 9.7% found in owntrol population);
however, the H3 haplotype, significantly associatgth BC risk in our
analysis, was not represented in their study. tmgeof BC risk, they
concluded that risk was increased in the haplotgggaining the wild-type
alleles at -77, codon 194 and 399 and the varigeleat codon 280, even
though the p value was not significant.

XRCC1 has two BRCAL carboxyl-terminal (BRCT) don®{(BRCT | and
BRCT II), located centrally and at the C-terminatierespectively. BRCT
Ilis responsible for binding and stabilizing DNi§jdse 11l and the centre of
BRCT | regulates recognition of protein PARP1. Tlaist one domain is
critical for efficient SSBs repair and cell surdi@aylor et al., 2002). The
polymorphism Arg399GIn is located close to BRCT IG-terminal
boundary; this mutation will change XRCC1's struetuin particular at
level of secondary structures as Monatal. (2007) demonstrated and so it
could impair DNA repair. On the other hand, promoféC substitution
might disrupt a consensus sequence for Spl-birgltegHaoet al, 2006),
so that this polymorphism may have the potential alter XRCC1
transcription. On the basis of these consideratidhe combination of
variant alleles in position —77 and in codon 399,rapresented by the
haplotype H3, could affect strand breaks repaimansequence of the
reduced availability oKRCC1transcript, even in the variant form. In this
manner, we could explain the increased risk in gieg cancer among
subjects with H3 haplotype. In conclusion whilestlstudy has several
limitations, such as the moderate sample size sésand controls, the
haplotype risk associations can be consideredmirediry and suggest that
association studies in which only individbdRCC1SNPs are considered,
might lead to errors in risk estimation. Moreoviesvould be interesting to
perform molecular dynamic studies to value fundilomlterations in
XRCC1 protein encoded by gene with variant allelpiomoter and codon
399.

XRCC1-77 XRCC1-1940GG1-326 XRCC3-241RAD51-01andRAD51-
52 as individual SNPs were not associated with BGtigpment.
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In terms of the association of SNPs in DNA repangs XRCC1 OGG]
XRCC3 and RAD5)) with the occurrence of radiotherapy-induced side
effects, we did not find any significant associatioData in the literature
are not conclusive since there are two studies e’ RRCC1399GIn was
found associated with an increased risk of sidectsf(Andreasseet al,
2003; Sanchez-Suéret al, 2008), one reporting a protective effect exerted
by the same variant (Chang-Claudeal, 2005) and two more with no
effect (Moullanet al, 2003; Andreasseet al.,2005). Less is known about
the role of other repair gene polymorphisms andatah treated breast
cancer patients (Popan@# al., 2009). However, there are evidences that
XRCC1gene variants could contribute to the risk of baxthte and late side
effects also in combination with other gene vasg@tzriaet al, 2008).

In our study we did not find a significant assocatbetween the number of
variant alleles of SNPs located XRCC1 OGG1 and XRCC3genes, and
the risk of developing acute adverse reactionsr &fE. Though clinical
normal tissue radiosensitivity should be considessda complex trait
dependent on the combination of variants in sevgeaks, the product of
which play an important role in radiation respoifsi® et al., 2006), we
failed to find an association. Furthermore, theeadigyment of side effects
after radiotherapy is not only dependent on the typSNP but also on the
number of risk alleles, as Azret al. (2008) demonstrated. They, assessing
whether patients with several radiation-induceduséxg (G> 3) possessed
certain SNPs located in six gendsTM, SOD2, XRCC1, XRCC3, TGFB1
and RAD2)), concluded that patients who had 4 or more vaidieles in
candidate genes showed a significant higher risldeneloping severe
toxicity. This result, which is in contrast to our data, coloé due to the fact
that in our cohort of breast cancer patients theee only eight cases who
developed acute side effects (G>2) after radiotheravhile in Azria’'s
analysis, patients with different types of tumougrevincluded, many of
them (47%) exhibiting grade 3 toxicity.

In our study we demonstrated that the combinatibivasiant alleles of
SNPs in several geneXRCC1 OGG1 and XRCC3, involved in repair
mechanisms, increases the risk of developing spobmdast cancer. In fact,
the risk of breast cancer was significantly higler subjects with 3
variant alleles compared to those with <3 variaftsis result may be
comment on the fact that the genetic variants iftipie repair pathways
may have a joint or additive effect on BC risk.

In the case of XRCC1, it itself does not have algét activity in BER but
since XRCC1399GIn shows a reduced activity (Taylet al., 2002), it is
possible that this SNP may affect the recruitmenthe BER proteins. If
BER, in which XRCC1 and OGGL1 are involved, or HRRttrequires
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XRCC3, are erroneous the increased mutagenesisdwmailexpected to
modify breast cancer risk.

Based on the results obtained from this first paet,highlightXRCClas a
possible genetic marker to assess the risk of dpired sporadic breast
cancer. This consideration moved us on to studyetiail XRCCL1 function
in BER and SSBR pathways, by usiig vitro systems; we focused on
studying theXRCC1lexpression in response to IR exposure.

Firstly, evaluating the immediate effects of X-raysgene transcription we
observed that after irradiation with several doge&5, 2.5 and 5Gy) the
XRCC1mRNA levels did not significantly change either A8 or EM9
cell lines. On the contrary, levels of the XRCCbtpim, detected only in
AA8 but not in XRCC1-defective cell line EM9 (Calua#t et al, 1994;
Shenet al, 1998), seemed to be reduced after treatment5@th

Based on these observances, we can reasonablydertbat the average of
X-ray dose generally employed as single fractio®yRin radiotherapy
regimen does not affeRCC1lmessenger and protein levels, by causing a
direct damage, but it has been noted that thihesnaster model.

For the first time to our knowledge we demonstratet in the EM9 cells
the C T substitution at nucleotide 661 XRCC1gene is responsible as
well as for XRCC1 protein absence, for a signifibarreduced gene
expression; indeed, the EM9 cells showed aboutngale reduction of
XRCCLltranscript levels compared to AA8 cells, both lbefand after IR
exposure. Our hypothesis is likely that the lack fofictional protein
regulates gene expression through a negative fekdbachanism, or that
XRCCl1transcript levels are reduced by nonsense-medmBRNA decay in
EM9 cells.

With regard toXRCClexpression in synchronized CHO-derived cells, we
argue thatXRCC1gene is expressed differentially through the cgtile,
also in absence of treatment. In particular in plositive control, AAS8,
XRCC1mRNA levels were maximum in S phase during whidROC1
protein assists in DNA replication. In fact, as éet al. (2009)
demonstrated, XRCC1 directly interacts with the p&Bunit of DNA Pol-
primase complex, which begins DNA replication by ARNprimers
synthesis. Moreover, the report#®CC1linduction in the replicative phase
is supported by other studies that reveal XfRCC1 promoter is directly
bound by transcription factors commonly involvedtli®e progression into
the DNA replication phase (Tat al.,2007; Cheret al.,2008).

To summarise, we consider thédRCC1lis maximally expressed in the S
phase so that the S/Gpecific XRCC1l-dependent SSBR described by
Caldecott (2003), can operate properly.
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IR exposure did not markedly influencéRCC1 mRNA levels in the
different cell cycle phases either in the AA8 oe BM9 cells, except for a
significant decrease in S phase in AA8 cells. Wedtlyesise that this
destabilizing effect of X-rays is linked to the imetgene expression status
of XRCCL1in the replicative phase; in fact, thRCC1RNA molecules
localized in the cytoplasm waiting to be translatpdobably are more
susceptible to direct (DNA breaks) and indirectidative stress) action of
X-rays than in the other cell cycle phases.

As far as the response to IR of quiescent cultupedipheral blood
mononuclear cells, we can conclude that the ratiokied DNA damage is
quickly repaired mainly by the XRCC1-dependent glalapid single strand
break repair (global rapid SSBR) pathway, whichrafes throughout the
cell cycle and by which SSBs are rejoined withis-8h (Caldecott, 2003).
Moreover, SSBR is supported by NHEJ, the error-pr@athway that
occurs to repair DSBs ing&ells and in which XRCC1 results to take part,
too. (Audebert et al., 2004; Lévy et al., 2006)

Our results on repair kinetics, which indicate tttad radio-induced DNA
damage is repaired very quickly after exposure, iareagreement with
Mosessoet al. (2010). In this paper the authors displayed a viast
rejoining of DNA breaks in irradiated (3Gy of X-gy & isolated
lymphocytes: within 0.5 h recovery time, the Taibmment (TM) value,
measured by the Comet assay, was reduced of 50égasis TM at Oh. As
well as Mayeret al. (2002) reported that in isolated lymphocytes sgren
five percent of DNA damage (measured as TM throtnghComet assay)
was repaired already 15 min after irradiation.slinbteworthy that in this
case irradiation was performed with 5Gy afays.

We also show that X-ray exposure i @ononuclear cells specifically
caused aXRCC1 induction in a time-dependent manner; 90 min post-
treatment it was remarkable a significant increaflsERCC1ltranscripts in
comparison to baseline level.

So far, conflicting results from a few studies itite damage inducibility of
XRCC1 mRNA following exposure to IR exist. Moreover, due the
heterogeneity in term of doses, exposure conddimh methodologies used,
it is difficult to reach a consensus with respecthe modulation o0KRCC1
expression.

In the 90’s, methods of quantitative dot plot hyiration and northern blot
techniques did not show any convincing evidence X®CC1 induction
after ionizing radiation exposure, either in CHO inrhuman cell lines
(Thomson et al., 1993). Afterwards, in 2006 Sudpttaand co-workers
demonstrated a significant decreaseXiRCC1and OGGL1 expression in
isolated lymphocytes immediately after exposur@@oGy of gamma rays.
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They evaluated gene expression by quantifying bahdsverse transcribed
MRNAs (cDNAs) migrated on agarose gel by densitoynudpraseret
al., 2006). Even due to differences in experimentaragches, these results
are, therefore, in conflict with ours that displdy®o significant changes in
XRCC1ImRNA levels within 60 min post-irradiation.

Furthermore, literature data obtained by quantitatRT-PCR analyses
suggest that the basal expression level of XRCC% wmst likely a
determinator of radiation inducibility of this rdparotein: cells with a high
basal XRCC1 expression did not show radiation-itidacwhereas cells
with low basal expression did. Indeed, two papéfacoubet al. 2001;
Toulanyet al, 2008) demonstrated an up-regulation of XRCC1 mRixd
protein after IR treatment in human tumour cekir{DU145 and MO59J).
However, whereas Yacoub and colleagues concludad pfotein levels
increased throughde novo transcription of XRCC1 Toulany’s results
implied a stabilization of XRCCL1 protein by positislation modification,
i.e. phosporylation/dephosphorilation rather thaw isynthesis.

In Gy peripheral blood mononuclear cells we plan thelystaf XRCC1
protein expression to test our hypothesis that uesgent PBMCs IR
exposure, at clinically relevant doses, causedlyfiem increase 0KRCC1
MRNA levels and secondly an induction at proteweleéhroughde novo
synthesis. This increase in XRCC1 protein wouldrgotee the repair of
radio-induced DNA damage, that we have alreadylafteasing the Comet
assay.

Over the last ten years expression profiling withiganucleotide
microarrays has opened up new possibilities faydascale gene expression
studies. In particular, it also seems to be a usefethod for detecting
subtle changes in transcription following expostwmeionising radiation
(Amundsoret al, 2000; Amundsoet al, 2001). Many studies, as reviewed
by Royet al in 2009, have been used microarray techniquenttenstand
cellular response to ionizing radiation by generegpion patterns analysis.
However, to date there are not convincing resulsnanduction oiXRCC1
gene expression after irradiation.

Through expression analysis in LCLs, we demonddréitat IR treatment
induced the microRNA34a* expression, as results¥ pctivation. Our data
are supported by works of Chameg al. (2007) and Raver-Shapiet al
(2007): they showed miR34a* as a direct transariati target of p53 and
that its expression was increased by p53 in regptmngenotoxic stress and
irradiation bothin vivo andin vitro systems. Previous data have displayed
that p53 is able to down-regulate RAD51 mRNA andtgin levels, by a
direct binding at a site in the promoter and a dirprotein-protein
interaction that prevents RAD51 polymerisation @&rlLopezet al. 2006).
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As a consequence of p53 activation we expected vendegulation of

RAD51 mRNA and protein and this was confirmed exkpentally with a

decrease oRAD51transcript levels starting from 4h post-irradiatioeing

observed.

However, contrary to theoretical bioinformatic aysé¢ which suggested
that the miR34a* binding would be different on thasis ofRAD51-52

genotype, our experimental results indicated B¥AD51 mRNA levels did

not change depending on the allele presenRAD51-52 The miR34a*

binding in the 3'UTR ofRAD51, therefore, is not influenced BYAD51-52

polymorphism, and it does not modiffRAD51 levels, under our
experimental conditions.

On the whole, this PhD research highlights thas ian important goal of
biological and clinical research to detect genetimponents such as DNA
repair gene polymorphisms as possible markersdbsansitivity in order
to adjust radiotherapy protocols for both sensitivd resistant patients and
to promote the development of a “personalized meéic in which
therapies are optimised for each individual's ueaigenetic makeup.
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