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Wykaz stosowanych skrétow

Skrot Petna nazwa w jezyku angielskim Petna nazwa w jezyku polskim
Mechanizm naprawy podwdjnego
DSBR Double-strand break repair
pekniecia nici DNA
Mechanizm naprawy DNA btednie
MMR Mismatch repair
sparowanych zasad
Polimeraza
PARP Poly (ADP-ribose) polymerase
poli(ADP-rybozy)
Proces rekombinacji
HRR Homologous recombination repair
homologicznej
HR Homologous recombination Rekombinacja homologiczna
Scalanie niehomologicznych
NHEJ Non-homologous end joining
korncéw DNA
SSB Single-strand break Pojedyncze pekniecie nici DNA
BER Base excision repair Naprawa przez wycinanie zasady
Naprawa przez wyciecie
NER Nucleotide excision repair
nukleotydu
DSB Double-strand break Podwdjne pekniecie nici DNA
msl Microsatellite instability Niestabilno$¢ mikrosatelitarna
IDLs Insertion-deletion loops Petle insercja-delecja
ssDNA Single —stranded DNA Pojedyncze nici DNA
Metastatic castration-resistant prostate Rak gruczotu krokowego z
mCRPC
cancer przerzutami oporny na kastracje
Amerykanska Agencja Lekow i
FDA Food and Drug Administration )
Zywnosci
GP Gleason Pattern Architektonika Gleasona
GS Gleason Score Skala Gleasona
PCa Prostate Cancer Rak gruczotu krokowego




Rozdziat 1. Nota informacyjna i wykaz publikacji stanowigcych

podstawe rozprawy doktorskiej

Przedmiotem niniejszej dysertacji doktorskiej jest spdjny tematycznie
zbior artykutdw, ktére zostaty opublikowane w recenzowanych czasopismach
naukowych umieszczonych w ministerialnym wykazie czasopism naukowych
i recenzowanych materiatéw z konferencji miedzynarodowych. Sumaryczna
warto$¢ wspotczynnika oddziatywania (Impact Factor, IF) publikacji
stanowigcych niniejszg rozprawe doktorska wynosi 13,398 oraz 340 punktow
Ministerstwa Nauki i Szkolnictwa Wyzszego (MNiSW). Publikacje zostaty

uporzadkowane wedtug chronologicznej kolejnosci ich wydania.
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Durslewicz Justyna, Dominiak Joanna, Kasperska Anna, Neska-Dtugosz
Izabela, Grzanka Dariusz, Szylberg tukasz, The impact of TP53BP1 and
MLH1 on metastatic capability in cases of locally advanced prostate
cancer and their usefulness in clinical practice, Urol. Oncol.-Semin.
Orig. Investig.; 2020 : Vol. 38, nr 6. s. 600.e17-600.e26.
DOI: 10.1016/j.urolonc.2020.02.012
IF: 3,498 MNiSW: 100,000
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Dariusz, Szylberg tukasz, Expression differences between proteins
responsible for DNA damage repair according to the Gleason grade as
a new heterogeneity marker in prostate cancer, Arch. Med. Sci.; 2023
:Vol. 19, nr 2. s. 499-506. DOI: 10.5114/aoms.2019.89773
IF: 3,900 MNiSW: 100,000

3. Jaworski Damian, Brzoszczyk Bartosz, Szylberg tukasz, Recent research
advances in double-strand break and mismatch repair defects in
prostate cancer and potential clinical applications, Cells; 2023 :Vol. 12,
nr 10, s. 1-20; 1375, DOI: 10.3390/cells12101375
IF: 6,000 MNiSW: 140,000



Rozdziat 2. Wprowadzenie

Rak gruczotu krokowego (z ang. prostate cancer, PCa) jest najczestszym
ztodliwym nowotworem wsréd mezczyzn i stanowi 20,6% nowotwordow
ztosliwych w Polsce. Roczna umieralnos¢ z powodu PCa wynosi 10,3%, co czyni
go trzecim najbardziej Smiertelnym nowotworem w Polsce[1]. Dotychczasowe
badania dowodzg, ze od 10% do 20% pacjentow
z przerzutami PCa w obserwacji piecioletniej rozwinie PCa opornego na
kastracje, ze s$rednig przezywalnoscia okoto 14 miesiecy[2]. Z uwagi na
powyzsze dane, nowotwodr ten nadal stanowi duze wyzwanie w kontekscie
optymalizacji diagnostyki i strategii terapeutycznych. W obszarze biologii
molekularnej znaczenie mechanizmdéw naprawy DNA btednie sparowanych
zasad znany jako MMR (ang. Mismatch repair)
i naprawy podwodjnego (dwuniciowego) pekniecia nici DNA znany jako DSBR
(ang. double-strand break repair) jest coraz bardziej dostrzegane w kontekscie
wielu typéw nowotworéw, w tym PCa[3,4]. Podczas gdy bezposrednia
przyczyna powstawania PCa nadal pozostaje przedmiotem badan,
dotychczasowe doniesienia sugerujg, ze zdolno$¢ do inicjacji nowotworzenia
tego guza posiadajg zaréwno komoérki zrdinicowane, jak i komorki
macierzyste lub progenitorowe[5-7]. Niemniej jednak, powszechnie uznaje
sie, ze przewlekty stan zapalny jest jedng z gtéwnych przyczyn nowotworzenia.
Dtugotrwata ekspozycja na stres oksydacyjny oraz reaktywne formy tlenu
mogg prowadzi¢é do uszkodzen DNA, co skutkuje selekcjag komdrek
z mutacjami i progresjg neoplazji srddnabtonkowej do raka[8].

Zaburzenia mechanizméw naprawy uszkodzen DNA stanowia
przyczyne wielu nowotwordéw. Klasycznym przyktadem sg mutacje w genach
BRCA1/2 w raku piersi i jajnika, zaburzenia w obrebie szlaku MMR w zespole
Lyncha predysponujgcego do raka jelita grubego, a takze zespotu Xeroderma
Pigmentosum stanowigcego podioze dla nowotworéw skdry[9-12].
W PCa przyjmuje sie, ze od 5% do 15% przypadkow powstaje na podfozu
czynnikdw dziedzicznych, w tym zaburzen MMR i DSBR. Nowotwory w tej

grupie  charakteryzujg sie agresywnym  przebiegiem i gorszym



rokowaniem[13,14]. Identyfikacja zaburzen w obrebie szlakéw naprawy DNA
takich jak MMR i DSBR, w procesach nowotworzeni oraz ocena ich wptywu na
przebieg choroby otwierajag nowe mozliwosci dotyczace planowania terapii,
szczegdlnie w przypadkach, kiedy konwencjonalne metody leczenia nie s3
skuteczne. Dotychczasowe badania w tematyce zaburzen wyzej wymienionych
szlakdw naprawy DNA umozliwity wprowadzenie inhibitoréw polimerazy
poli(ADP-rybozy) (inhibitory PARP), miedzy innymi w leczeniu raka piersi
u pacjentéw z mutacjy genu BRCA1/2, w nowotworach z mutacjg w obrebie
genu PTEN, w raku jelita grubego u pacjentdow z zespotem Lyncha
(zaburzenia MMR), a takze PCa opornego na kastracje z zaburzeniami
w obrebie gendw naprawy DNA zaangazowanych w proces rekombinacji

homologicznej (z ang. homologous recombination rep air, HRR)[13,15-17].

2.1 Mechanizmy naprawy DNA

Mechanizmy naprawy DNA aktywowane w przypadku réznorodnych
uszkodzen materiatu genetycznego sg kluczowe dla zachowania integralnosci
genetycznej oraz prawidtowej funkcjonalnosci komdrkowej organizmow.
Przyktadami takich uszkodzen sg pojedyncze pekniecia nici DNA
(ang. single-strand break; SSB), ktére sg naprawiane przez szlak MMR.
Dodatkowo, inne mechanizmy, takie jak naprawa przez wycinanie zasad
(ang. base excision repair; BER) oraz naprawa przez wyciecie nukleotydéw
(ang. nucleotide excision repair, NER), rowniez przyczyniajg sie do utrzymania
stabilnosci genomu. W przypadku podwdjnych peknie¢ nici DNA
(ang. double-strand breaks, DSB), uruchamiane sg mechanizmy takie jak
rekombinacja homologiczna (ang. homologous recombination, HR) oraz
scalanie niehomologicznych koncéw DNA (ang. non-homologous end joining,
NHEJ). Dzieki inicjowaniu prawidtowych form naprawy uszkodzern DNA,
mechanizmy te zapewniajg efektywng naprawe, zapobiegajgc powstawaniu
btedéw podczas replikacji[18]. W mechanizmach tych uczestniczg geny
odpowiedzialne za naprawe uszkodzonego DNA nazywane genami
mutatorowymi (naprawczymi). Nieprawidtowe dziatanie mechanizméw

naprawy btedow po replikacji, takich jak niewtasciwe parowanie zasad, moze
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prowadzi¢ do niestabilnosci genomu, co z kolei sprzyja indukcji i postepowi

proceséw kancerogennych.

2.2 Mechanizm naprawy DNA btednie sparowanych zasad azotowych (MMR)

Szlak MMR naprawia btedy powstate podczas replikacji, rekombinacji
oraz naprawy DNA, utrzymujac stabilnos¢ genomu poprzez rozpoznawanie
i korygowanie niesparowanych badz btednie sparowanych zasad azotowych,
petli insercja-delecja (z ang. insertion-deletion loops, IDLs) oraz uszkodzen
DNA typu SSB[19,20]. W szlaku MMR bierze udziat wiele biatek, w tym
homologi MutS (MSH2, MSH3, MSH6), homologi MutL (MLH1, PMS1, PMS2),
a takze exonukleaza 1 (EX01)[19,20]. Biatka te umozliwiajg rozpoznawanie,
wigzanie sie z miejscem uszkodzenia oraz naprawe DNA. Szlak MMR moze by¢
podzielony na dwie gtéwne fazy, rozpoznania i naprawy uszkodzenia. W fazie
pierwszej, homologi MutS tworzg heterodimery i rozpoznajg miejsce btednego
sparowania zasad lub IDLs. Nastepnie homologi MutS rekrutujg homologi
MutL, co w konsekwencji aktywuje drugg faze, naprawcza. W tej fazie biorg
udziat biatka naprawcze, takie jak PCNA oraz EXO1. Po natrafieniu na przerwe
w nici DNA, na przykfad pomiedzy fragmentami Okazaki, na nici opdznionej
lub naciecie nici wiodgcej przez PMS2, rozszczepiajg one przylegajacg do
miejsca dziatania ni¢ DNA i rozpoczynajg degradacje. W dalszym etapie
nastepuje stabilizacja fragmentéw pojedynczej nici przez biatko replikacyjne A
(z ang. replication protein A, RPA), uzupetnienie przerw nici DNA przez
polimeraze & oraz wigzanie pozostatych przerw za pomoca ligazy DNA[21].
Dziatanie mechanizmu MMR zostato schematycznie przedstawione na Rycinie

1.
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Rycina 1. Schemat przedstawiajgcy sposdb dziatania mechanizmu MMR.
Do okolicy nieprawidtowo sparowanej pary nukleotyddéw przytgcza sie hetero
dimer MSH2/MSH6 (MutS), do ktdrego po zmianie konformacyjnej dotgcza sie
drugi heterodimer MLH1/PMS2 (MutL). Podczas przesuwania sie wzdtuz nici
w momencie natrafienia na nieprawidtowo$¢ w postaci zaburzenia ciggtosci
nici, razem z PCNA oraz EXO1l rozpoczynajg degradacje nici DNA.
Nastepnie RPA stabilizuje pojedyncze fragmenty nici DNA. Ni¢ DNA
uzupetniana jest przez polimeraze, a fragmenty nici faczone sg przez ligaze

DNA[20,21].
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tkanka nowotworowa

tkanka prawidtowa

Mutacje w genach MMR prowadzg do niestabilnosci mikrosatelitarnej
(z ang. microsatellite instability, MSI), co objawia sie zwiekszong czestoscig
mutacji typu insercji i delecji w sekwencjach DNA o charakterze
powtarzalnym. W odniesieniu do MSI, mikrosatelity to fragmenty DNA z
powtarzalnymi sekwencjami nukleotyddéw, ktére sg szczegdlnie podatne na
pojawienie sie btedu w przypadku zaburzen MMR. MSI jest zdefiniowane jako
réznica w liczbie powtarzajgcych sie sekwencji nukleotyddw miedzy tkanka
zdrowg, a nowotworowg (Rycina 2.). Nowotwory mogg by¢ klasyfikowane na
podstawie poziomu MSI na nowotwory z wysokim poziomem markeréw
niestabilnosci (MSI-high) oraz nowotwory z niskim poziomem markeréw
niestabilnosci (MSI-low). Obecnos¢ MSI jest jedng z charakterystycznych cech
zaburzen w MMR. Zaburzenie funkcji szlaku MMR prowadzi do akumulacji
zaburzen w DNA, co 1z kolei skutkuje niestabilnoscia genomu.
Taka niestabilnos¢ moze prowadzic do powstania mutacji, ktére sg
kluczowymi czynnikami w procesie nowotworzenia. Niemniej, MSI bedac
efektem tych zaburzen, jest powszechnie obserwowana w wielu rodzajach
nowotworéw. Szczegdlnie czesto zwigzana jest z rakiem jelita grubego,
zotagdka, jajnika i trzustki, gdzie akumulacja mutacji w genomie moze

przyspiesza¢ progresje nowotworowg i wptywaé na agresywnos$¢ tych

choréb[22].
Prawidtowo dziatajgce mechanizmy naprawy DNA - ‘ Zaburzenia mechanizmu MMR - niestabilno$¢ mikrosatelitarna
stabilno$¢ mikrosatelitarna
GCACACACACACCT GCACACACCT
GCACACACACACCT——> GCACACAEGAEACCT—

LLLLLLLLLL UL IERRRRNNNNNRRENT]
CGTGTGTGTGTGGA CGTGTGTGGA
GCACACACACACCT GCACACACACACCT /
CGTGTGTGTGTGGA—» CGTGTGTGTGTGGA—>

LLLLULU UL

CGTGTGTGTGTGGA CGTGTGTGTGTGGA

MSI jako réznic
w rozmiarze alleli

a
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Rycina 2. Schemat przedstawiajgcy niestabilnos¢ mikrosatelitarng jako réznice
ilosci powtarzajgcych sie par nukleotydow w allelach pomiedzy tkanka

prawidtowa oraz nowotworowg[21].

Zaburzenia szlaku MMR mogg powstawaé na podtozu terminalnym,
somatycznym oraz epigenetycznym([23]. Utrata badZ ostabienie aktywnosci
MMR prowadzi do akumulacji mutacji, w tym mutacji onkogendéw i gendw
supresorowych nowotworéw, co w konsekwencji skutkuje powstaniem
i proliferacja komodrek nowotworowych[19,20]. Komdrki z tak wysokim
obcigzeniem mutacyjnym przyczyniajg sie do powstawania wysokiej ilosci
nowych antygendw nowotworowych, co z kolei uwrazliwia je na inhibitory
punktow kontrolnych[24]. Nowotwory z zaburzeniami w obrebie szlaku MMR
sg rowniez bardziej podatne na terapie z udziatem inhibitoréow PARP oraz

preparatéw uszkadzajgcych DNA[25,26].
2.3 Mechanizmy naprawy podwdjnych peknie¢ nici DNA (DSB)

Uszkodzenia podwdjnej nici DNA mogg powstawaé na podtozu
endogennych czynnikéw jak wolne rodniki tlenowe powstajgce podczas
procesbw metabolicznych zachodzagcych w komérce lub czynnikdw
egzogennych jak promieniowanie jonizujace czy chemioterapeutyki. Komaorki
eukariontéw dysponujg dwoma gtdwnymi szlakami naprawy tego typu
uszkodzen. Pierwszym, gtéwnym szlakiem jest HR, natomiast drugim
NHEJ[22]. Pierwszym punktem naprawy DSB jest rozpoznanie uszkodzenia.
W HR kompleks MRN (MRE11-RAD50-NBS1), po utworzeniu platformy przez
MDC1 zwigzany z H2AX, rozpoznaje DSB i inicjuje resekcje koncéw DNA przy
pomocy nukleaz, takich jak CtIP, Exol i DNA2. Powstate pojedyncze nici DNA
(z ang. single—stranded DNA; ssDNA) zostajg zabezpieczone przez biatko RPA,
nastepnie zastepowane przez rekombinaze RAD51 przy udziale BRCA2.
Powstaty filament nukleoproteinowy RAD51-ssDNA wnika w homologiczny
szablon DNA i inicjuje naprawe z nastepczg synteza DNA i ligacjg[27-29].

Przebieg procesu HR zostat schematycznie przedstawiony na Rycinie 3.
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Rycina 3. Schemat przebiegu procesu HR.

Kompleks MRN rozpoznaje uszkodzenie o typie podwadjnej nici i angazuje
nukleazy takie jak CtIP, Exol i DNA2 do resekcji konicéw DNA. Powstate
pojedyncze nici DNA zostajg zabezpieczone przez biatko RPA ktdre zostaje
nastepnie zastgpione przez rekombinaze RAD51 przy udziale BRCA2.
Powstaty filament nukleoproteinowy RAD51-ssDNA wnika w homologiczny

szablon DNA i inicjuje naprawe z nastepczg syntezg DNA i ligacjg[27-29].

Drugi mechanizm naprawy DSB, NHEJ, bedacy podatny na
powstawanie btedéw w trakcie naprawy, przeprowadza bezposrednia ligaze
korncéw przerwanego tancucha DNA, bez korzystania z homologicznego
szablonu DNA. W tym procesie DSB rozpoznawane sg przez heterodimery
Ku70-80, ktore wigzg sie z koncami przerwanej nici DNA i rekrutujg
DNA-zalezne kinazy biatek (z ang. DNA-dependent protein kinase; DNA-PKcs).
DNA-PKcs fosforyluje substraty, w tym Artemis i XRCC4, ktére razem
z kompleksem MRN prowadzg do przetworzenia korcédw. Wypetnienie przerw
zostaje dokonane przez polimerazy I oraz A,
a ligacja za posrednictwem ligazy IV[30]. Alternatywnie, w przypadku braku Ku
lub DNA-PKcs, kompleks MRN inicjuje resekcje korica, co moze promowac
NHEJ przez Sciezke zwang alt-NHEJ[29,31,32]. Przebieg procesu NHEJ

przedstawiono schematycznie na Rycinie 4.
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Rycina 4. Schemat przebiegu procesu NHEJ.

Dwuniciowe przerwanie nici DNA zostaje rozpoznane przez
heterodimetry Ku70-80, ktdore nastepnie rekrutujg DNA-PKcs. DNA-PKcs
fosforyluje substraty, w tym Artemis i XRCC4, ktdre razem z kompleksem MRN
prowadzg do przetworzenia kofncow. Wypetnienie przerw zostaje dokonane
przez polimerazy u oraz A, a ligacja za posrednictwem ligazy IV, czego efektem

jest scalenie przerwania nici DNA[30].
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Wybdér pomiedzy tymi dwiema sciezkami naprawy DNA zalezy od wielu
czynnikdw, w tym od etapu cyklu komodrkowego. W fazach S i G2, gdy
dostepne sg chromatydy siostrzane stuzgce jako matryce naprawy,
preferowany jest HR. NHEJ jest natomiast aktywny przez caty cykl komérkowy,
zwtaszcza w fazach G1 i GO, gdy matryce nie sg dostepne. Ponadto proces
resekcji konicdw DNA réwniez determinuje wybdér pomiedzy HR a NHEJ. HR
wymaga, aby korice DNA zostaty przetworzone do jednoniciowych odcinkow,
do czego potrzebne s3 biatka takie jak RAD51, NBS1 i MRE11. NHEJ jest
natomiast preferowany w przypadkach, gdy wystepuje podwdjne pekniecie
nici z powstaniem kompatybilnych koricow DNA, podczas gdy HR jest
angazowany w przypadkach skomplikowanych uszkodzen ze zmienionymi
koricami, wymagajacymi bardziej precyzyjnej naprawy. Dodatkowo, w proces
regulacji wyboru metody DSBR zaangazowane sg réwniez biatka regulatorowe

takie jak 53BP1, promujacy NHEJ i BRCA1, wspierajacy HR.

2.4 Wptyw zaburzeh mechanizméw naprawy DNA na raka gruczotu

krokowego

Obecnos¢ zaburzen mechanizmoéw naprawy DNA pod postacig mutacji
w obrebie genu BRCA2 i ATM u pacjentéw z PCa wskazuje na konieczno$é
Scislejszej kontroli w zwigzku z wiekszym prawdopodobienstwem progresji
nowotworu i istotnie gorszym rokowaniem[33]. Ponadto dotychczasowe
badania wskazujg na trzykrotnie czestsze wystepowanie zaburzed w obrebie
gendow mechanizmu HR w przypadku PCa z przerzutami (11% vs. 33%)[34].
Podobne wnioski wysunieto z badania klinicznego Profound, gdzie wykazano,
iz wsrod pacjentéw z opornym na kastracje rakiem gruczotu krokowego
(z ang. metastatic castration-resistant prostate cancer, mCRPC) tkanka guza
pierwotnego (27%) ma mniej mutacji w genach mechanizmdéw naprawy DNA
w poréwnaniu z tkankg przerzutowg (32%)[35]. Dotychczasowe badania
umozliwity zaakceptowanie przez Amerykansky Agencje Lekéw i Zywnosci
(z ang. Food and Drug Administration, FDA) dwdch lekéw z grupy inhibitoréw
PARP takich jak Olaparib i Rucaparib. Leki te wykazaty skutecznos¢ w leczeniu

MCRPC z obecnosciag mutacji w obrebie genédw mechanizméw HR[36,37].
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Ponadto 5 lekéow z grupy inhibitoréow punktéw kontrolnych Nivolumab,
Atezolizumab, Durvalumab, Ipilimumab, Pembrolizumab oraz 3 kolejne leki
z grupy inhibitorow PARP Niraparib, Talazoparib oraz Veliparib znajduja sie

w trakcie badan klinicznych w leczeniu mCRPC[38-40].

Rozdziat 3. Cel pracy

Niniejsza praca doktorska dazy do rozwigzania kluczowych zagadnien

poprzez zdefiniowanie nastepujgcych celéw badawczych:

1. Poréwnanie ekspresji biatek (MLH1, MSH2, MSH6, PMS2, MDC1
i TP53BP1) szlakéw MMR i DSBR w tkance raka gruczotu krokowego
bez przerzutéw (pNO), w tkance raka gruczotu krokowego
z przerzutami do weztéw chtonnych (pN+) oraz w tkance wezta
chtonnego z przerzutem nowotworowym.

2. Analiza korelacji miedzy poziomem ekspresji biatek MLH1, MSH2,
MSH6, PMS2, MDC1 i TP53BP1, a stopniem zréznicowania nowotworu,
ocenianym na podstawie skali Gleasona (z ang. Gleason Score, GS) oraz
architektonikg Gleasona (z ang. Gleason Pattern, GP) w raku gruczotu
krokowego.

3. Okredlenie wptywu zaburzen biatek szlakéw MMR i DSBR na
skutecznos¢ terapii inhibitorami PARP oraz inhibitorami punktow

kontrolnych cyklu komdrkowego w raku gruczotu krokowego.
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Rozdziat 4. Publikacje bedace przedmiotem rozprawy doktorskiej

4.1 Artykut 1

Gzil Arkadiusz, Jaworski Damian, Antosik Paulina, Zarebska lzabela, Durslewicz
Justyna, Dominiak Joanna, Kasperska Anna, Neska-Ditugosz lzabela, Grzanka
Dariusz, Szylberg tukasz, The impact of TP53BP1 and MLH1 on metastatic
capability in cases of locally advanced prostate cancer and their usefulness in
clinical practice, Urol. Oncol.-Semin. Orig. Investig.; 2020 : Vol. 38, nr 6. s.

600.e17-600.e26. DOI: 10.1016/j.urolonc.2020.02.012
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Abstract

Background: Lymph node (LN) metastases increase the risk of death from prostate cancer (CaP). The dysfunction of factors responsible
for DNA injury detection may promote the evolution of localized primary tumors into the metastatic form.

Methods: In this study, 52 cases of CaP were analyzed. The cases were divided into groups of CaP without metastases (NO), with metas-
tases to the LNs (N+), and metastatic LN tissue. Immunohistochemical examinations were performed with antibodies against MDCl1,

TP53BP1, MLH1, MSH2, MSH6, and PMS2.

Results: Statistical analysis showed lower nuclear expression of TP53BP1 in N+ cases than in NO cases (P = 0.026). Nuclear TP53BP1
expression was lower in LN cases than in N+ cases (P =0.019). Statistical analysis showed lower nuclear expression of MLH1 in N+ cases

than in to NO cases (P =0.003).

Conclusion: Decreased expression of both MLH1 and TP53B1 were demonstrated in N+ cases of CaP. This observation could help to
determine the risk of nodal metastasis, and to select appropriate treatment modalities for patients with locally advanced CaP. © 2020 Elsev-

ier Inc. All rights reserved.

Keywords: TP53BP1; MDC1; MLH1; MSH2; MSH6; PMS2; Prostate cancer

1. Background

Deaths from prostate cancer (CaP) amount to about 10%
of cancer related mortality in men, the third highest rate in
this group [1]. Lymph node (LN) metastases increase the
risk of death from this disease [2]. The risk of cancer-
related death increases with the number of affected LNs
[3]. The acquisition of phenotypic features, through the
accumulation of undetected or unrepaired DNA lesions,
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results in the development of metastatic capability in
CaP [4,5].

There are two major types of error in DNA. Damage
results in physical abnormalities in the DNA (single or dou-
ble-strand breaks) and changes in the base sequence of the
DNA (i.e. mutation). Each DNA lesion triggers complex
and sophisticated cellular signaling networks, collectively
termed DNA damage response (DDR). The system relies
on various mechanisms which facilitate the assembly of
repair and checkpoint factors at the sites of DNA damage
(Fig. 1). One of the most important DDR-related proteins
appears to be MDC1 (mediator of DNA damage checkpoint
protein 1; also known as nuclear factor with BRCT domains
protein 1, NFBD1). This protein acts as a regulator of the


mailto:arkadiuszgzilresearch@gmail.com
https://doi.org/10.1016/j.urolonc.2020.02.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.urolonc.2020.02.012&domain=pdf
https://doi.org/10.1016/j.urolonc.2020.02.012

A. Gzil et al. / Urologic Oncology: Seminars and Original Investigations 38 (2020) 600.e17—600.e26

600.e18

( DNA double |
strand break —

= -0000000000909000090 ,

0000000000000 008ODE”

DNA mismatch
repair

A)

CTTTRITT

L 880090VD0Y s )

MDC1
B)

®®0¢”

‘00000000 98960

TP53 |
BP1 3

20000000

©)

06"

D) msmz  MsH6 !

‘0000d )ovddddd0080dE"

0900,,,5,)000000000000 ,
\

E) 4 7
‘00000087 N0
MutSa

000090000000 9000¢

Repair
initiation

,00000000¢ [

0009000000 09000000999 |

Fig. 1. Mechanisms associated with the detection of DNA alternations [6—8, 46]. (A) MDCl is activated in response to cellular double stranded DNA break-
age. MDCI contains three structural domains, an NH2-terminal forkhead-associated (FHA) domain, a tandem COOH-terminal BRCT domain, and an inter-
nal proline/serine/threonine (PST) domain. In the first step of damage detection, the BRCT domain docks MDCI1 to the site of the DNA lesion. (B) The FHA
domain permits the attachment of other DSB repair factors involved in this process, such as BRCA1 and TP53BPI1. (C) After attachment to the damaged
region, TP53BP1 activates downstream effector molecules, leading to the initiation of the repair process. (D) In the initial step of DNA mismatch repair,
Msh2 and Msh6 create a heteromodimer which is responsible for detecting mistakes in DNA. (E) After MutS« connects with DNA, other factors responsible
for repair initiation are formed. MLH1 and PMS2 compose the hMutLa complex, which links to MutSa. (F) The formed complex enables the initiation of

repairs to the mismatch defect.

microenvironment at sites of double-stranded DNA break-
age (DSB) [6]. MDCI1 recruits and maintains a myriad of
DDR proteins, such as BRCA1 (breast cancer type 1 sus-
ceptibility protein.), TP53BP1 (Tumor Protein P53 Binding
Protein 1) as well as the MRE11-RAD50-NBS1 (MRN)
complex at chromatin flanking DSBs, where they provide
a molecular platform that efficiently amplifies the DNA
damage signal and activates multiple downstream effector
molecules involved in cell cycle checkpoints and DNA
repair [6].

A variety of cellular DNA repair pathways form the crit-
ical first lines of defense against DNA injuries. The DNA
mismatch repair (MMR) pathway recognizes and corrects
non—Watson-Crick base pairs and insertion/deletion loops
which arise as a result of misincorporation errors during
DNA replication. The MMR system is also important for
the removal of mispaired bases and branched DNA formed
during the recombination process, as well as such mispair-
ings that appear due to chemical modifications of DNA,
for example by chemotherapeutic agents [7]. The MutS«
complex detects mistakes in DNA and recruits factors

responsible for repairs at the initial step of this process.
The MutSe complex is a heterodimer consisting of Msh2
and Msh6 proteins [7]. After formation, MutS«x recruits
the hMutLa complex which consists of MLH1 and PMS2
proteins [8]. Formation of the complex enables initiation
of repairs to mismatch defects [8].

Recent studies have revealed that decreased expression
of the proteins responsible for DNA-repair could be
involved in many types of cancer. The loss of MDC1 func-
tion has been reported in studies of breast and pancreatic
carcinomas, and associated with invasion and metastasis
[9,10]. The loss of TP53PB1 function has been shown to be
related to similar consequences in cases of colorectal, lung,
and breast cancer [11—16]. Germline mutations in DNA
MMR genes such as MSH2, MLH1, PMS2, and MSH6 have
been shown to be responsible for the development of Lynch
syndrome [7,17]. This syndrome predisposes to various
types of cancer, especially colorectal cancer [8]. Disorders
of the MMR genes have also been found to be involved in
the progression of breast, endometrial, ovarian, urinary, and
biliary tract cancers [18—24]. The results of many studies
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have suggested that the promoters of MMR genes are
hypermethylated in cases unrelated to Lynch syndrome,
which may lead to a deficiency of MMR proteins in those
cases [25,26].

The dysfunction of factors responsible for DNA repair
results in the accumulation of mutations in the genetic
material. Increasing numbers of mutations may lead to the
development of more aggressive clones of cells. In the con-
text of carcinogenesis, this may result in the evolution of a
localized primary tumor into a disseminated metastatic
form. According to the TNM classification, CaP which
extend through the capsule, but without showing evidence
of remote metastasis, are known as locally advanced cancer
[27]. Cases of CaP with these features are at a crucial step
in the development from localized to metastatic disease,
and the development of regional LN metastases signal
an introduction to the spread of the disease. In such cases
the recommended treatment methods are necessarily radi-
cal, including radical radiotherapy in combination with
neoadjuvant and adjuvant androgen deprivation therapy or
equipotential radical prostatectomy with pelvic lymphade-
nectomy [28]. It is possible that a population of patients
with locally advanced CaP could profit from surgery instead
of radiotherapy. In this study, we aimed to explore this pos-
sibility, and to investigate the differences in the expression
of DSB and MMR proteins among metastatic and nonmeta-
static forms of locally advanced CaP.

2. Materials and methods

2.1. Material

All patients with locally advanced CaP defined as a pT3a
or greater T-stage according to American Joint Committee
on Cancer (AJCC) and absence of distal metastasis, who
underwent radical prostatectomy for CaP between January
1, 2015 and December 31, 2017 in single urologic depart-
ment were selected to further analysis. The total number of
263 patients was evaluated for inclusion. The patients were
aged between 52 and 78 years. The inclusion criteria for
material to be used in this study were: a clear-cut diagnosis
of CaP fitting the Gleason classification criteria and the
presence of enough material for further work. The prostate
specimens, together with the LNs, were fixed in 10%
buffered formalin and processed according to a standard
protocol to produce paraffin blocks. Subsequently, two
independent pathologists verified the specimens. The exam-
ined materials were taken from cases of CaP, with or with-
out nodal metastasis, and were subdivided into three
groups. A group of 26 cases with nodal involvement were
identified and were classified as extending through the pros-
tate capsule (T3 according to 7th edition of the AJCC/UICC
Cancer Staging Handbook [29]). These tumors comprised
group N+ and the LNs from the same cases comprised
group LN. Another 26 cases of CaP without evidence
for metastasis were randomly selected (group NO), giving
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52 cases all. There was no power calculation or reason for
choosing 26 patients beyond the fact that only 26 N+
patients have been found and we decided to have 26 NO
patients chosen as controls. These latter cases were classi-
fied as stage III according to the AJCC TNM system for
CaP and comprised 6 cases in stage Illa and 20 cases in
stage IIIb [29]. The average age of patients in this group
was 65 years. Clinical characteristic of both investigated
groups is summarized in Table 1.

2.2. Methods

The expression of MDCI1, TP53BP1, MLHI, MSH2,
MSH6, and PMS2 proteins was detected by immunohisto-
chemical (IHC) staining of formalin-fixed, paraffin-embed-
ded (FFPE) prostate tissue. For IHC, unstained 4-um
sections were cut using a manual rotary microtome (Accu-
CutSMRTM200, Sakura, Japan). IHC staining was per-
formed according to standard procedures, and a series of pos-
itive and negative control reactions. 4-um tissue sections
were pretreated with high-pH Epitope Retrieval Solution,
using the PT-link system (Dako; Agilent Technologies, Inc.,
Santa Clara, CA). Tissues were incubated in 3% hydrogen
peroxide for 10 minutes to block endogenous peroxidase
activity and then in a 5% solution of BSA for 15 minutes to
prevent nonspecific binding. Subsequently tissue sections
were incubated for 30 minutes at room temperature with
specific primary antibodies: rabbit polyclonal anti-MDC1
(1:200, Sigma-Aldrich; HPA006915), rabbit polyclonal

Table 1
Basic clinical information about patients included in both the NO and N1+
groups.

NO N+
Number of cases
26 26

Age

<55 0% 12.5%

55—-65 58% 62.5%

> 65 42% 25%
PSA value

<4 ng/ml 4% 0%

4—10 ng/ml 56% 8%

> 10 ng/ml 40% 92%
Primary tumor according to AJCC TNM Staging

pT3a 37.5% 21%

pT3b 59.5% 72%

pT4 3% 7%
Gleason score

3+3 6% 0%

3+4 39% 7%

3+5 10% 0%

4+3 10% 28%

4+4 16% 38%

4+5 13% 7%

5+3 0% 0%

5+4 6% 20%

545 0% 0%
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Fig. 2. Expression of TP53B1 in CaP cells (A) A representative micrograph of NO CaP. TP53BP1 immunostaining. Primary objective magnification 20x.
(B) A representative micrograph of N+ CaP. TP53BP1 immunostaining. Primary objective magnification 20 x. (C) A representative micrograph of a CaP
metastasis in a lymph node (LN). TP53BP1 immunostaining. Primary objective magnification 20x .

anti-53BP1 (1:300, Novus Biologicals; NB100-304), rabbit
monoclonal anti-MLH1 (1:100, Abcam; ab92312) and
mouse monoclonal anti-MSH2 (1:200, BD Pharmingen;
G219-1129), mouse monoclonal anti-MSH6 (1:100, BD Bio-
sciences; 610918), mouse monoclonal anti-PMS2 (1:100,
BD Pharmingen; 556415). For negative controls, primary
antibodies were replaced with phosphate-buffered saline
(PBS). The antigen-antibody complex was detected using the
EnVision FLEX-HRP system (Dako; Agilent Technologies,
Inc., Santa Clara, CA) for 20 minutes at room temperature.
After incubation, the substrate for peroxidase—3,3’-diamino-
benizidine was applied and the sections were incubated for a
further 10 minutes. Finally, the sections were counterstained
with hematoxylin, dehydrated through graded alcohols
(80%, 90%, 96%, and 99.8%), cleared in xylene, and
mounted using mounting medium (Dako, Agilent Technolo-
gies, Inc. Santa Clara, CA).

2.3. Evaluation of IHC reactions

All sections were examined microscopically and scored
by two independent pathologists who were blinded to the
patients’ clinical data. The analyses were performed using a
Nikon Eclipse E800 microscope (Nikon Instruments
Europe, Amsterdam, The Netherlands) at a final magnifica-
tion of x400 and analyzed with the NIS-Elements 3.30 soft-
ware (Nikon).

An immunoreactive score was used to evaluate the level
of protein expression. The method chosen was a modified
Remmele-Stegner scale, based on the intensity of expres-
sion and the number of cells/tissue areas showing positive
reactions, as described elsewhere [30].

2.4. Statistical analysis

All statistical analyses were performed using Statistica
version 13 (StatSoft) and Microsoft Excel 2007. Compara-
tive statistical studies were carried out using the nonpara-
metric U Mann-Whitney test. Findings were considered
statistically significant where P < 0.05. The expression val-
ues of the analyzed proteins were presented as median and
mean values.

3. Results
3.1. Expression of TP53B1 in CaP cells

Nuclear expression of TP53BP1 was demonstrated in
100% of NO, 88% of N+, and in 88% of LN cases . Statisti-
cal analysis showed significantly lower nuclear expression
of TP53BP1 in the N+ group in comparison to the NO group
(P=0.026, Figs. 2 and 3). Moreover, nuclear TP53BP1
expression was also significantly decreased in the LN
group, relative to the N+ group (P =0.019, Figs. 2 and3).

3.2. Expression of MDCI in CaP

Nuclear expression of MDC1 was found in 69% of NO,
54% of N+, and in 69% of LN cases. Statistical analysis
demonstrated no significant differences between MDCI1
levels in groups NO and N+. The nuclear MDC1 expression
was similar in both examined groups. Likewise, no signifi-
cant differences in MDCI1 levels were found between N+
and LN groups (Tables 2 and 3).

12
a o
& 10
o
Vg
5 .
5 8 ;
8
4 :
v
B
§ 4
3
Z
2
0 P
-2 0 Median
NO N+ LN [25%-75%
T Min-Max

Fig. 3. Median nuclear expression of TP53BP1 for the studied group. NO
—CaP without nodal metastases, N+—Prostate cancer with nodal metasta-
ses, LN—Ilymph node metastasis.
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Table 2
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Summarized 25% percentiles, medians, 75% percentiles and statistical significance of our results of metastatic and nonmetastatic groups.

NO N+ P <0.05
25% Percentile Median 75% Percentile 25% Percentile Median 75% Percentile
TP53BP1 8.00 10.50 12.00 8.00 8.00 12.00 0.026
MDCI 0.00 3.500 8.00 0.00 2.00 6.00 ns
MSH2 4.00 8.000 12.00 6.00 8.00 12.00 ns
MSH6 0.00 0.00 0.00 0.00 0.00 0.00 ns
PMS2 3.00 4.00 8.00 3.00 6.00 8.00 ns
MLH1 5.50 12.00 12.00 3.00 8.00 12.00 0.003

NO—CaP without nodal metastases, N+—CaP with nodal metastases.

3.3. Expression of MSH2 in CaP cells

Nuclear expression of MSH2 was detected in 92% of NO,
100% of N+, and in 92% of LN cases. Statistical analysis
demonstrated no differences in MSH2 levels between the
NO and N+ groups. The nuclear MSH2 staining was similar
in both investigated groups. Furthermore, no significant
changes to the levels of nuclear expression of MSH2 were
detected in the LN group (Tables 2 and 3).

3.4. Expression of MSH6 in CaP

Nuclear expression of MSH6 was found in 8% of NO,
4% of N+, and in 15% of LN cases. Statistical analysis
showed no significant differences in the nuclear expression
of MSH6 which was unaltered between NO and N+ groups
and between groups N+ and LN (Tables 2 and 3, Fig. 4).

3.5. Expression of PMS2 in CaP

Nuclear expression of PMS2 was found in 72% of NO,
75% of N+, and in 80% of LN cases. Statistical analysis
showed no significant differences between MDCI levels in
groups NO and N+. Nuclear PMS2 expression was similar
in both examined groups. Similarly, PMS2 expression
exhibited no significant differences between groups N+ and
LN (Tables 2 and 3).

Table 3

3.6. Expression of MLHI in CaP

Nuclear expression of MLH1 was found in 92% of NO,
73% of N+, and in 73% of LN cases. Statistical analysis
showed significantly decreased nuclear expression
(P=0.004, Fig. 3) of MLH1 in the N+ group in comparison
to the NO group. However, no similar significant reduction
of nuclear MLHI1 staining was observed in the LN group
(Tables 2 and 3, Fig. 4).

4. Discussion

Normal cells employ specific molecular pathways to
detect DSB, which protects these cells against DNA lesions
and against the initiation of carcinogenesis [31,32]. Jaamaa
et al. observed the accumulation of TP5S3BP1 and MDCI1 at
sites of DNA damage, induced by cytotoxic drugs and ion-
izing radiation, in nonmalignant human prostate tissue [33].
Yan et al. showed that the expression of TP53B1 is associ-
ated with an antiproliferative effect in CaP cells [34]. Other
authors have shown that TP53BP1suppresses S-phase entry
through a downstream ATM-CHK2-p53 pathway, and
through the inhibition of the transcriptional factor E2F1
[35,36]. These observations suggest that DSB repair
pathways may protect prostate cells from malignant trans-
formation through the detection of alterations in DNA
chains, thus inducing, depending on the severity, repair,
or apoptosis.

Summarized 25% percentiles, medians, 75% percentiles and statistical significance of our results of primary tumor and nodal metastasis groups.

N+ LN P <0.05
25% Percentile Median 75% Percentile 25% Percentile Median 75% Percentile
TP53BP1 8.00 8.00 12.00 4.00 8.00 12.00 0.019
MDC1 0.00 2.00 6.00 0.00 4.00 8.00 ns
MSH2 6.00 8.00 12.00 6.00 8.00 12.00 ns
MSH6 0.00 0.00 0.00 0.00 0.00 1.00 ns
PMS2 3.00 6.00 8.00 4.00 4.00 8.00 ns
MLHI1 3.00 8.00 12.00 4.00 8.00 12.00 ns

N+—Primary CaP with nodal metastasis, LN—Lymph node metastasis.
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Fig. 4. Expression of MLHI in CaP cells (A) A representative micrograph of NO CaP. MLH1 immunostaining. Primary objective magnification 20x. (B) A
representative micrograph of N+ CaP. MLH1 immunostaining. Primary objective magnification 20 x. (C) Median nuclear expression of MLH1 for NO and

N+ group. NO—CaP without nodal metastases, N+—CaP with nodal metastases.

Work by Kurfurstov et al. revealed that TP53BP1
expression deceases during the progression of benign pros-
tatic lesions to cancer [37]. The activation of DSB repair
processes inhibits cell division in response to replication
stress that is related to overstimulation of the cells [38].
However, the subpopulation of aberrant cells does not
undergo permanent cell cycle arrest, which may be due to
genetic alternations of TP53BP1 in CaP, such as missense,
synonymous mutations, or single nucleotide polymorphism
[38,39].

Errors in DNA DSB repair lead to allelic imbalance in
CaP cells, resulting in breakages at common chromosomal
fragile sites. The accumulation of chromosomal aberrations
leads to the progression of disease and cells with DSB
repair dysfunctions become the dominant population [38].
The activation of the TP53BP1 pathway in CaP occurs later
and to a lesser extent than is seen in other solid tumors, as
there is lower replication stress than in other major malig-
nancies [37]. In our study, we showed that nuclear TP53B1
expression was decreased not only during the acquisition of
metastatic capability, but also in the event of metastases to
the LNs. Our results suggest that the development of

metastatic capability may be related to genomic instability,
associated with the loss of TP53BP1 function. Disorders of
TP53BP1 may be one of the “driver mutations” in CaP,
associated with disease progression.

Our results might also suggest clinically important con-
sequences for the decreased expression of TP5S3BP1. Stud-
ies have revealed that TP53BPl is one of the most
significant markers of radiotherapy response [40—43]. Dys-
function of this protein may prevent the inhibition of cell
proliferation in response to injury caused by ionizing radia-
tion [36,44]. Our results suggest that decreased or absent
TP53BP1 expression in CaP tissue is related to the forma-
tion of nodal metastases. It may be reasonable to determine
TP53BP1 levels using IHC examinations of materials
obtained through biopsy and, on that basis, to predict the
likely biological behavior of each cancer. Owing to insensi-
tivity to radiotherapy, and to metastatic potential in cases of
cancer with low TP53BP1 expression, the correct treatment
for these patients might be radical prostatectomy with
pelvic lymphadenectomy.

MDCI is another essential component of DBS response
[45]. Recent studies have revealed increased expression of
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MDCI in cells of several cancer types in comparison to nor-
mal cells [46,47].This may be caused by the fact that MDC1
initiates the primary response mechanism by participating
in the DSB detection pathway. In turn, Wang et al. reported
that the expression of MDCI is decreased in CaP. They
also showed that MDC1 is an androgen receptor coactivator
involved in CaP cell growth and migration [48]. Our results,
however, showed the lack of a significant correlation
between the levels of MDC1 protein expression in the NO,
N+, and LN groups.

The other DNA repair proteins investigated in this study
were those implicated in the MMR machinery. The MMR
system promotes repair by the excision and resynthesis of
incorrectly docked bases during and after DNA replication
[49—51]. Because the MMR mechanism ensures protection
against DNA alterations in prostate cells, abnormalities of
the MMR mechanism may lead to carcinogenesis and dis-
ease progression. A recent study showed that loss-of-func-
tion mutations of the MutSa complex components MSH2
and MSH6 are more common in CaP than those of other
MMR proteins such as MLH1 and PMS2 [52—54].

It has been suggested that chronic exposure to arsenic
and estrogen decreases the expression of MSH6 and MLH1
[55]. Abnormalities within the MLH1 gene may underlie
carcinogenesis and be the cause of increasingly aggressive
prostate tumors [49,56]. CaP cells exhibit down-regulation
of MLH1 expression in comparison to normal prostate and
benign hyperplasia [57—59]. Consequently, our findings
suggest a role for MLH1 alternations in disease progression.
We observed a negative correlation between nuclear
expression of MLH1 and the metastatic capability of CaP.
A study performed on cell lines by Fukuhara et al. demon-
strated the significant impact of MLH1 gene re-expression
among CaP cells. After re-expression, MLH I-deficient CaP
cells exhibit decreased potential for invasion, inhibition of
cell migration and a reduction in proliferation. Moreover,
among MLHI1-transfected cells, apoptosis was increased
and tumor growth was suppressed [51]. These observations
point to the importance of the MLH1 protein in CaP devel-
opment and metastasis. Reduced expression of the MLH1
protein in primary tumors suggests an increased risk of LN
involvement and assessment of its status in biopsy material
makes it possible to determine this probability, as is the
case with TP53BP1. On the other hand, Wilczek et al.
observed significantly higher MLH1 in cancers with nodal
metastasis [60]. This finding underlines the high heteroge-
neity of CaP and the dual nature of MMR alternations.

In contrast to MLHI, our analysis indicated no correla-
tion between PMS2 and the occurrence of nodal metastases.
PMS?2 is increasingly expressed, independently of its heter-
odimeric partner MLHI in both PIN lesions and CaP tissue,
in comparison to normal prostatic tissue [61]. Moreover, a
study by Norris et al. underlined that prostate tumors with
elevated levels of PMS2 were genetically unstable, but that
this could be corrected by MLHI1 coelevation [61]. Our
results suggest that it is possible for PMS2 to promote CaP

A. Gzil et al. / Urologic Oncology: Seminars and Original Investigations 38 (2020) 600.e17—600.e26

development from normal tissue, but metastatic capability
is acquired by CaP cells shortly after the appearance of
MLH1 disorders. However, Fukuhara et al. showed that
PMS2 decreases cell proliferation, migration, invasion, and
growth while increasing apoptosis through the up-regula-
tion of apoptosis-related TMS1 and down-regulation of the
antiapoptotic BCL2A1 [62].

The role of the components of the MutSe complex,
MSH?2 and MSHS6, in CaP is not clear. The rate of MMR
defects was higher in metastatic tumors than in primary
tumors [52,53,58,63,64]. Studies have shown that rear-
rangements in the DNA MMR genes MSH2 and MSH6 are
a major mechanism underlying hypermutation in advanced
CaP [65,66]. Primary CaP with MSH2 loss were more
aggressive and associated with a poor prognosis. Further-
more, CaP with MSH2 loss showed concordant MSH6 loss,
mainly due to its epigenetic regulation, because the stability
of these proteins is only ensured as heterodimers
[60,67,68]. Guedes et al. confirmed the loss of MSH2 pro-
tein in only 1% of examined primary prostatic adenocarci-
nomas. They also confirmed that many prostate tumors
showing MSH2 loss also showed an increased density of
CDS8+ lymphocytes. On the other hand, Nighiem et al.
observed the absence of this protein in 15% of the cases of
CaP they investigated, whilst detecting MSH6 in 78% of
their tissue specimens [69]. Other authors have observed
MSH6 expression in between 42.1% and 89.5% of CaP
cells, and a correlation with presence of nodal metastases
[60,70]. While the number of MSH2 positive cells in our
study was similar to that found in earlier studies, MSH6
was present in an extremely small group of CaP cells. This
may be the result of technical issues during validation,
preparation, or assessment of the tissue. Nevertheless, the
statistical analysis of our results showed no significant cor-
relations between the components of the MutSa complex
and nodal status.

In summary, our study allows for the conclusion that
alterations in both MMR and DSB repair mechanisms are
involved in the lymphatic spread of locally advanced CaP.
Decreased expression of MLH1 and TP53B1 was detected
in CaP with nodal metastasis. These results suggest that
metastatic ability is associated with altered response to
DNA injury. Furthermore, a reduction of TP53BP1 expres-
sion was observed in metastatic LN tissue in comparison to
primary tumor tissue. It may be assumed that cell subpopu-
lations with reduced TP53BP1 function become dominant
during disease progression and are responsible for the
development of metastasis. In addition, TP53BP1 dysfunc-
tion is known to be associated with a decreased response to
injury caused by ionizing radiation and therefore with a
reduced response to this treatment modality. It may be pos-
sible, through the assessment of MLHI1 and TP53B1 status
by the immunostaining of biopsy material, to determine the
risk of nodal metastasis, and the response to radiotherapy,
in cases of locally advanced CaP. We hypothesize that an
assessment of the expression of these proteins may be of
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assistance in the selection of optimal treatment procedures
in cases of locally advanced CaP. In light of the above, fol-
low-up studies to further clarify these findings would be
justified and reasonable.
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Abstract

Introduction: The purpose of this research was to explore the correlation
between Gleason score and pattern and the expression of the MLH1, MSH2,
MDC1, TP53BP1 proteins in prostate cancer (PC). Prostate cancer develop-
ment is related to errors in DNA, among others double-strand breaks (DSB)
and changes in the base sequence of the DNA. These errors should be
repaired through mismatch (MMR) or DSB repair proteins such as MSH2,
MLH1, MDC1 and TP53BP1.

Material and methods: A total of 500 prostate cancer specimens were re-
cruited in this study. From among all gathered specimens the 52 most suit-
able cases were selected. The expression of examined proteins was detected
by immunohistochemistry, and its correlation with the Gleason score and
pattern were further analyzed through standard statistical algorithms.
Results: The results show a significant correlation between Gleason pattern
and the nuclear expression of the MSH2 protein and the cytoplasmic expres-
sion of the MLH1 protein. Gleason score significantly correlates with the nu-
clear and the cytoplasmic expression of the MSH2 protein and the cyto-
plasmic expression of the MDC1 protein. There is no correlation between
the nuclear or cytoplasmic expression of the TP53BP1 protein and Gleason
pattern or score.

Conclusions: Our study suggests that the aberration in the MMR repair
mechanism may be significantly more important regarding the grading
among PC cells in comparison to the impact of alterations in the DSB re-
pair mechanism. The lack of correlation between expression of the TP53BP1
protein and Gleason pattern and Gleason score suggests that the radiation
resistance of PC is independent of alterations connected with TP53BP1.

Key words: radiotherapy, mismatch repair genes, double-strand breaks.

Introduction

Prostate adenocarcinoma (PC) is the most common cancer among
men, with the cancer mortality approximately 16% per year [1]. The mor-
tality risk after radical prostatectomy could be predicted using a grad-
ing system based on histopathological examination of postoperative
material [2]. The histologic grading of PC is still based on the standard
Gleason score (GS) [3] and the prognosis is closely negatively correlated
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with this grading. In the 2014 International Soci-
ety of Urological Pathology proposed a modifica-
tion of the aforementioned scale, reorganizing
the previous GS into a 5-grade system [4]. How-
ever, the proper grading may be difficult, because
of the multifocal growth of PC.

Prostate adenocarcinoma development is re-
lated to various errors in DNA. One of the major
DNA error types arises because of single or dou-
ble-strand breaks (DSBs). These errors are repaired
by specific molecular pathways in which DSB repair
proteins such as MDC1 and TP53 are involved. In
this process, the TP53BP1 is involved by the MDC1
protein, which causes activation of downstream
effector molecules and the initiation of repair [5].
BRCA1 and BRCA2 proteins are also involved in
DSB repair. Studies show that loss of their specific
functions in this pathway causes genomic insta-
bility and is connected with higher risk of breast,
ovarian and pancreas cancers and PCs [6-9].

Another type of DNA errors stems from changes
in the base sequence of the DNA and is recognized
by the DNA mismatch repair (MMR) pathway.
Itresults fromthe incorrect DNAreplication made by
DNA polymerase, wrong linked bases or the impact
of drugs [10, 11]. Mistakes in DNA are detected by
the MutSa complex. This complex is a homodimer
and consists of MSH2 and MSH6 proteins [10].
The assembly of the MutSa. complex with the
hMutLa complex, which consists of MLH1 and
PMS2 proteins, creates the hMutLa-hMutSa-het-
eroduplex complex. A formed complex initiates
repair of the mismatch defects [11].

Conventionally, the loss of MMR proteins is as-
sociated with the development of adenocarcino-
mas, mostly colorectal cancers and also squamous
cell carcinomas [11, 12]. The germline mutation
in one of the MMR genes, such as MLH1, MSH?2,
MSH6 or PMS2, leads to hereditary nonpolyposis
colon carcinoma (Lynch syndrome) [13-15].

The accumulation of DNA mutations could be
caused by dysfunction of DNA repair pathways.
An interesting question is whether there is a cor-
relation between MMR protein alterations and
histological grade of cancer. The grading of PC
is specific and well defined, due to the fact that
the authors of the current study wanted to investi-
gate the association between MLH1, MSH2, MDC1
and TP53BP1 and Gleason pattern (GP) and GS.

Moreover, the results of this study could indi-
cate the relevance of this protein expression as-
sessment as valuable information in deciding on
follow-up or adjuvant treatment, e.g. adjuvant
radiotherapy. On the basis of this study we sup-
posed that alterations in TP53BP1 might have sig-
nificant value for selection of the treatment after
prostatectomy, e.g. between immediate adjuvant
radiotherapy and hormone therapy.

Material and methods
Patients and tissue samples

The study included 500 prostates with lymph
nodes from patients who underwent radical
prostatectomy for prostate carcinoma. The pa-
tients were aged between 52 and 78. All the ma-
terial was fixed in 10% buffered formalin and
processed according to the standard protocol.
Finally, paraffin blocks were prepared. The inclu-
sion criteria for material used in this study were
the clear-cut diagnosis of PC that fits the Gleason
classification criteria, and the presence of suf-
ficient material for further work. Moreover, we
specified the group and selected 26 patients in
whom lymphadenectomy was performed during
prostatectomy, N status was available and there
were metastases to lymph nodes. Afterwards
we selected a group of 26 patients with N sta-
tus described as NO. Finally we created a group
of the 52 most suitable cases. Subsequently, two
independent pathologists verified specimens
of those cases. We divided chosen specimens
into 3 groups. The current study was focused on
alterations of protein expression between dif-
ferent GS and GR whereas for the further part
of this study we needed a group with metastases
to lymph nodes.

The first group included 29 specimens of GS 7,
the second group 29 specimens of GS 8, and
the third group 18 specimens of GS 9. Furthermore,
we evaluated separately areas with the highest
protein expression (hot spots) for GP 3, 4 and 5.
For expression of the MDC1 protein, we evaluated
72 hot spots for GP3, 149 hot spots for GP4,and 13
hot spots for GP5. For expression of the TP53BP1
protein, we evaluated 62 hot spots for GP3, 116
hot spots for GP4, and 14 hot spots for GP5. For ex-
pression of the MLH1 protein, we evaluated 69 hot
spots for GP3, 155 hot spots for GP4, and 10 hot
spots for GP5. For expression of the MSH2 protein,
we evaluated 77 hot spots for GP3, 133 hot spots
for GP4, and 18 hot spots for GPS5.

Selected places of specimens were evaluated
by Remmele-Stegner immunoreactive score [16].

The expression of each examined protein
among specimens was evaluated in reference to
GS and GP.

Methods

The formalin-fixed, paraffin-embedded (FFPE)
tissue specimens were cut into 3 um paraffin sec-
tions, using a rotary microtome (Accu-Cut SRM
200; Sakura, Torrance, CA, USA). The sections
were mounted on microscopic slides providing su-
perior adhesion (SuperFrost Plus; Menzel-Glaser,
Braunschweig, Germany). For deparaffinization,
rehydration, and antigen retrieval, paraffin sec-
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tions were pre-treated with a high-pH buffer (Epi-
tope Retrieval Solution) in an automated PT-link
system (Dako; Agilent Technologies, Inc.,, Santa
Clara, CA, USA). Thereafter, immunohistochemical
staining was performed using rabbit polyclonal
anti-MDC1 (1 : 200, Sigma-Aldrich; HPAO06915),
rabbit polyclonal anti-53BP1 (1 : 300, Novus Bio-
logicals; NB100-304), rabbit monoclonal anti-MLH1
(1 : 100, Abcam; ab92312), mouse monoclonal
anti-MSH2 (1 : 200, BD Pharmingen; G219-1129)
and using the visualization system EnVision FLEX
+ HRP (Dako; Agilent Technologies, Inc. Inc., San-
ta Clara, CA, USA) on an Autostainer Link 48
platform according to well-known protocols [17,
18]. Finally, the slides were counterstained with
hematoxylin, dehydrated in an alcohol gradient,
cleared in xylene, and mounted (Dako; Agilent
Technologies, Inc.).

Antigen expression for each studied antibody
was evaluated by the Remmele-Stegner immuno-
reactive score [16].

The expression of each examined protein
among specimens was evaluated in reference to
the GS and GP. Three sections for every case were
chosen, after which 3 different fields of view were
evaluated and the average of those results was
calculated. Positive controls were performed by
immunohistochemical staining on every specimen
on its own tissue without cancer involvement.
The power of magnification was x20.

Statistical analysis

All statistical analyses were performed using
Statistica version 13 (StatSoft) and Microsoft Ex-

as a new heterogeneity marker in prostate cancer

cel 2007. The comparative studies were analyzed
statistically using the nonparametric Kruskal-
Wallis test. The p value < 0.05 was considered sta-
tistically significant. The expression values of ana-
lyzed proteins were presented as the median and
25% and 75™ percentiles.

Results

Association of MSH2 expression
with Gleason score and Gleason pattern

In 97% of cases nuclear expression and in 68%
of cases cytoplasmic expression of the MSH2 was
revealed. Statistical analysis demonstrated a sig-
nificant correlation between GP and nuclear ex-
pression of MSH2 (p = 0.004) (Figure 1A).

Statistical analysis did not show any significant
correlation between cytoplasmic MSH2 level and
GP (Table I).

Statistical analysis showed a significant cor-
relation between nuclear and cytoplasmic expres-
sion of MSH2 and GS (p = 0.044, p = 0.045 respec-
tively) (Figure 2A and 2B respectively).

Association of MLH1 expression
with Gleason score and Gleason pattern

In 93% of cases nuclear expression and in 74%
of cases cytoplasmic expression of MLH1 was re-
vealed. Statistical analysis demonstrated no sig-
nificant correlation between the level of MLH1 in
nuclei with reference to GP.

Statistical analysis demonstrated a signifi-
cant correlation between cytoplasmic expression
of MLH1 and GP (p = 0.0255) (Figure 1B).
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Figure 1. Box plot of data with correlation between Gleason pattern and protein expression. A — Correlation between
Gleason pattern and nuclear expression of MSH2 protein. B — Correlation between Gleason pattern and cytoplasmic
expression of MLH1 protein
Arch Med Sci 3
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Statistical analysis demonstrated no significant
correlation between the level of MLH1 in nuclei
and cytoplasm with reference to GS (Table I1).

Association of TP53BP1 expression
with Gleason score and Gleason pattern

In 95% of cases nuclear expression and in 96%
of cases cytoplasmic expression of TP53BP1 was
revealed. Statistical analysis demonstrated no cor-
relation between cytoplasmic or nuclear expression
of the TP53BP1 and GS and GP (Table Il and | re-
spectively).

Association of MDC1 expression
with Gleason score and Gleason pattern

In 71% of cases nuclear expression and in 69%
of cases cytoplasmic expression of MDC1 was re-

14 T T T
p = 0.045
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[e)}
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Figure 2. Box plot of data with the correlation
between Gleason score and protein expression.
A — Correlation between Gleason score and nu-
clear expression of MSH2 protein. B — Correlation
between Gleason score and cytoplasmic expression
of MSH2 protein. C — Correlation between Gleason
score and cytoplasmic expression of MDC1 protein

vealed. Statistical analysis demonstrated no sig-
nificant correlation between the level of MDC1 in
nuclei and cytoplasm with reference to GP (Table ).

Statistical analysis showed a significant cor-
relation between cytoplasmic expression of MDC1
and GS (p = 0.0108) (Figure 2C).

Statistical analysis showed no significant cor-
relation between the level of MDC1 in nuclei and
with reference to GS (Table II).

Discussion

In the normal cell, the MMR system promotes
repair during and after DNA replication mainly
through the excision-repair reaction. This MMR
mechanism engages numerous proteins, includ-
ing MSH2 and MLH1, which were a part of this
study [19-21]. MSH2 gene inactivation and the loss
of MSH2 protein cause insufficient DNA repair
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Table I. Summarized medians and statistical significance of our results in reference to Gleason pattern

Protein Gleason pattern 3 Gleason pattern 4 Gleason pattern 5 p < 0.05

Median Percentile Median Percentile Median Percentile

25% 75% 25% 75% 25% 75%
TP53BP1 —n 8.00 4.00 12.00 8.00 8.00 12.00 10.00 3.00 12.00 ns
TP53BP1 - ¢ 8.00 4.00 8.00 8.00 4.00 8.00 8.00 3.00 12.00 ns
MDC1 - n 3.00 0.00 6.00 3.00 0.00 7.00 6.00 4.50 8.00 0.0591
MDC1 -c 2.50 0.00 7.50 3.00 0.00 6.00 8.00 2.50 8.00 ns
MSH2 —n 8.00 4.00 12.00 8.00 8.00 12.00 3.00 0.25 8.75 0.004
MSH2 - ¢ 3.00 0.00 4.00 3.00 0.50 4.00 0.00 0.00 2.50 ns
MLH1 —n 8.00 4.000 12.00 8.00 3.00 12.00 12.00 8.75 12.00 ns
MLH1 -c 4.00 0.00 7.00 8.00 4.00 12.00 8.00 6.25 12.00  0.0255
n — nuclear staining, ¢ - cytoplasmic staining.
Table Il. Summarized medians and statistical significance of our results in reference to Gleason score

Protein Gleason score 7 Gleason score 8 Gleason score 9 p < 0.05

Median Percentile Median Percentile Median Percentile

25% 75% 25% 75% 25% 75%

TP53BP1 —n 8.00 6.00 12.00 8.00 6.00 12.00 8.00 6.00 12.00 ns
TP53BP1 - ¢ 8.00 4.00 8.00 8.00 4.00 8.00 8.00 4.00 12.00 ns
MDC1 —n 4.00 1.00 6.00 2.00 0.00 6.00 5.00 0.00 8.00 0.046
MDC1 - ¢ 4.00 2.00 8.00 2.00 0.00 4.00 4.00 0.00 8.00 0.0108
MSH2 —n 8.00 6.00 12.00 8.00 3.00 12.00 8.00 8.00 12.00 0.044
MSH2 - ¢ 4.00 0.00 4.00 2.00 0.00 4.00 3.50 1.00 4.00 0.045
MLH1 —n 8.00 4.00 12.00 8.00 4.00 12.00 8.00 2.00 12.00 ns
MLH1 - ¢ 4.00 2.00 8.00 4.00 0.00 8.00 4.00 0.00 8.00 ns

n — nuclear staining, ¢ — cytoplasmic staining.

and the development of tumors with high levels
of microsatellite instability [22-27]. Furthermore,
a recent study showed that loss-of-function mu-
tations of MSH2 were most common in PCa com-
pared to another MMR protein, i.e. MLH1 [28-30].
Dominguez-Valentin et al. followed a similar ap-
proach in their study which was focused on patients
with Lynch syndrome and PC. Their results showed
that defect of MSH2 was associated with high GS
(GS of = 8) and more aggressive biological behavior
of the prostatic carcinomas [31]. Another study that
addressed a similar subject was that of Guedes et
al., which revealed that the highest rates of MSH2
gene inactivation and loss MSH2 protein occurred
among the most aggressive high-grade prostatic
adenocarcinomas, especially among tumors with
GP5 [32]. However, in our study the nuclear and cy-
toplasmic level of MSH2 according to GS did not
support this concept. This fact may suggest other
significant alterations in MSH2 expression among
PCs in patients with and without Lynch syndrome.

Based on our results, we can suspect that in cas-
es with GS of > 7 there were significantly more in-
correctly paired nucleotides, which caused increased
nuclear expression of MSH2 to conduct sufficient
DNA repair [33, 34]. The corresponding cytoplasmic
and protein expression of the MSH2 in specimens
with GS > 7 could be a result of increased expres-
sion of the MSH2 gene caused by intensified DNA
repair because of an increased level of mutations.
Moreover, our study showed a decreased overall lev-
el of nuclear MSH2 according to GP. It revealed that
MSH2 loss was more common among high grade
prostatic cancer. In the group with GP4 the level
of nuclear MSH2 was increased compared to sam-
ples with GP3. The greater number of incorrectly
paired nucleotides might have been connected
with higher demand of the MSH2. However, a de-
creased level of the nuclear MSH2 in GP5 might
have resulted from a higher amount of mutations
in the MSH2 gene, which prevented adequate DNA
repair. The high GS in cancers with MSH2 deficien-
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Figure 3. Collage of representative area photographs with protein expression. A — Photograph of area with MSH2
protein expression. B —Photograph of area with MLH1 protein expression. C—Photograph of area with MDC1 protein
expression. D — Photograph of area with TP53BP1 protein expression

cy suggested more aggressive behavior compared
to prostatic tumors without MSH2 defects. It might
have been connected with a subset of prostatic car-
cinoma called “hypermutated” [35]. The Pritchard
et al. study revealed that all hypermutated prostat-
ic cancers had mutations in MMR genes and MSI.
Complex structural rearrangements in the MSH2
gene (for example MSH2-KCNK12 inversion) were
an important mechanism determining hypermuta-
tion in advanced PC. Thus, hypermutated prostatic
cancers showed complete loss of MSH2 protein, as
we observed in our study. According to Pritchard et
al. prostatic cancers without hypermutation were
microsatellite stable and had valid MSH2 protein
[28]. In our study we observed the increase of MSH2
in cancers with higher GS and its decrease in cases
with higher GP. This observation may result from in-
tratumor heterogeneity in PC.

Another investigated protein of the MMR me-
chanism was MLH1. Studies suggested that MLH1
abnormalities could increase prostate tumor ag-
gressiveness and indicated that expression of
MLH1 among PC cells was significantly downregu-
lated in comparison to normal prostate or benign
hyperplasia[19, 36—-39]. Numerous studies revealed
the impact of alteration within the MLH1 gene on
PC stage, but the results of those studies were di-
verse. Studies showed that simultaneously with
growth of the GS, MLH1 gene expression declined
[39, 40]. However, other studies showed the rising
trend of the MLH1 gene expression among PC with
the higher GS [41, 42]. The findings in our study
could help to clarify the reason for these inconsis-

tencies among studies. Our study showed a rele-
vant dependency for the cytoplasmic MLH1 expres-
sion among PCs with a higher GR but no significant
correlation among PCs regarding the GS.

We assumed that it could have resulted from
the PC heterogeneity and the intratumoral het-
erogeneity of MLH1 gene expression, which could
be the reason for these discrepancies between
the results for the GS and GP.

The other investigated proteins engaged in
DNA repair were TP53BP1 and MDC1. These pro-
teins are involved in specific molecular pathways
to detect DSB, which protects cells against DNA
alterations and the initiation of carcinogenesis
[43, 44]. Jdamaa et al. observed the accumulation
of TP53BP1 and MDC1 at places of DNA damage
induced by cytotoxic drugs and ionizing radiation
in nonmalignant human prostate tissue, which
implied a protective function of the DSB repair
pathway against malignant transformation [45].

The current research is the first to center on
TP53BP1 level according to histopathological
grade. However, our results demonstrated no sig-
nificant correlation between this protein level in
all evaluated localizations and GP and GS.

As a consequence, we supposed that the
TP53BP1 function does not undergo disorders
during a process of PC dedifferentiation.

Different studies revealed only that TP53BP1 de-
creased during cancer clinical progression [46—48].
These observations suggested the independence
of disease risk factors related to clinical progres-
sion and the factors leading to cancer progression.
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An interesting fact is that other studies showed
that alterations in TP53BP1 function resulted in in-
sensitivity to radiotherapy [49-52].

However, an earlier clinical study has demon-
strated that the radiotherapy relapse rate increas-
es in the case of prostatic cancer with an increas-
ing GS value [53]. Our results suggest nevertheless
that the mechanism of this radiation resistance
might not arise from alterations of TP53BP1. More-
over, there is a lack of studies about another clin-
ical context and further research is needed in this
field.

MDC1 was another investigated component
of the DNA damage response that participates
in the DNA damage checkpoint and protects the
integrity of the genome [54]. The latest study
showed that there was overexpression of MDC1
in cells of several cancer types in comparison to
normal cells [55, 56]. Zou et al. found that MDC1
was a positive co-activator of the estrogen recep-
tor a (ERa) in breast cancer [55]. They detected
that down-regulation of MDC1 decreased the ex-
pression of the endogenous estrogen responsive
genes and, therefore, the growth of the tumor
[55]. Similar correlations have been described by
Wang et al. for PC. They proved that MDC1 was
an androgen receptor co-activator involved in PC
suppression. Moreover, they showed that MDC1
participated in suppression of PCa cell growth and
migration [56]. However, our results showed no
significant correlation between the level of MDC1
in nuclei and cytoplasm with reference to GP. On
the other hand, we demonstrated a significant
decrease of the cytoplasmic expression of MDC1
in cases with GS 8. This process may be caused
by PC heterogeneity and the results may differ ac-
cording to the PC group, which is examined [57].

In conclusion, our study suggested that the ab-
erration in the MMR repair mechanism may
be significantly more crucial regarding grading
among PC cells in comparison to the impact of al-
terations in the DSB repair mechanism. Moreover,
the present study indicated divergences among
expression of the respective proteins in GP and
GS. There was a significant positive correlation
between GS and nuclear expression of MSH2, but
a negative correlation between GP and MSH2 nu-
clear expression. According to this, there was no
relevant correlation between MLH1 cytoplasmic
expression and GS, whereas there was a signif-
icant positive correlation between cytoplasmic
expression of MLH1 and GP. This may indicate
significant heterogeneity among PC. Furthermore,
we concluded due to the lack of a correlation be-
tween expression of the TP53BP1 protein and GP
and GS that the radiation resistance of prostate
cancer seems to be independent of alterations
connected with TP53BP1.

as a new heterogeneity marker in prostate cancer
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Abstract: Prostate cancer remains a leading cause of cancer-related death in men worldwide. Recent
research advances have emphasized the critical roles of mismatch repair (MMR) and double-strand
break (DSB) in prostate cancer development and progression. Here, we provide a comprehensive
review of the molecular mechanisms underlying DSB and MMR defects in prostate cancer, as well as
their clinical implications. Furthermore, we discuss the promising therapeutic potential of immune
checkpoint inhibitors and PARP inhibitors in targeting these defects, particularly in the context
of personalized medicine and further perspectives. Recent clinical trials have demonstrated the
efficacy of these novel treatments, including Food and Drugs Association (FDA) drug approvals,
offering hope for improved patient outcomes. Overall, this review emphasizes the importance of
understanding the interplay between MMR and DSB defects in prostate cancer to develop innovative
and effective therapeutic strategies for patients.

Keywords: prostate cancer; double-strand break; mismatch repair; PARP inhibitors

1. Introduction

Among all cancers in men, prostate cancer (PC) is the most common non-cutaneous
cancer and the second most common cancer worldwide, with approximately 366,000 deaths
and 1,600,000 cases annually [1]. PC is characterized by a variable disease course with
either aggressive development and metastasis or slow progression without metastasis.
These tumors are graded using the Gleason score [2].

The underlying cause of PC is still under investigation, but studies have shown that
both differentiated and stem/progenitor cells have the potential to initiate PC of either the
luminal or basal phenotype [3], although there is no conclusive result regarding the clinical
and biological relevance of the PC phenotype [4-6].

Nevertheless, it is widely accepted that chronic inflammation plays a critical role in
the development of PC. Prolonged exposure to oxidative stress and reactive oxygen species
can cause DNA damage, leading to the selection of mutated cells and the progression to
prostate intraepithelial neoplasia and malignancy [7].

Although numerous studies have identified multiple genetic alternations associated
with PC, the genetic and epigenetic features of PC in relation to DNA repair are currently
poorly understood. Impaired DNA repair pathways are considered to be the cause of
several types of cancers, including XP gene loss in skin cancer, BRCA1/2 defect in ovarian
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and breast cancers, and mismatch repair (MMR) deficiency in colorectal cancer (Lynch
syndrome) [8].

While most PCs occur sporadically, approximately 5-15% are associated with heredi-
tary factors. Studies suggest that mutations in DNA damage repair (DDR) genes, including
DNA MMR and double-strand break repair (DSBR) genes, may be used as biomarkers for
hereditary PC (HPC), which is characterized by a more aggressive disease course [9-11].
DDR is involved in tumorigenesis, but is also an important factor in treatment. The identifi-
cation of impaired DNA repair pathways in specific cancers is crucial to the exploration
of new treatment protocols that exploit DDR defects. This approach has been applied
to numerous cancers, including BRCA1/2-deficient ovarian and breast cancers, where
the inhibition of poly(ADP-ribose) polymerase 1 (PARP) has been proven to be synthet-
ically lethal in other tumors with PTEN deficiency, and, more recently, in patients with
homologous recombination (HR) repair gene-mutated metastatic castration-resistant PC
(mCRPC) [8,12,13].

Moreover, DDR is also known to be useful in predicting drug resistance in cancer.
In the treatment of O(6)-methylguanine DNA methyltransferase-deficient glioblastomas,
increased sensitivity to temozolomide has been observed [14]. In addition, PARP inhibition
has been shown to restore temozolomide sensitivity in MMR-deficient tumors [15].

Recent studies have also highlighted the potential role of immune checkpoint inhibitors,
such as CTLA-4 and PD-L1 inhibitors, in the context of DDR-deficient tumors [16,17]. These
agents unleash the immune system to identify and target cancer cells by exploiting the
increased mutational burden and neoantigen load present in DDR-deficient tumors [16,17].

In this review, we have summarized recent studies focused on two of the DDR path-
ways, MMR and DSBR, in PC and their implications for cancer therapy, particularly in
regard to prostate cancer. The aim is to provide a comprehensive overview of the current
state of the field and to highlight areas for future research and development.

2. Mechanisms of the DNA Damage Repair

DDR is a vital mechanism that cells use to maintain the integrity of their genetic
material. DDR is activated in response to various types of DNA damage, such as single-
strand breaks (SSBs) repaired by mechanisms such as MMR, base excision repair (BER),
nucleotide excision repair (NER), and double-strand breaks (DSBs) that can be repaired
by homologous recombination (HR) or non-homologous end joining (NHE]). By initiating
the appropriate repair mechanisms, DDR helps cells to effectively repair DNA damage,
thereby preventing replication errors and maintaining genomic stability [18].

3. Immune Checkpoint Molecules: PD-L1 and CTLA-4

PD-L1 and CTLA-4 belong to the immune checkpoint molecules that are crucial in
the regulation of the immune response against cancer cells. Inmune checkpoint inhibitors
targeting the CLTA-4 and PD-L1/PD-1 pathways have been proven to enhance anti-tumor
immune responses, which indicates a promising strategy for cancer treatment, including
for PC [16,17].

Cells with deficiencies in the main DDR pathways, such as MMR and DSBR, accumu-
late DNA mutations and chromosomal rearrangements, resulting in tumorigenesis and
cancer progression [19]. Cancer cells harboring MMR and DSBR defects are characterized
by higher mutational burden and increased genomic instability [20]. Furthermore, the
aforementioned increased mutational burden results in the generation of tumor-specific
neoantigens that could be recognized by the immune system. Consequently, T-cells are
activated, which initiates an ani-tumor immunological response. The immune response
is stronger in tumors with high mutational burden, which increases the infiltration of
such immune cells, such as natural killer cells and T-cells [21,22]. Cancers with MMR and
DSBR deficiencies show increased sensitivity to immune checkpoint inhibitors targeting the
CTLA-4 and PD-L1/PD-1 pathways as a result of their increased immunogenicity. These
cancers, due to the accumulation of mutations, are more susceptible to immune-mediated
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attack, especially after the inhibition of immune checkpoint molecules [23,24]. Moreover,
a combined therapy of PARP inhibitors with immune checkpoint inhibitors could have
synergistic effects in cancer treatment [8,25-27].

4. Implications of the MMR on Tumorigenesis and Its Alterations in Prostate Cancer

MMR is a highly conserved DNA repair that corrects errors in the replication, recombi-
nation, and repair processes, preserving genomic stability by correcting mismatched bases,
insertion-deletion loop-type mismatches (IDLs), and SSBs [28]. Mutations in MMR genes
cause a high frequency of microsatellite instability (MSI), which is characterized by an
increased rate of insertion-deletion mutations in repetitive DNA sequences. The severity of
this process can be assessed by examining the repetitive sizes of the selected microsatellite
markers. Cancers can be defined as MSI-high (MSI-H) (multiple marker instability) or
MSI-low (MSI-L) (only one marker instability). MSI is a hallmark of several hereditary
and sporadic cancers, including colorectal, endometrial, gastric, ovarian, and pancreatic
cancers [29]. Deficient MMR activity leads to the accumulation of DNA damage, genomic
instability, and the emergence of cancer-promoting mutations.

MMR defects can occur as a result of germline mutations in MMR genes, somatic
mutations in MMR genes, or the epigenetic silencing of MMR gene expression. Germline
mutations in MMR genes cause hereditary cancer syndromes, such as Lynch syndrome,
which predisposes individuals to the development of colorectal, endometrial, ovarian,
prostate, and other cancers [30].

Somatic mutations and the epigenetic silencing of MMR genes occur in sporadic
cancers and contribute to the development and progression of cancer. The loss of MMR
activity leads to the accumulation of mutations in oncogenes and tumor suppressor genes,
as well as the activation of the oncogenic signaling pathways that promote cancer cell
survival, proliferation, and invasion [28,31]. This high mutational burden can produce
novel tumor-specific antigens, making MMR-deficient tumors more immunogenic and
susceptible to immune checkpoint blockade therapies [32]. MMR deficiency has also
been associated with an increased sensitivity to certain DNA-damaging agents and PARP
inhibitors, as these agents exploit the impaired DNA repair capacity of MMR-deficient cells,
leading to synthetic lethality [33,34].

The incidence of MMR defects in PC ranges between 3% and 5% and mainly affects
the MSH2 and MSH®6 genes [35,36]. In addition to Lynch syndrome, ductal subtypes of PC
show a higher number of MMR mutations. This is associated with poorer histopathological
differentiation, according to the Gleason score, and a worse prognosis [37,38]. Loss of
function alterations in the MMR genes (MLH1, MSH2, MSH6, and PMS2) define a subgroup
of patients with a high potential response to immune checkpoint blockade, which together
with MSI and a higher expression of tumor neoantigens, facilitates immunological diagnosis.
These observations served as the biological basis for testing pembrolizumab (anti-PD1) in
high MMR /MSI solid tumors and led to the Food and Drug Administration (FDA) approval
of pembrolizumab [39]. However, some patients with the MMR mutations have a high
immune resistance, so not all men benefit equally from this treatment [23,40]. Intratumoral
DNA sensing deficiency is one mechanism of low T-cell recruitment that can impair the
response to immune checkpoint blockade. In MMR tumors lacking a pathway to detect pro-
inflammatory cytosolic DNA, tumor growth was accelerated and the immune checkpoint
blockade response was lost during treatment with pembrolizumab [41].

Mutations in the MMR genes have been reported in several studies of PC patients.
The most commonly altered MMR genes in PC are MLH1, MSH2, MSH6, and PMS2,
although other MMR genes, such as MSH3 and PMS], have also been implicated in some
cases [42-45].

4.1. MLH1

MLH]1 is an essential component of the MMR system, and its alterations have been
associated with MSI and the development of various cancers [46], including increased
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PC risk [47]. In PC, MLH1 alterations are relatively rare, with a reported loss of MLH1
expression in 0-0.9% of PCs [48,49]. However, in a study by Khan HM et al. in men aged
over 75, PCs with a MLH1 mutation had a cumulative incidence of 13.8% [50]. MLH1
alterations in PC have been associated with higher Gleason scores, aggressive tumor
behavior, and a poor prognosis [51]. One study suggests that MLH1 deficiency may
contribute to resistance to radiotherapy in PC cells, indicating that a patient’'s MLH1 status
may influence their treatment response [52]. In addition, a study by Rodrigues et al. showed
that MLH1-deficient PC cells were more sensitive to the PARP inhibitor olaparib, suggesting
a potential therapeutic strategy for patients with MLH1 alterations [53]. Moreover, studies
show that a lower expression of MLH1 protein in PC correlates with a higher prevalence of
lymph nodes metastases. In addition, these studies suggest a positive correlation between
the Gleason pattern and MLHI1 protein expression [54,55].

4.2. MSH?2

MSH? alterations have also been identified in PC patients. The reported prevalence
of MSH2 alterations is estimated to be 1-2% in mCRPC [32,42,56], and a loss of MSH2
expression is estimated to occur in 2.7-12.2% of PCs [48,49]. These alterations include point
mutations, deletions, and rearrangements, resulting in a loss of MSH2 protein expression
and impaired MMR function [57]. In the study by Hiba et al., patients at the age of 75 with
MSH2 mutations had a cumulative PC incidence of 23.8% [50]. Interestingly, Jaworski et al.,
in their study, indicate a negative correlation between MSH2 nuclear expression in PC and
the Gleason pattern, as well as a positive correlation between nuclear and cytoplasmic
expression with the Gleason score. [54] MSH2 mutations are associated with a higher risk
of developing PC and are implicated in disease aggressiveness and progression [50,58].

4.3. MSH6

MSH6 mutations in PC have been reported in several studies. MSH6 alterations have
been reported in approximately 1% of PC cases [42,59-61]. A loss of the immunohistochemi-
cal expression of MSH6 was found in 2.7-16.8% of PCs [48,49]. However, Alberto-Gonzalez
et al., in their study, revealed MSH6 overexpression in 42.1% of the cases [62]. In a study
by Pritchard et al., MSH6 mutations were found in 0.14% of men with metastatic PC [42].
MSHES alterations were associated with higher Gleason scores, an advanced stage, and a
poor prognosis [62].

4.4. PMS2

PMS2 alterations are less common in PC compared to other MMR genes. In a study
by Pritchard et al., PMS2 mutations were found in 0.29% of men with metastatic PC [42].
Another study found PMS2 mutations in 0.4% of metastatic PC patients [59]. However,
Sharma M. et al. and Javeed S. et al., in their studies, revealed a loss of PMS2 expression
in 12.3% and 12.2% of PCs, respectively [48,49]. Although MMR gene alterations are
associated with a worse prognosis in PC patients, there are no exact data correlating the PC
grade with PMS2 expression [63].

4.5. Clinical Implications of MMR Alterations in Prostate Cancer

MMR alterations in PC have significant clinical implications. Patients with germline
MMR mutations are at a higher risk of developing PC and other cancers, such as colorectal
and endometrial cancers [64—-66]. MMR alterations are also associated with aggressive
tumor behavior, a higher Gleason scores, an advanced stage, and a poor prognosis [67,68].
MMR alterations have been identified as potential biomarkers for treatment response. In a
study by Abida et al., patients with mCRPC harboring MMR alterations were more likely
to respond to immune checkpoint inhibitors, such as pembrolizumab, compared to those
without MMR alterations [36]. MMR deficiency has also been associated with an increased
sensitivity to PARP inhibitors, such as olaparib [69].
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4.5.1. Impact of MMR Alterations on Treatment Strategies in Prostate Cancer

The presence of MMR alterations in PC has led to the development of targeted thera-
pies and personalized treatment strategies. Two main classes of targeted therapies have
shown promise in the treatment of PC patients with MMR alterations: immune checkpoint
inhibitors and PARP inhibitors.

4.5.2. Immune Checkpoint Inhibitors

MMR-deficient tumors are characterized by MSI-H and an increased neoantigen load,
which makes them more susceptible to immune checkpoint inhibitors [23]. Several clinical
trials have reported the efficacy of pembrolizumab and nivolumab, the PD-1 inhibitors, in
MMR-deficient PC patients. The KEYNOTE-028 trial demonstrated an objective response
rate of 27% in patients with PD-L1-positive mCRPC [70]. The KEYNOTE-199 trial reported
a 50% overall response rate in patients with MSI-H- or MMR-deficient mCRPC [71]. Based
on these findings, pembrolizumab has been approved by the FDA for the treatment of
MSI-H- or MMR-deficient mCRPC patients who have progressed in prior treatment. A
summary of the drugs that have been studied thus far in the treatment of prostate cancer
with the immune checkpoint inhibitors group can be found in Table 1.

Table 1. Summary of all completed and selected ongoing clinical trials investigating immune check-
point inhibitors in the treatment of prostate cancer. Summarized outcomes for all phase 3 clinical
trials and selected phase 2 and 1 clinical trials.

Drug Clinical Trial

Name Number Efficacy/Results Annotation
ORR: 17.4% .
Investigated in locally
NCT02054806
[70] Phase 1 PFS: 3.5 months advanced and/or
0OS: 7.9 months metastatic PC
Pembrolizumab Radium 223
NCT03093428 + Radium 223 adid Pembrolizumab + Radium
[72] (active) . . 223 vs. Radium 223 alone
o Phase 2 0S:16.9m 0S:16.0 m in mCRPC
g PFS: 6.1 m PFS: 5.7 m
% mCRPC patients divided
B into 5 cohorts. Accelerated
QE) NCT02787005 Full description of the results FDA-approval in May 2017
~ [73] Phase 2 available in the citation for unresectable /metastatic,
MSI-H or MMR-deficient
solid tumors
NCT03658447
NCT03582475
NCT04148937
NCT03849469
Phase 1
Nivolumab + Enz.alutamlde +
- Nivolumab +
Ipilimumab Ipilimumab
NCT02601014 P Investigated in mCRPC
. [74] Phase 2 ORR: 25% ORR: 0% vestigate
g 08S: 8.2% 0S: 14.2%
S PFS: 3.7 m PFS: 2.9 m
z NCT03554317
NCT00441337
NCT03532217
NCTO03835533

Phase 1
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Table 1. Cont.

E:;ge Cl;l:lcl;lb:ilal Efficacy/Results Annotation
Atezollzumfi b+ Enzalutamide
enzalutamide , tioated i binati
NCT03016312 nvestigated in combination
a [75] Phase 3 05:152m 05:16.6 m with enzalutamide in
g rPFS: 42 m rPFS: 4.1 m mCRPC
3
% OR: 13.7% OR: 7.4%
2 NCT04404140
< NCT03024216
NCT02814669
NCT02655822
Phase 1
AZDA4635 + AZD4635 +
NCT04089553 Durvalumab Oleclumab . . L
[76] (active) Investigated in combination
Phase 2 % of patients % of patients with AZD4635 in mCRPC
a ase with rPRFSat6  with rPRFS at 6
E months: 8.8% months: 11.1%
3
s NCT03204812 rPFS: 3.7 m Trem]ejllilgjrl;lgtl)aiz ;aive
j=] .
A [77] Phase 2 ©5:28.1m patients with mCRPC
NCT04495179
Phase 2,
NCT02643303
Phase 1
Ipilimumab +
RTH Placebo + RTH
NCT00861614 0S:11.04 m 0S:10.02 m
I tigated
[78] Phase 3 OSR at year 5: OSR at year 5: nve;:ga ecas
7.9% 2 7% monotherapy or in
’ : combination with RTH in
PFS: 4.01 m PFS: 3.06 m mCRPC
Ipilimumab Placebo
NCT01057810
[79] Phase 3 0S:28.65m 0S:29.73 m
PFS: 5.59 m PFS:3.81 m
o
g NCT01194271
g NCT02279862
= NCT00323882
RS NCT00170157
NCT00050596
NCT02601014
NCT01498978
NCT01804465
Phase 2
NCT03532217
NCT00064129
NCT02113657
NCT00323882
NCT01832870
Phase 1

Abbreviations: ORR: Overall response rate; OS: overall survival; OSR: overall survival rate; rPFS: Radiographic
Progression-Free Survival (in months); PFS: Progression-Free Survival (in months); m: months; PC: prostate
cancer; mCRPC: Metastatic Castration-Resistant Prostate Cancer.
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4.5.3. PARP Inhibitors

PARP inhibitors, such as olaparib and rucaparib, both of which are approved by the
FDA in mCRPC, target the PARP enzyme involved in DNA repair. PARP inhibitors have
shown efficacy in MMR-deficient cancers by exploiting the synthetic lethality, where two
independent DNA repair pathways are disrupted, leading to cell death [80]. Although
initially developed for BRCA-mutated and homologous recombination repair-deficient
tumors, PARP inhibitors have also shown potential in MMR-deficient cancers [81]. Fur-
thermore, it has been proposed that the clinical application of PARP inhibitors in prostate
cancer could be broadened by combining them with androgen receptor inhibitors, which
have been found to suppress the expression of numerous HR genes [27].

The TOPARP-A trial (NCT01682772) [61] and the TRITON?2 trial (NCT02952534) [82]
evaluated olaparib and rucaparib, respectively, in patients with mCRPC harboring DNA
repair gene alterations, including MMR gene alterations. Both trials demonstrated anti-
tumor activity in patients with MMR-deficient PCs, suggesting a potential role for PARP
inhibitors in this patient population. A summary of the drugs that have been studied to
date in the treatment of prostate cancer with the PARP inhibitors can be found in Table 2.

Table 2. List of all completed and selected ongoing clinical trials investigating PARP inhibitors in
the treatment. Summarized outcomes for phase 2 and 3 clinical trials if available (NCT02987543,
NCT02952534, NCT02854436, NCT03148795, and NCT01576172).

Drug Clinical Trial
N Number/ Efficacy/Results Annotation
ame
Phase
. Approved by FDA for mCRPC
Cohort A (iﬁgggii::;tsh Cohort B Cohort B with Investigators with HRR gene alterations,
with olaparib Choi ngH A with olaparib Choice of NHA including BRCA1/2, ATM
) oice o (PROfound clinical trial).

& NCT02987543 ORR: 33.3% ORR: 2.3% n/a n/a Cohort A: mCRPC with either
& [83] BRCA1/2/ATM mutation
o Phase 3 05:56.2% 0S: 68.7% n/a n/a Cohort B: 12 other genes involved

RPFS:7.39m  RPFS:3.55m n/a n/a in the HRR.
Investigators Choice of NHA:
RPFS in cohort A + B with RPFS in cohort A + B with Investigators enzalutamide or
olaparib: 5.82 m Choice of NHA: 3.52 m abiraterone acetate
NCT03205176,
NCT02324998
Phase 1
NCT03434158
Phase 2
Approved by FDA for mCRPC
with BRCA1/2 mutations that
have been previously treated with
BRCA ATM CDK12 CHEK2 Others androgen receptor-directed
o) NCT02952534 therapy and a taxane-based
E [84] chemotherapy (TRITON2

5y Phase 2 clinical trial)

,'L'_S) ORR: 45.7% ORR: 0% ORR: 0% ORR: 0% ORR: 41.2% mCRPC patients divided into
~ - .

RPFS:107m  RPFS:53m  RPFS37m  RPFS:94m RPFS:11.6m O 8roups with: either BRCA, ATM,
CDK12, CHEK or other HRR
0S:172m OS: 14.6 m 0S:139m 0OS:11.1m 0OS:11.6 m gene mutation.
NCT03840200

Phase 1
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Table 2. Cont.

Dru Clinical Trial
Namge Number/ Efficacy/Results Annotation
Phase
Investigated in combination with
NCT02854436 abiraterone and prednisone in
(active) ORR: 50%; mPFS: 11 months [85] mCRPC with HRR gene
2 Phase 2 alterations, including
g BRCA1/2, ATM
<
E NCT02924766
Phase 1b
NCT03076203,
NCTO00749502
Phase 1
Investigated in mCRPC who
ggszog 1(;153133 ORR: 29.8% previously received taxane-based
= [36] PFS: 5.6 m chemotherapy and progressed on
3, at least 1 novel hormonal agent
19
S|
i‘: NCgSgSSgALOS Investigated in solid tumors including PC
NCT01286987
Phase 1
Ablralgiz(érrlleisﬁrcztate * Abiraterone Acetate + Prednisone + Veliparib
o NCT01576172 Investigated in combination with
E [87] Phase 2 ORR: 45% ORR: 52.2% abiraterone in mCRPC
=y PFS: 10.1m PFS: 11.0m
>

NCT01085422,
NCT00892736
Phase 1

Abbreviations: NHA: new hormonal agent; ORR: Overall response rate; RPFS: Radiographic Progression-Free
Survival (in months); PFS: Progression-Free Survival (in months); M: months; PC: prostate cancer; mCRPC:
Metastatic Castration-Resistant Prostate Cancer; HRR: homologous recombination repair; n/a: not applicable.

4.5.4. Novel Treatment Strategies Aiming MMR Genes

As research progresses, new drugs and strategies targeting MMR genes in PC may
emerge. Combining immune checkpoint inhibitors with other immunotherapies, radia-
tion or chemotherapy could potentially enhance their efficacy in MMR-deficient PCs [88].
Additionally, novel small molecules targeting MMR proteins, such as MSH2-MSH6 in-
hibitors [89], could be developed and tested in PC.

Moreover, biomarker-driven patient selection will be critical in identifying the most
appropriate treatment options for individual patients. Comprehensive genomic profiling
can help identify MMR-deficient PCs and guide personalized therapy [90].

5. Implications of the DSBR on Tumorigenesis and Its Alterations in PC

DSBs are a severe form of DNA damage that can arise from endogenous factors
during DNA replication or can be induced by exogenous agents, such as ionizing radiation
and chemotherapeutic agents. To maintain genomic integrity, cells have evolved two
main pathways for repairing DSBs: HR and NHE]. These pathways involve a complex
interplay of proteins, including DNA damage sensors, signal transducers, mediators, and
effectors. [18,29] Moreover, there are three additional mechanisms involved in DSBs repair:
alternative NHE] (alt-NHE]), break-induced replication (BIR), and single-strand annealing
(SSA) [91,92].

BRCAL1 plays a critical role in regulating the balance between HR and NHE], with
a loss of BRCA1 resulting in a shift towards NHE] and increased sensitivity to DNA
damaging agents. 53BP1 and its downstream effector RIF1 are key factors in promoting
NHE] and suppressing HR, with a loss of 53BP1 leading to increased HR and reduced
NHE]. MDC1 acts as a scaffold for the recruitment of DNA damage response proteins,
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including NBS1, 53BP1, RNF8, the MRN complex, and RNF168, which ubiquitylate histone
H2AX and promote the accumulation of 53BP1 and BRCA1 at DSBs. The process of the
phosphorylation of histone H2AX is catalyzed by the PI3-like kinase ataxia-telangiectasia
mutated (ATM) [19,92-94].

The 53BP1/MDC1 axis is a key regulator of the DSB repair pathway choice, with
53BP1 promoting NHE]J and inhibiting HR, while MDC1 promotes HR. This is achieved, in
part, by the differential regulation of RPA and RAD51 by the two proteins. 53BP1 inhibits
the loading of RAD51 onto the DNA ends, thereby preventing HR, while MDC1 promotes
the retention of RPA and the loading of RAD51, thus promoting HR [19,95]. In addition,
BRCA1 counteracts 53BP1’s inhibition of HR, while BRCA?2 plays a role in the loading of
RADOS51 onto resected DNA ends [96,97]. Mutations in these genes have been associated
with an increased risk of developing cancer, particularly breast and ovarian cancers [98].

Defective DSBR main pathways, such as HR, often coexist with MMR defects, leading
to the accumulation of DNA damage and genomic instability [99,100]. As a result, the
affected cancer cells become more dependent on alternative DNA repair pathways, such
as the ssDNA repair mechanisms [101]. Exploiting the vulnerabilities in these alternative
DNA repair pathways can lead to synthetic lethality, selectively eliminating cancer cells
while sparing normal cells. This method is used by PARP inhibitors in cancers with MMR
and HR defects [61]. PARP inhibitors block the repair of ssDNA breaks, leading to the
accumulation of DSBs that the affected cells are unable to repair, resulting in the death of
the cancer cell [80].

Alterations in the DSB repair pathway have been implicated in PC progression and
treatment resistance. Two primary pathways are responsible for repairing DSBs in eukary-
otic cells: HR and NHE]. Both pathways are crucial for maintaining genomic stability, and
defects in either pathway can lead to genomic instability and cancer development [102].
Multiple proteins play a critical role in the DSB repair mechanisms, and alterations in
these proteins have been observed in PC. In this section, we will discuss the key proteins
associated with both the HR and NHE] pathways.

5.1. Homologous Recombination

The key proteins involved in the HR pathway include BRCA1, BRCA2, RAD51, and
the MRN complex (MRE11, RAD50, and NBS1) [94,95,100].

5.1.1. BRCA1 and BRCA2

BRCA1 and BRCA2? are crucial proteins in the HR pathway, and germline and somatic
mutations in these genes have been observed in PC [103]. Men with BRCA1 mutations
account for 0.9% of PCs and have a 3-fold increased risk, and those with BRCA2 muta-
tions account for 1.2-5.3% of PCs, overall, and have an 8-fold increased risk of developing
PC [42,104]. In metastatic PC, the prevalence of BRCA2 mutation is estimated at 13.0% [105].
BRCA1/2 mutations in PC are associated with more aggressive disease, a higher Gleason
score, increased metastasis [106], a poor prognosis, and resistance to conventional ther-
apies [42]. As a result of the deficiency in DNA repair, agents such as platinum-based
chemotherapy [107] and PARP inhibitors have shown promise in the treatment of BRCA1/2-
mutated PCs [33,61,105]. Moreover, two of the PARP inhibitors, rucaparib and olaparib,
have received FDA approval for BRCA-mutated mCRPC [108,109].

5.1.2. MDC1

The primary function of MDC1 is involved in the HR pathway of DSBR; it acts
as a scaffold protein and recruits other factors at the site of DNA damage in the HR
pathway [110]. Studies have revealed the overexpression of MDC1 in various malignancies,
although the study by Jaworski et al. shows decreased MDC1 expression in PC with higher
GS[54,111,112]. Moreover, MDC1 alteration is associated with the increased radiosensitivity
of PC [113], and MDC1 knockdown promotes PC cells’ migration and growth [112].
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5.1.3. The RAD Family of Genes: RAD51 and RAD54

RAD?51, responsible for catalyzing the strand invasion step and playing a crucial
role in homologous recombination repair, has been shown to be affected by the deletion
of MMS22L, which is commonly observed (up to 14%) in prostate cancer [114]. In a
study by Mitra A. et al., RAD51 cytoplasmic staining was observed in 32.5% of PC cases
compared with 0.74% of benign prostate tissues and has been associated with aggressive
disease [42,115]. Moreover, RAD51 overexpression in PC is associated with the enhanced
sensitivity of PC to radiotherapy [116]. Hine et al. indicated that the inhibition of RAD51
sensitizes PC cells to radiotherapy and chemotherapy [117]. RAD54, another key player
in HR, has also been implicated in PC. Genetic alterations in RAD54 have been associated
with an increased risk of PC [118].

5.1.4. MRN Complex

The MRN complex, consisting of MRE11, RAD50, and NBS1, plays a crucial role in
sensing and repairing DSBs during the HR pathway [119]. Alterations in MRN complex
proteins have been reported in PC, with potential implications for disease progression
and treatment resistance [119]. MRE11 overexpression correlates with a poor outcome
and progression of PC [120]. Alterations in MRN complex proteins, such as MRE11 and
RAD50, can affect the sensitivity of PC cells to radiotherapy and chemotherapy with PARP
inhibitors [121].

5.2. Non-Homologous End Joining

The key proteins involved in the NHE] pathway include TP53BP1, Ku70, Ku80, DNA-
PKcs, and LIG4 [122].

5.2.1. TP53 and TP53BP1

TP53BP1 is a protein that interacts with TP53 and plays an important role in the DSBR
pathway, and its primary role is in the NHE] pathway [123]. This interaction leads to the
activation of TP53-dependent cell cycle checkpoints and apoptosis, ensuring the proper
cellular response to DNA damage [124]. Alterations in this protein disrupt the function of
the NHE] pathway and promote the utilization of error-prone alt-NHE], which can lead
to genomic instability and tumorigenesis [125,126]. Studies have shown that mutations in
TP53BP1 are present in PC and its expression decreases with cancer progression [127-130].
In addition, the study by Jaworski et al. indicates no correlation between TP53BP1 expres-
sion and GS or GP, while Gzil et al. observed decreased TP53BP1 expression in lymph
node metastases compared to primary PC [54,55]. Studies indicate that alterations in
TP53BP1 were correlated with the insensitivity of PC to radiotherapy [54,131,132]. More-
over, Chipidza FE et al., in their study, described the mutation of the TP53 gene as an
independent, unfavorable prognostic factor in PC [133]. The frequency of TP53 mutations
in metastatic PC is estimated to be 31.3% [105].

5.2.2. Ku70 and Ku80

Ku70 and Ku80 are essential proteins in the NHE] pathway, forming a heterodimer
that binds to DSB ends. The impact of alterations in Ku70 and Ku80 expression on PC
development is significant, not only because of their direct involvement with DSBR, but also
because of their interaction with the androgen receptor as a coactivator [134]. A decrease
in the expression of Ku70 has been observed in PC cells following neoadjuvant castration
therapy, which in turn impairs DNA repair, and it is suggested as an explanation for the
increased sensitivity to radiotherapy in PC following castration [135]. Hasewaga T. et al.
suggested that radiotherapy combined with androgen deprivation therapy is effective in
patients with GS < 7 or low Ku70 expression [136].
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5.2.3. DNA-Dependent Protein Kinase Catalytic Subunit (DNA-PKcs)

The DNA-PKcs is a key component of the NHE] pathway and plays a critical role
in the DNA damage response. The dysregulation of the DNA-PKcs has been implicated
in PC progression, metastasis, and resistance to therapy, and its upregulation correlates
with poor patient outcomes [60,137,138]. In a study by Pu J. et al., it was suggested that
the downregulation of the Androgen receptor/PARP/DNA-PKcs axis could be used as a
potential therapeutic strategy to increase the radiosensitivity of castrate-resistant PCs [139].

52.4. LIG4

LIG4 is a critical protein in the NHE] pathway and is responsible for the ligation step
during DSB repair [140]. LIG4 has been implicated in PC progression and therapeutic
response, including urogenital radiotoxicity [141], although the precise role and clinical
significance of LIG4 alterations in PC remain to be fully elucidated [113,141]. High LIG4
expression correlates with advanced GS and nodal involvement [142].

52.5. ATM

The ataxia-telangiectasia mutated (ATM) protein is another key player in the DSB
repair process through the HR and NHE] pathways [19,93]. ATM mutations are associated
with aggressive PC and occur in 13.7% of metastatic PC [105,143]. Preclinical studies have
shown that ATM inhibitors can sensitize PC cells to radiotherapy [144]. The studies con-
ducted thus far have revealed better progression-free survival in mCRPC patients treated
with lutetium-177-prostate-specific membrane antigen-617 compared with cabazitaxel, but
without an overall improvement in survival [33]. Moreover, alterations in the ATM gene
are associated with improved overall survival in PC patients treated with olaparib [33].
However, in mCRPC patients treated with olaparib, there was no objective radiological
response, in contrast to BRCA1/2 patients [145]. Interestingly, ATM alterations were cor-
related with better outcomes to cisplatin-based chemotherapy in patients with mCRPC,
compared to mCRPC with CDK12 defects [146].

5.2.6. XRCC1, XRCC2 and XRCC3

XRCC2 and XRCC3 are essential for the RAD51-mediated HR repair of DSBs [147].
Studies have reported associations between XRCC2 and XRCC3 polymorphisms and PC
risk, although the evidence is not entirely consistent [141,148,149]. Moreover, polymor-
phism in XRCC3 is associated with an increased risk of acute genitourinary toxicity during
radiotherapy in PC patients [149]. Further research is needed to understand the precise
role of these proteins in PC progression and the response to therapy.

6. Current Role of DDR Mutation in Prostate Cancer Treatment

Due to the prevalence of germline mutations in the DDR genes, the guidelines of
the European Association of Urology (EAU) and the National Comprehensive Cancer
Network (NCCN) recommend germline testing for all men with metastatic disease and
castration-resistant PC [150,151].

On the other hand, the diagnostic process for DDR mutations should begin at the time
of PC diagnosis, especially in patients who meet the criteria for active surveillance (AS) but
have a history of familial PC: men with high-risk PC and a family member diagnosed with
PC at age < 60 years or a family member who died from PC cancer or familial syndromes,
such as hereditary breast and ovarian cancer and Lynch syndrome [152]. The results of the
study of 1211 men under AS showed that carriers of the BRCA2 and five ATM mutations
were significantly more likely to be reclassified and to progress to clinical disease, requiring
exclusion from observation [153]. Interestingly, germline DNA repair gene mutations
are not only found in high-risk cancers. The short-term outcomes of AS for low-risk PC
showed that at a median follow up of 28 months (IQR 8.5-42), 80% of patients on AS with
low-risk PC were free from upgrading or radical treatment [154]. Therefore, patients with
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DDR mutations included in AS should be carefully monitored until more reliable data are
available [151].

The incidence of HR repair mutations in men with PC is significantly higher in the pres-
ence of metastases (11% vs. 33% M0/M1) [155]. Furthermore, the Profound study showed
that in patients with mCRPC, the number of DDR mutations was lower in the primary
tumor (27%) than in the metastatic tissue (32%) [156]. Additionally, the outcomes of this
clinical trial revealed a notably longer PFS and a higher ORR for men treated with olaparib
compared to the control group, with 7.4 months versus 3.6 months and 33% versus 1%,
respectively [157]. In PROREPAIR-B, 68 mCRPC patients with germline BRCA2 mutations
had half the CSS compared to non-carriers (17.4 vs. 33.2 months, p = 0.027). Importantly,
ATM or BRCA1 mutations showed no difference in the CSS in this group of patients [158].
The ability of a cancer cell to repair double-stranded DNA breaks with a BRCA2 mutation
is impaired; however, further repair of damage is possible through the activity of PARP. In
May 2020, the FDA approved the oral PARP inhibitors rucaparib (Rubraca) and olaparib
(Lynparza) for the treatment of mCRPC; talazoparib, niraparib, and veliparib are under
investigation. A recent study indicates that PARP inhibitors may be effective not only
in BRCA1/2-defficient tumors, but also in tumors with other DDR-deficiencies, such as
MMS22L deletion [114]. The efficacy of PARP inhibitors in PC is highest when the number
of mutations in the HR repair genes and DSBR is high [159]. In TOPARP-A and TOPARP-B,
patients with BRCA1, ATM, PALB2, and FANCA mutations treated with 400 mg of olaparib
twice daily achieved clinical benefit (including radiological response, decrease in PSA,
and/or reduction in circulating tumor cell count) [61,160]. Moreover, patients with mCRPC
and alterations in the DDR genes are more sensitive to platinum chemotherapy, and this
is also the case after progression on PARP inhibitors [82]. Importantly, men previously
treated with both docetaxel and at least one androgen receptor pathway inhibitor (ARPI)
whose tumors had homozygous deletions or deleterious mutations in the DNA repair genes
had an 88% response rate to olaparib [61]. A phase III, randomized, double-blind study
(PROpel) of abiraterone (1000 mg once daily) plus prednisone 5 mg/twice daily (AAP)
and olaparib (300 mg twice daily) in patients with mCRPC showed that the imaging-based
progression-free survival (ibPFS) may have been dependent on the number of mutations
in the homologous recombination repair gene [161]. Patients who qualified for mCRPC
treatment with olaparib must have a mutation in one of the 14 genes, including: BRCA1,
BRCA2, ATM, CHEK2, PALB2, and CDK12. Despite the positive results of the treatment of
patients with mCRPRC and the ATM mutation in the TRITON2, TRITON3, and GALAHAD
preclinical trials, rucaparib cannot be recommended for patients with mutations other than
BRCA [82,109,162].

The discovery of an aggressive clinical course, resistance to hormonal treatment, and
the occurrence of histological forms with a worse prognosis in patients with mCRPC and
the CDK12 mutation prompted researchers to search for a link between MMR deficiency
and immune characteristics [163]. Moreover, CDK12 mutations have been observed to occur
much less frequently in BRCA2 mutations than in homologous recombination deficiency
mutations. Therefore, a different mechanism of association of MMR mutations and high
MSI with increased T-cell association with immune checkpoints has been noted [164]. It
should be emphasized that the efficacy of using the anti-PD-1/PD-L1 antibody in patients
with mCRPC following prior hormonal therapy depends on the number of biallelic CDK12
mutations [163] as both Phase III IMbassador 250 (atezolizumab + enzalutamide) and Phase
II STARVE-PC (nivolumab + ipilimumab), which did not test CDK12 expression in patients
with mCRPC, failed to meet the primary endpoint of improved overall survival in the
unselected patients [71,165]. Interestingly, in the KEYNOTE-199 study, the median OS
and disease control rate (DCR) after pembrolizumab were highest in the group of patients
with mCRPC with dominant bone metastases, regardless of PD-L1 expression, compared
to the selected group of patients with a high expression of these proteins [166]. The lack
of conclusive data on the efficacy of the use of pembrolizumab in men with PC has led
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clinicians to conclude that new treatment strategies are needed to improve the efficacy of
CDK12 mutation checkpoint blockade in patients with MMR [167].

7. Conclusions

Undoubtedly, the role of the clinical geneticist is becoming increasingly important at
the current stage of mCRPC management, and due to the prognostic value of the homol-
ogous recombination repair number, the indications for somatic and germline mutation
testing in high-risk cancer will expand [168]. DDR mutations can be identified through the
analysis of peripheral whole blood testing or tumor tissue. The current objective advantage
of tissue testing is the simultaneous analysis of both genomic and somatic mutations. On the
other hand, the multifocal and heterogeneous nature of PC in the context of tissue testing
may result in the analyzed core biopsy not representing a clone of metastatic disease [169].
Therefore, taking into account the invasive nature of the material collection (visceral, bone
metastases) and the 20% false negative rate due to the quality of the material collected,
the improvement of blood assessment methods seems promising [161]. The use of liquid
biopsy achieves 93% concordance between BRCA 1/2 mutations detected in tissue biopsy
and those identified by ctDNA, 100% concordance for germline variants, and the detection
of alterations in Tp53, RA, BRCA2/1, PI3K/AKT/mTOR, WNT/ 3-catenin pathway genes,
RAS/RAF/MEK, and MSI-H is also possible [170]. In addition to their predictive value,
ctDNA, PacBioScience, and Oxford Nanopore may have a predictive value for patients in
active surveillance and salvage therapy; however, the cost and wide availability of genomic
profiling tools continue to limit the development of this technology [171,172].

It seems that PC is a heterogeneous group of diseases, heterogeneous in terms of MMR
and DSBR deficiency and PTEN protein mutations, which determine different clinical
courses and resistance to treatment. Thanks to the improvement of molecular classification
and the detailed analysis of MMR, including personalized therapy and targeted treatment
at PD-1/PD-L1, PARP inhibitors and future novel treatment strategies will prove to be
more effective [173].
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Rozdziat 5. Podsumowanie

Z uwagi na ograniczenia dotychczasowych badan dotyczgcych wptywu
zaburzen mechanizmdéw naprawy DNA na rokowanie pacjentéw z PCa oraz ich
potencjalnego wptywu na dobdr strategii terapeutycznych, w niniejszej
rozprawie doktorskiej skoncentrowano sie na analizie ekspresji biatek
kluczowych dla szlakéw naprawy MMR i DSBR w PCa. Badanie miato réwniez
na celu ocene wptywu tych biatek na rozwdj przerzutédw oraz na skutecznosé
nowoczesnych terapii, takich jak inhibitory PARP i inhibitory punktéw

kontrolnych cyklu komdrkowego.

Pierwsza publikacja witgczona do cyklu koncentrowata sie na
poréwnaniu ekspresji biatek MLH1, MSH2, MSH6, PMS2, MDC1 i TP53BP1
w tkance guza pierwotnego PCa bez przerzutéw do weztéw chtonnych (pNO),
w tkance PCa z przerzutami do weztéw chtonnych (pN+) oraz w tkance wezta
chtonnego z przerzutem nowotworowym. W przedstawionej pracy wykazano
istotnie nizszg ekspresje biatek TP53BP1 i MLH1 w tkance PCa z przerzutami
do weztdw chtonnych w poréwnaniu do guzéw bez przerzutéw. Ponadto,
ekspresja TP53BP1 byta nizsza w tkance wezta chtonnego z przerzutem raka
w poréwnaniu z ekspresjg tego biatka w tkance guza pierwotnego PCa.
Wyniki przeprowadzonego badania sugeruja,
ze zaburzenia w obrebie szlakdéw naprawczych DNA, MMR oraz DSBR maja
istotny wptyw na powstawanie przerzutéw do weztéw chtonnych.
Whioski te korespondujg z wynikami badan Kurfurstova i wspodtautorow,
ktérzy  wykazali, ze  spadek  ekspresji  TP53BP1  wigze  sie
z progresjg tagodnych zmian prostaty do PCa[41]. Uzyskane rezultaty moga
stanowi¢ podstawe do dalszych badan majacych na celu udoskonalenie
postepowania terapeutycznego, w tym wigczenie pacjentéw z zaburzeniami
ekspresji badanych biatek do bardziej spersonalizowanego leczenia. Ponadto,
wykazane zaleznosci pomiedzy ekspresjg biatek TP53BP1 oraz MLH1,
a obecnoscig przerzutow PCa do weztébw chtonnych  moga
w przysztosci postuzy¢ jako markery prognostyczne dla pacjentéw z PCa.

Dodatkowo, liczne badania naukowe donoszg, iz podobnie jak w przypadku
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raka jasnokomodrkowego nerki, PCa wykazuje istotng heterogennos¢
komérkowg w obrebie nowotworu[42,43]. Dalsze badania nad modelem
ewolucji komorek nowotworowych w kontekscie heterogennosci oraz
w procesie immunoedycji nowotworu mogg rzuci¢ swiatto na mechanizmy
prowadzgce do powstawania mCRPC[43,44]. Uzyskane wyniki moga
w konsekwencji stanowié¢ solidng podstawe do dalszych badad nad
znaczeniem immunoedycji w progresji PCa, otwierajgc nowe perspektywy dla

terapii celowane;.

Druga oryginalna praca badawcza dotyczyta pordwnania ekspresji
wybranych biatek szlakdw naprawy uszkodzen DNA w odniesieniu do stopnia
ztodliwosci  histologicznej ocenianej za pomocg GS oraz GP. Wykazano
pozytywng korelacje pomiedzy ekspresjg jadrowa i cytoplazmatyczng biatka
MSH2, a GS. Ponadto, udowodniono negatywng korelacje pomiedzy
cytoplazmatyczng ekspresjg biatka MDC1, a GS. Dodatkowo, oceniona zostata
korelacja pomiedzy wartoscia dominujgcego GP, a ekspresja wybranych
biatek. Analiza statystyczna wykazata negatywng korelacje pomiedzy ekspresja
jadrowg biatka MSH2, a GP oraz dodatnia korelacje pomiedzy
cytoplazmatyczng ekspresjg biatka MLH1, a GP. Rdznice korelacji poziomu
ekspresji tych biatek, pomiedzy GS oraz GP wewnatrz jednego guza sg zgodne
z dotychczasowymi badaniami podkreslajgcymi heterogennos¢ PCa[42].
Uzyskane wyniki pozwalajg przypuszcza¢ wiekszg role zaburzen w obrebie
szlaku MMR (MLH1 oraz MSH2), niz DSBR (TP53BP1 oraz MDC1) w wyzszym
stopniu ztosliwosci histologicznej PCa,
a tym samym rokowania pacjentow. W badaniu nie wykazano korelacji
ekspresji TP53BP1 ze stopniem ztodliwosci histologicznej, co moze
warunkowa¢ odpowiedZz PCa na radioterapie. Zgodnie z doniesieniami
naukowymi, w ktérych wykazano czestsze nawroty po radioterapii wraz ze

wzrostem stopnia ztosliwosci histologicznej ocenianej w GS[45,46].

Trzecig pracg wigczong do cyklu jest praca przegladowa w ktérej
dokonano kompleksowego omdéwienia mechanizmdw molekularnych lezgcych

u podstaw zaburzen DSBR i MMR w PCa, jak réwniez ich klinicznych implikacji.
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Scharakteryzowano biatka, ktére dotychczas zostaty przebadane w kontekscie
wptywu na rozwdj PCa. Ponadto, omdwiono oddziatywanie zaburzen tych
mechanizmdédw na skutecznos$¢ inhibitorow punktéw kontrolnych uktadu
odpornosciowego oraz inhibitoréw PARP w leczeniu PCa oraz dalsze
perspektywy rozwoju tych terapii. Przedstawiono podsumowanie
dotychczasowych badan klinicznych lekéw z grup inhibitorow PARP
i inhibitoréw punktéw kontrolnych. Szczegétowo omdwiono dwa leki z grupy
inhibitorow  PARP,  takich  jak  olaparib i rucaparib, ktére
w ostatnich latach uzyskaty akceptacje FDA w leczeniu mCRPC. Ekspresja
biatek TP53BP1 oraz MLH1 moze w istotny sposéb wptywaé na zdolnos¢
przerzutowania nowotworu,
co stanowitoby warto$¢ predykcyjng dla progresji PCa. W badaniach
klinicznych wykazano istotng skuteczno$¢ inhibitorow PARP wsrdd pacjentéw
z zaburzeniami mechanizméw naprawy DNA na wplyw na przezycie
i zahamowanie progresji choroby nowotworowej. Przeprowadzone w ramach
rozprawy doktorskiej badania dostarczajg cennych danych na temat roli biatek
szlakdw naprawy DNA w PCa, podkreslajgc ich potencjalny wptyw na
rokowanie oraz skutecznos¢ terapii. Analizy ekspresji biatek MMR i DSBR
w kontekscie korelacji z GS i GP, przewidywanego przebiegu choroby i jej
leczenia, wskazuja na ztozono$¢ mechanizmdédw molekularnych PCa oraz
odpowiedzi na leczenie. Wyniki badan przeprowadzonych przez nas oraz
innych naukowcdéw pozwalajg wnioskowaé, iz zaburzenia w obrebie szlakéw
MMR i DSBR mogg wptywal na stopien ztosliwosci histologicznej oraz
przyczynia¢ sie do rozwoju przerzutéw. Badania z zakresu zaburzen
mechanizméw naprawy DNA w PCa przyczynity sie miedzy innymi do
rozpoczecia badan klinicznych nad nowymi terapiami, ktére w ostatnim czasie
poskutkowaty zaakceptowaniem przez FDA
i wprowadzeniem do leczenia nowych preparatéw celujgcych w zaburzenia
mechanizméw naprawy DNA w PCa. Wyniki te otwierajg droge do dalszych
badan, ktére mogg prowadzi¢ do rozwoju nowych biomarkerdw i strategii
terapeutycznych, bardziej spersonalizowanych

i skutecznych w walce z t3 choroba.
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Rozdziat 6. Wnioski

1. Rak gruczotu krokowego z przerzutami do weztéw chtonnych
charakteryzuje sie nizszg ekspresjg biatek TP53BP1 i MLH1 niz rak
gruczotu krokowego bez przerzutéw.

2. Przerzuty raka gruczotu krokowego do weztéw chtonnych cechujg sie
nizszg ekspresjg biatka TP53BP1 niz guzy pierwotne.

3. Wraz ze wzrostem punktacji w skali Gleasona, wzrasta poziom
ekspresji jgdrowej i cytoplazmatycznej biatka MSH2.

4. Wartos¢ wzoru architektonicznego Gleasona negatywnie koreluje
z jadrowa ekspresjg biatka MSH2.

5. Wraz ze wzrostem punktacji w skali Gleasona, obniza sie ekspresja
cytoplazmatyczna biatka MDC1.

6. Punktacja architektoniki Gleasona pozytywnie koreluje
z cytoplazmatyczng ekspresjg biatka MLH1.

7. Zaburzenia mechanizméw naprawy DNA spowodowane zmianami
ekspresji biatek szlakéw MMR i DSBR zwiekszajg skutecznos$¢
inhibitorow PARP oraz inhibitoréw punktow kontrolnych cyklu

komdrkowego w leczeniu raka gruczotu krokowego.
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Oséwiadczam, ze samodzielna i mozliwa do wyodrebnienia czesé wyZej wymienionej pracy wykazuje
indywidualny wkiad lek. Damiana Jaworskiego polegajacy na:

- konceptualizacji pracy

- analizie literatury

- przygotowaniu manuskryptu

- interpretacji wynikow

- analizic zebranych preparatéw histologicznych i immunohistochemicznych, przygotowaniu zdjeé
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Zatgcznik nr 5 do uchwoty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
W Sprawie postepowarnia o nadanie stopnia doktora
na Uniwersytecie Mikolaja Kopernika w Toruniy

Bydgoszcz, dnia ‘)’U) - A0 S

Lek. Arkadiusz Gzil

Klinik fiir Himatologie, Medizinische Onkologie und
Palliativmedizin

Marien Kliniken Siegen

Kampenstrafie 51

57072 Sicgen

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy:
Gzil Arkadiusz, Jaworski Damian, Antosik Paulina, Zargbska Izabela, Durélewicz
Justyna, Dominiak Joanna, Kasperska Anna, Neska-Dlugosz Izabela, Grzanka Dariusz,

Szylberg tukasz.

The impact of TP538P1 and MLHI on metastatic capability in cases of locally advanced
prostate cancer and their usefulness in clinical practice.

Urol. Oncol.-Semin. Orig. Investig.; 2020 : Vol. 38, nr 6. s. 600.e17-600.e26.

DOI: 10.1016/j.urolonc,2020.02.012

moj udzial merytoryczny w przygotowanie. przeprowadzenie | opracowanie badan oraz ich
przedstawienie w formie publikacji polegal na:

- przygotowaniu manuskryptu, analizie literatury.

- analizie zebranych preparatéw histologicznych i immunohistochemicznych

Moj udzial w powstaniu pracy wynosi 5%.

Oswiadezam, ze samodzielna | mozliwa do wyodrebnienia Czgs¢ wyze] wymienionej pracy wykazuje
indywidualny wkiad lek. Damiana Jaworskiego polegajacy na:

- konceptualizacji pracy

- analizie literatury

- przygotowaniu manuskryptu

- interpretacji wynikéw

- analizie zebranych preparatow histologicznych i immunohistochemicznych, przygotowaniu zdjeé

Ml«wwc C‘“(
(podpis)
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Zatgcznik nr 5 do uchwoty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania 6 nadanie stopnia doktora
na Uniwersytecie Mikofajo Kopernika w Toruniu

Bydgoszcz, dnia 05 ¢35, 2044
Lek. Arkadiusz Gril
Klinik fir Himatologie, Medizinische Onkologie und
Palliativmedizin
Marien Kliniken Siegen
KumpenstraBe 51
57072 Siegen

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Torunin

Oswiadczenie o wspoélautorstwie

Niniejszym oswiadezam, ze w pracy:

Jaworski Damian, Gzil Arkadiusz, Antosik Paulina, Zargbska Izabela, Dominiak Joanna,
Neska-Diugosz Izabela, Kasperska Anna, Grzanka Dariusz, Szylberg tukasz.

“Expression differences between proteins responsible for DNA damage repair according to the
Gleason grade as a new heterogeneity marker in prostate cancer.”

Arch. Med. Sci.; 2023 :Vol. 19, nr 2. 5. 499-506. DO!: 10.51 14/aoms,2019.89773

méj udzial merytoryezny w przygotowanie. przeprowadzenie i opracowanie badan oraz ich
przedstawienie w formie publikacji polegal na:

- przygotowaniu manuskryptu, analizie literatury

- analizie zebranych preparatéw histologicznych i immunohistochemicznych

Maj udzial w powstaniu pracy wynosi 5%.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czesé WyZe) wymienionej pracy wykazuje
indywidualny wklad lek. Damiana Jaworskiego polegajacy na

- konceptualizacji pracy

- analizie literatury

- przygotowaniu manuskryptu

- interpretacji wynikow

- analizic zebranych preparatow histologicznych i immunohistochemicznych, przygotowaniu zdjeé

Ahagian., < k
(podpis)
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Zotgeznik nr 5 do uchwoly Nr 28 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawle postgpowania o nadanie stopnic doktoro
na Uniwersytecie Mikotaja Kopernika w Toruniu

Dr n. med. Paulma Antosik

Katedra Patomorfologii Klinicznej

Collegium Medicum Uniwersytetu Mikola ja Kopemika
Mani Skiodowskiej Curie 9
85094 Bydgoszcz

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Nmiejszym oswiadczam, ze w pracy;

Jaworski Damian, Gzil Arkadiusz, Antosik Paulina, Zarebska Izabela, Dominiak Joanna,
Neska-Dtugosz Izabela, Kasperska Anna, Grzanka Dariusz, Szylberg tukasz.

“Expression differences between proteins responsible for DNA domage repair according to the
Gleason grade as a new heterogeneity marker in prostate cancer.”

Arch. Med. Sci.; 2023 :Vol. 19, nr 2. s. 499-506. DOI: 10.5114/aoms.2019.89773

moj udzial merytoryczny w przygotowanie, przeprowadzenic i opracowanie badan oraz ich
przedstawienie w formie publikacji polegal na:

- przygotowaniu manuskryptu
- przygotowaniu preparatow immunohistochemicznych

Méj udzial w powstaniu pracy wynosi 5%.

Odwiadezam, Ze samodzielna i mozliwa do wyodrgbnienia ¢z¢8¢ wyzej wymienionej pracy wykazuje
indywidualny wkiad lek. Damiana Jaworskiego polegajacy na:

- konceptualizacji pracy

- analizie literatury

- przygotowaniu manuskryptu

- interpretacji wynikow

- analizic zebranych preparatéw histologicznych i immunohistochemicznych, przygotowaniu zdjeé

A AN
------- '--U-l-- S IR A

(podpis)
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Zotgcznik nr 5 do uchwoly Nr 38 Senatu UMK ¢ dnia 26 wirzesnia 2023 1.
w sprawie postepowania o nodanie stopnio doktors
na Uniwersytecie Mikclaja Kopernika w Toruniu

: b/ TS 2,
Bydgoszcz, dnia .25 22 80 L
Dr n. med. Paulina Antosik

Katedra Patomorfologii Kliniczncj

Collegium Medicum Uniwersytetu Mikotaja Kopernika
Marii Skiodowskiej Curie 9

85-094 Bydgoszcz

Rada Dyscypliny Nauki Medyeczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

O$wiadczenie o wspélautorstwie

Ninicjszym o$wiadczam, Ze w pracy:

Gzil Arkadiusz, Jaworski Damian, Antosik Paulina, Zarebska lzabela, Durélewicz
Justyna, Dominiak Joanna, Kasperska Anna, Neska-Dtugosz Izabela, Grzanka Dariusz,
Szylberg tukasz.

The impact of TP538P1 and MLHI on metastatic capability in cases of locally advanced
prostate cancer and their usefulness in clinical practice.

Urol. Oncol.-Semin. Orig. Investig.; 2020 : Vol. 38, nr 6. 5. 600.e17-600.226.

DOI: 10.1016/j.urolonc.2020.02.012

mdj udziat merytoryezny w przygotowanie, przeprowadzenie i opracowanic badan oraz ich
przedstawienie w formic publikacii polegat na:

- przygotowaniu manuskryptu

- przygotowaniu preparatow immunohistochemicznych

Mgj udziat w powstaniu pracy wynosi 5%.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia cz¢s¢ wyzej wyinienionej pracy wykazuje
indywidualny wkiad lek. Damiana Jaworskiego polegajacy na:

- konceptualizacji pracy

- analizi¢ literatury

= przygotowaniu manuskryptu

- interpretacji wynikow

- analizie zebranych preparatéw histologicznych i immunohistochemicznych, przygotowaniu zdjeé

(o
"s’__,
A
g
g

(podpis)
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Zatqcznik nr 5 do uchwaly Nr 38 Senatu UMK 2 dnio 26 wrzesnla 2023 r,
W sprowie postepowania o nadanie stopnia doktoro
na Uniwersytecle Mikotaje Kopernika w Toruniu

Prof. dr hab. Lukasz Szylberg

Zaklad Patomorfologii, Placentologii i Hematopatologii
Klinicznej

Collegium Medicum im. Ludwika Rydygiera w
Bydgoszezy

Uniwersytetu Mikolaja Kopernika w Toruniu

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspolautorstwie

Niniejszym o$wiadczam., e w pracy:
Gzil Arkadiusz, Jaworski Damian, Antosik Paulina, Zarebska lzabela, Durilewicz
Justyna, Dominiak Joanna, Kasperska Anna, Neska-Diugosz Izabela, Grzanka Dariusz,
Szylberg tukasz.
“The impact of TP53BP1 and MLHI on metastatic capability in cases of locally advanced
prostate cancer and their usefulness in clinical practice.” Urol, Oncol.-Semin. Orig. Investig.; 2020 :
Vol. 38, nr 6. 5. 600.e17-600.e26. DOI: 10.1016/j.urolonc.2020.02.012
moéj udziat merytoryczny w przygotowanie, przeprowadzenie 1 opracowanie badar oraz ich
przedstawienie w formie publikacji polegal na:
- opracowaniu koncepcji badan
- nadzorze merytorycznym manuskryptu i koordynowaniu klinicznych aspektéw pracy
M6j udziat w powstaniu pracy wynosi 5%.
Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czesé wyzej wymienionej pracy wykazuje
indywidualny wklad lek. Damiana Jaworskiego polegajacy na:
- konceptualizacji pracy
- analizie literatury
- przygotowaniu manuskryptu
- interpretacji wynikow
- analizie zebranych preparatow histologicznych i immunohistochemicznych, przygotowaniu zdjgé

.......................
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Zatgeznik nr 5 do uchwaly Nr 38 Senotu UMK 2 dnia 26 wrzesnia 2023 r,
w sprawie postepowania o nodanie stopnio doktora
na Uniwersytecie Mikotaja Kopernika w Yoruniu

Prof. dr hab. Lukasz Szylberg

Zakiad Patomorfologii, Placentologii i Hematopatologii
Klinicznej

Collegium Medicum im. Ludwika Rydygiera w
Bydgoszczy

Uniwersytetu Mikolaja Kopernika w Toruniu

Rada Dyscypliny Nauki Medyezne
Uniwersytetn Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, 7e w pracy:

Jaworski Damian, Gzil Arkadiusz, Antosik Paulina, Zarebska Izabela, Dominiak Joanna,
Neska-Dtugosz 1zabela, Kasperska Anna, Grzanka Dariusz, Szylberg tukasz.

“Expression differences between proteins responsible for DNA damage repair according to the
Gleason grade as a new heterogeneity marker in prostate cancer.”
Arch. Med. Sci.; 2023 :Vol. 19, nr 2. s. 499-506. DO/ 10.5114/aoms.2019.89773
mdj udzial merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz ich
przedstawienie w formie publikacji polegal na
- opracowaniu koncepcji badan
- nadzorze merytorycznym manuskryptu i koordynowaniu klinicznych aspektdw pracy
Moj udzial w powstaniu pracy wynosi 5%.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czgS¢ wyZzej wymieniongj pracy wykazuje
indywidualny wkiad lek. Damiana Jaworskiego polegajacy na:

- konceptualizacji pracy

- analizie literatury

- przygotowaniu manuskryptu

- interpretacji wynikow

- analizie zebranych preparatw histologicznych i immunohistochemicznych. przygotowaniu zdjeé

..........

81



Zatgcznik nr 5 do uchwaty Nr 38 Senaty UMK z dnia 26 wrzesnio 2023 r.
W sprowie pastepowaenia o nodanie stopnia doktora
na Uniwersytecte Mikotaja Kopernika w Toruniu

Lek. Damian Jaworski

Klinika Okulistyki i Optometrii
Katedra Chorob Oczu CM UMK

Szpital Uniwersytecki nr 2 im. Jana Biziela w
Bydgoszezy

Komela Ujejskiego 75,
85-168 Bydgoszcz

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

OsSwiadczenie o wspélautorstwie

Niniejszym oswiadczam. ze w pracy:

Gzil Arkadiusz, Jaworski Damian, Antosik Paulina, Zarebska 1zabela, Durélewicz
Justyna, Dominiak Joanna, Kasperska Anna, Neska-Dlugosz Izabela, Grzanka Dariusz,
Szylberg tukasz.

“The impact of TP53BP1 and MLH| on metastatic capability in cases of locally advanced
prostate cancer and their usefulness in clinical practice.”

Urol. Oncol.-Semin. Orig. Investig.; 2020 : Vol. 38, nr 6, . 600.e17-600.¢26.

DOI: 10.1016/j.urolonc.2020.02.012

MGj udziat w powstaniu pracy wynosi 55%.

Oswiadczam, ze samodzielna i mozliwa do wyodrgbnienia c2¢$¢ wyzej wymienionej pracy wykazuje
mo) indywidualny wkiad w powstanie pracy polegajacy na:

- konceptualizacji pracy

- analizie literatury

- przygotowaniu manuskry ptu

- interpretacji wynikow

- analizie zebranych preparatow histologicznych i immunohistochemicznych. przygotowaniu zdjeé

.........................

(podpis)
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Zafgeznik nr 5 do uchwaly Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r,
W sprawie postepowanla o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Bydgoszcz, dnia .02 76, 24,
Lek. Damian Jaworski

Klinika Okulistyki i Optometrii,
Katedra Chorob Oczu CM UMK

Szpital Uniwersytecki nr 2 im. Jana Biziela w
Bydgoszezy

Komela Ujejskiego 75,

85-168 Bydgoszcz

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Ninigjszym os$wiadezam, ze w pracy:

Jaworski Damian, Gzil Arkadiusz, Antosik Paulina, Zargbska 1zabela, Dominiak Joanna,
Neska-Dlugosz Izabela, Kasperska Anna, Grzanka Dariusz, Szylberg tukasz.

“Expression differences between proteins responsible for DNA damage repair according to the
Gleason grade as a new heterogeneity marker in prostate cancer.”

Arch. Med. Sci.; 2023 :Vol. 19, nr 2. 5. 499-506. DOJ: 10.51 14/aoms.2019.89773

Mdj udziat w powstaniu pracy wynosi 60%.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnicnia czgSE wyzej wymienionej pracy wykazuje
mdj indywidualny wkiad w powstanie pracy polegajacy na;

- konceptualizacji pracy

- analizie literatury

- przygotowaniu manuskryptu

- interpretacji wynikow

- analizie zebranych preparatéw histologicznych i immunohistochemicznych, przygotowaniu zdjeé

........................
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Zatqeznik nr 5 do uchwaty Nr 38 Senatu UMK 2 dnia 26 wrzeénia 2023 r.
w sprawie postgpowania o nadanie stopnia doktoro
na Uniwersytecie Mikolaja Kopernika w Toruniu

Bydgoszcz, dmazgi/z-/(f

Lek. Izabela Zarebska

Oddzial Kliniczny Radioterapii

Centrum Onkologii im. prof. F. Lukaszezyka
w Bydgoszczy

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspélautorstwie

Niniejszym o$wiadczam, Z¢ w pracy:

Gzil Arkadiusz, Jaworski Damian, Antosik Paulina, Zargbska lzabela, Durslewicz
Justyna, Dominiak Joanna, Kasperska Anna, Neska-Dlugosz Izabela, Grzanka Dariusz,
Szylberg tukasz.

The impact of TP53BP1 and MLHI on metastatic capability in cases of locally advanced
prostate cancer and their usefulness in clinical practice.

Urol. Oncol.-Semin. Orig. Investig.; 2020 : Vol. 38, nr 6. 5. 600.e17-600.e26.

DOI: 10.1016/j.urolonc.2020.02.012

méj udzial merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz ich
przedstawienie w formie publikacji polegal na:

- przygotowaniu manuskryptu,

- analizie zebranych preparatéw histologicznych i immunohistochemicznych

Méj udzial w powstaniu pracy wynosi 5%.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czg$¢ wyzej wymienionej pracy wykazuje
indywidualny wkiad lek. Damiana Jaworskiego polegajacy na:

- konceptualizacji pracy

- analizie literatury

- przygotowaniu manuskryptu

- interpretacji wynikéw

- analizie zebranych preparatéw histologicznych i immunohistochemicznych, przygotowaniu zdjec
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Zafgeznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzednia 2023 r.
w sprawie postepowania o nadanie stopnio doktora
na Uniwersytecle Mikotaja Kopernika w Toruniu

Bydgoszez, dnia 2" z VM‘“/

Lek. Izabela Zarebska

Oddzial Kliniczny Radioterapii

Centrum Onkologii im. prof. F. Lukaszczyka
w Bydgoszezy

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika

w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, Ze w pracy:

Jaworski Damian, Gzil Arkadiusz, Antosik Paulina, Zarebska Izabela, Dominiak Joanna,
Neska-Diugosz Izabela, Kasperska Anna, Grzanka Dariusz, Szylberg tukasz.

“Expression differences between proteins responsible for DNA damage repair according to the
Gleason grade as a new heterogeneity marker in prostate cancer.”

Arch. Med. Sci.; 2023 :Vol. 19, nr 2. 5. 499-506. DOI: 10.5114/aoms.2019.89773

moj udzial merytoryezny w przygotowanie, przeprowadzenie i opracowanie badan oraz ich
przedstawienie w formie publikacji polegat na:

- przygotowaniu manuskryptu.

- analizie zebranych preparatéw histologicznych i immunohistochemicznych

M6 udzial w powstaniu pracy wynosi 5%.

Oéwiadczam, ze samodzielna i mozliwa do wyodrgbnienia czgsé wyzej wymienionej pracy wykazuje
indywidualny wklad lek. Damiana Jaworskiego polegajgcy na:

- konceptualizacji pracy

- analizie literatury

- przygotowaniu manuskryptu

- interpretacji wynikéw

- analizie zebranych preparatow histologicznych i immunohistochemicznych, przygotowaniu zdjeé
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Zatqeznik nr 5 do uchwaly Nr 38 Senotu UMK z dnia 26 wrzesnio 2023 r.
W Sprowie postepowanic o nadanie stopnia doktora
nu Uniwersytecie Mikofojo Koperniko w Toruniv

Byvdgoszcz, dnia ."U . 05.2024

Lek. Joanna Saganek (Dominiak)

Klinika Gastroenterologii, Hepatologii, Zaburzes:
Odzywiania i Pediatrii

Instytut ,,Pomnik-Centrum Zdrowia Dziecka™
Al. Dzieci Polskich 20

04-730 Warszawa

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspoélautorstwie

Ninicjszym o$wiadczam, ze w pracy:

Gzil Arkadiusz, Jaworski Damian, Antosik Paulina, Zarebska Izabela, Durslewicz
Justyna, Dominiak Joanna, Kasperska Anna, Neska-Dtugosz Izabela, Grzanka Dariusz,
Szylberg tukasz,

The impact of TP53BP1 and MLHI on metastatic capability in cases of locally advanced
prostate cancer and their usefulness in clinical practice.

Urol. Oncol.-Semin. Orig. Investig.; 2020 : Vol. 38, nr 6. 5. 600.e17-600.e26.

DOI: 10.1016/j.urolonc.2020.02.012

moj udzial merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz ich
przedstawienic w formie publikacji polegal na:

- przygotowaniu manuskryptu.

- analizie zcbranych preparatow histologicznych i immunohistochemicznych

Maj udziat w powstaniu pracy wynosi 5%.

Oswiadczam, e samodzielna i mozliwa do wyodrgbnienia cze$¢ wyzej wymienionej pracy wykazuje
indywidualny wktad lek. Damiana Jaworskiego polegajacy na:

- konceptualizacji pracy

- analizie literatury

- przygotowaniu manuskryptu

- interpretacji wynikow

- analizie zebranych preparatow histologicznych i immunohistochemicznych. przygotowaniu zdjec
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Zatgeznik nr 5 do uchwaty Nr 38 Senatu UMK z dnio 26 wrzesnia 2023 r.
W Ssprowie postepowonia o nadanie stopnia doktoro
na Uniwersytecie Mikoloja Kopernike w Toruniv

Bydgoszcz, dnia /,“ .05, 2Oy

Lek. Joanna Saganek (Dominiak)

Klinika Gastroenterologii, Hepatologii, Zaburzen
Odzywiania i Pediatrii

Instytut , Pomnik-Centrum Zdrowia Dziecka”
Al. Dzieci Polskich 20
04-730 Warszawa

Rada Dyscypliny Nauki Medyczne
Uniwersyteiu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym odwiadczam, ze w pracy:

Jaworski Damian, Gzil Arkadiusz, Antosik Paulina, Zargbska Izabela, Dominiak Joanna,
Neska-Dlugosz Izabela, Kasperska Anna, Grzanka Dariusz, Szylberg tukasz.

“Expression differences between proteins -esponsible for DNA damage repoir according to the
Gleason grade as a new heterogeneity marker in prostate cancer.”

Arch. Med. Sci.; 2023 :Vol. 19, nr 2. 5. 499-506. DOI: 10.5114/a0ms.2019.89773

moj udzial merytoryczny w przygotowanie, przeprowadzenie 1 opracowanie badan oraz ich
przedstawienie w formie publikacji polegal na:
- przygotowaniu manuskryptu.

- analizie zebranych preparatow histologicznych i immunohistochemicznych
Moj udziat w powstaniu pracy wynosi 5%.

Oswiadczam, ze samodzielna i mozliwa do wyodrgbnienia czes¢ wyzej wymienionej pracy wykazuje
indywidualny wkiad lek, Damiana Jaworskiego polegajacy na:

- konceptualizacji pracy

- analizie literatury

- przygotowaniu manuskryptu

- interpretacji wynikow

- analizie zebranych preparatéw histologicznych | immunohistochemicznych, przygotowaniu zdjeé



Zalgeznik nr 5 do uchwaly Nr 38 Senatu UMK z dnia 26 wrzesniq 2023 r.
w sprawie postepowania o nadanie stopnia doktora
ne Uniwersytecie Mikotajo Kopernika w Toruniu

Bydgoszcz, dnia ,‘45 o 0(7 . ?‘.DZ Z//l’ p

Dr n. med. Bartosz Brzoszezvk

Klinika Urologii

Szpital Uniwersytecki nr 2 im. Jana Biziela w
Bydgoszczy

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy:

Jaworski D, Brzoszczyk B and Szylberg ¢: Recent Research Advances in Double-Strand Break and Mismatch
Repair Defects in Prostate Cancer and Potential Clinical Applications. Cells 12, 2023. PMID: 37408208. DO
10.3390/CELLS12101375.

maj udziat merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz ich
przedstawicnie w formie publikacji polegal na:

- przygotowaniu manuskryptu.

M¢j udzial w powstaniu pracy wynosi 10%.

Os$wiadczam, Ze samodzielna i mozliwa do wyodrgbnienia czg$¢ wyzej wymienionej pracy wykazuje
indywidualny wkiad lek. Damiana Jaworskicgo polegajacy na:

- koneeptualizacji pracy

- analizie literatury

- Opracowaniu rycin i tabel

= przygotowaniu manuskryptu
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Zatgcznik nr 5 do uchwafy Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikofaja Kopernika w Toruniu

~ v i .
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Lek. Damian Jaworski

Klinika Okulistyki i Optometril

Szpital Uniwersytgcki nr 2 im. Jana Biziela
w Bydgoszezy

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspoétautorstwie

Niniejszym oswiadczam, ze w pracy:

Jaworski D, Brzoszczyk B and Szylberg t: Recent Research Advances in Double-Strand Break and Mismatch

Repair Defects in Prostate Cancer and Potential Clinical Applications. Cells 12, 2023. PMID: 37408208. DOI:
10.3390/CELLS12101375.

méj udzial merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz ich

przedstawienie w formie publikacji polegat na:

- konceptualizacji pracy

- analizie literatury

- opracowaniu rycin i tabel

- przygotowaniu manuskryptu

Moj udzial w powstaniu pracy wynosi 80%.
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Zatgcznik nr 5 do uchwafy Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
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na Uniwersytecie Mikofaja Kopernika w Toruniu
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Prof. dr hab. Lukasz Szylberg

Zakiad Patomorfologii, Placentologii i Hematopatologii

Klinicznej 2
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w Bydgoszczy

Uniwersytetu Mikotaja Kopernika w Toruniu

Rada Dyscypliny Nauki Medyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy:
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- opracowaniu rycin i tabel
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Rozdziat 9. Zgoda Komisji Bioetycznej

Uniwersytet Mikolaja Kopernika w Toruniu
Collegium Medicum im L. Rydygicra w Bydgoszezy
KOMISJA BIOETYCZNA
UL M. Sklodowskiej-Curic 9, §5-094 Bydgoszez, tel.(052) 585-35-63, fax. ((hZ] 585-38-11

KB 75/2018 Bydgoszez, 27.02.2018 r.

Dziakyjac na podsiawie ar1.29 Ustawy z dnia § grudnia 1996 roku o zawodzic lekarza (Dz.U. 2 1997 ¢ Ny
28 por 152 (wraz 2 pOznicjszymi zmianami), zarzadzenia Minisira Zdrowia 1 Opicki Spolecznej 7 dnda 11 maja
1999 1w sprawie szczegdlowych zasad powolywania i linansowania oraz trybu dziatania komisji bioetycznych
(D2 UNr 47 pozASD) oraz Zarzadzeniem Nr 21 Rektora UMK 7 dnia 4 marca 2009 1, 2 PO ZMm. W sprawic
powolania oraz zasad deialania Komisji Bioetyezne] Uniwersytetu Mikolaja Kopernika w Toruniu przy
Collegiom Medicum im Ludwika Rydygicra w Bydgoszezy oraz zeodnie 7 zasadami zawartvmi w ICH - GCP

Komisja Bioetyczna przy UMK w Toruniu, Collegium Medicum w Bydgoszezy

(skfad podano w zalaczeniu). na posiedzeniu w dniu 27.02.2018 v, prrcanalizowala wniosek.
hory zlozyl Kierownik badania:

dr hab. n. med. Dariusz Grzanka
Katedra i Zaklad Patomorfologii Klinicznej
Collegium Medicum w Bydgoszezy
7 sespalem w skladsie:
- dr n. med. Lukasz Szylberg, dr n. med. Anna Klimaszewska - Wisniewska,
dr hab. n.med. Darinsz Grzanka, dr n. med. Piotr Jarzemski, dr n. med. Maciej Gagat,

lek.  Bartosz  Brzoszezyk, lek. lzabela Neska-Dlugosz, mgr  Paulina  Antosik,
Arkadiusz Gzil, Damian Jaworski, Izabela Zargbska, Joanna Dominiak,

w sprawic badania:

«Okresleniec wplywu zaburzonej ekspresji bialck w mechanizmie powstawania
przerzutow raka gruczolu krokowego.™

Po zapoznaniu si¢ ze zlozonym woioskiem | w wyniku przeprowadzonei dyskusji oraz glosowania
Komisja podjela:
Uchwalg o pozytywnym zaopiniowaniu wniosku
W sprawie przeprowadzenia badan w zakresie okreslonym we wniosku pod warankiem zachowania tajemnicy
wszystkich danveh, w tym dunych osobowseh pacjenta umozliwiajacyeh ich idemyfikagje w \\\\Hl\llln\dl

publikacjuch. Zgoda obejmuje tylko materia biologicany pobrany w okresic 2010-2017r. od pacjentow, Ktor 73
nie wyrazili stosownego sprzeciwa w Centralnym RLJL&“’/(‘ Sprzeciwow,

Zgodu obowigzuje od daty posiedzenia (27.02.2018 r.) do kovica 2020 r.

Wydana opinia dogvezy tvlko rozpatrywanego waiosku = ww: g!,u‘mwm e pr=edstawionega projekin
kazda zmiana { modvfikacio wymaga wsyskania odrebney apinil

Prof. dr bab. med. Karol Sliwka

Przew “d'll‘-')"l‘-'.‘. Komisji Bioctyeznej
Otrzymuje; w X Z

dr hab. n. med. Dariusz Grzanka

Katedra i Zaklad Patomorfologii Klinicznej

Collegium Medicum w Bydgoszezy
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Lista obecnosci

na posiedzeniu Komisji Bioetyceznej

w dniu 27.02.2018 r.

Lp.

Imig i nazwisko Funkcja Paodpis

. = ) ! *

1, Prof. dr hab. med, Karol Sliwka przewodniczacy
(\//_\ —
z-ca
2, Prof. dr hab. Adam Bucinski .
przewodniczacego

3, Prof. dr hab. med. Anna Balcar-Boron /Q) m«? AL
4. | Prof. dr hab. med. Micczystawa Czerwionka-Szaflarska

3 Prol. dr hab, med. Marek Grabiec
. Prof. dr hab. med. Zbigniew Wiodarczyk
7. | Drhab. n. med. Katarzyna Pawlak-Osifiska, prof. UMK m/
8. Ks. dr hab. Wojciech Szukalski, prof. UAM
9. Dr n. med. Radostawa Staszak-Kowalska
10, Dr hab, n med. Maria Klopocka
o= !
1. Mgy prawa Patrycja Brzezicka o] .
o i B | Huw{t{cé(a/
- { \ -
12. Mar prawa Joanna Poletek-Zygas :

Megr piel. Hanna Ziemniarska
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Rozdziat 10. Streszczenie w jezyku polskim

Staty rozwdj wiedzy naukowej dotyczacy poditoza molekularnego
nowotworow,
w tym raka gruczotu krokowego pozwolit na coraz powszechniejsze
stosowanie terapii celowanej w leczeniu pacjentéw onkologicznych,
co przektada sie na dtuzszg przezywalnos$¢ tych pacjentéw. Dotychczasowe
doniesienia w odniesieniu do biologii raka gruczotu krokowego potwierdzaty
istotny wptyw zaburzen w obrebie mechanizméw naprawy gendéw, w tym
mechanizmdédw naprawy btednie sparowanych nukleotydéow (MMR) oraz
naprawy podwdjnego pekniecia nici DNA (DSBR) na rokowanie pacjentéw,
a takze na dobdr proponowanej terapii, w tym terapii celowanej. Doniesienia
znalazty dotychczas bezposrednie zastosowanie w praktyce klinicznej
w postaci akceptacji przez FDA lekow
z grupy inhibitoréw PARP takich jak olaparib i rucaparib oraz inhibitora punktu
kontrolnego, pembrolizumabu w leczeniu okreslonych przypadkéw raka
gruczotu krokowego. Niniejszy projekt miat na celu okreslenie zaleznosci
pomiedzy poziomem ekspresji wybranych biatek szlakéw MMR oraz DSBR -
MDC1, TP53BP1, MLH1, MSH2, MSH6 i PMS2, a zaawansowaniem raka

gruczotu krokowego.

W pierwszej pracy przy pomocy badan immunohistochemicznych
poréownalismy ekspresje badanych biatek pomiedzy tkankami guza
pierwotnego raka gruczotu krokowego bez przerzutéw do weztéw chtonnych,
guza pierwotnego z przerzutami do weztdw chtonnych oraz tkanki
przerzutowej raka gruczotu krokowego do wezta chtonnego. Wykazalismy,
iz ekspresja biatek MLH1 i TP53BP1 istotnie réznita sie pomiedzy tymi
tkankami. Rak gruczotu krokowego z przerzutami do weztéw chtonnych
cechuje sie niskg ekspresjg biatek TP53BP1 i MLH1. Przerzuty raka gruczotu
krokowego do weztéw chtonnych cechujg sie nizszg ekspresjg biatka TP53BP1
niz guzy pierwotne. W drugiej z prac, skupilismy sie na analizie ekspres;ji biatek
MDC1, TP53BP1, MLH1 i MSH2 w odniesieniu do ztosliwosci histologicznej

raka gruczotu krokowego i heterogennosci wewnetrznej raka gruczotu
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krokowego. Wyniki naszej analizy wykazaty, ze ekspresje biatek MSH2, MDC1
oraz MLH1 w istotny sposéb réznity sie w zaleznosci od stopnia ztosliwosci
histologicznej okreslanego w skali Gleasona. Wyniki badan wskazuja, iz wraz
ze wzrostem punktacji w skali Gleasona, wzrasta poziom ekspresji jadrowe;j i
cytoplazmatycznej biatka MSH2. Ponadto, warto$é¢ wzoru architektonicznego
Gleasona negatywnie koreluje z ekspresjg jgdrowa biatka MSH2.
Wraz ze wzrostem punktacji w skali Gleasona, obniza sie ekspresja
cytoplazmatyczna biatka MDC1. Punktacja architektoniki Gleasona pozytywnie

koreluje z cytoplazmatyczng ekspresjg biatka MLH1.

Wyniki badan wskazuja nie tylko na potencjalne mozliwosci
zastosowania szlakébw MMR i DSBR lub tez konkretnych biatek jako
biomarkera, ale takze punkt uchwytu dla potencjalnych terapii celowanych.
Ponadto, wyniki te sg zgodne z zatozeniami dotychczasowych badan nad
rakiem gruczotu krokowego, podkreslajgcymi heterogennosé raka gruczotu
krokowego, a takze z teorig immunoedycji nowotworow. Zebrane dane
literaturowe dotyczgce wptywu mechanizmoéw naprawy DNA otwierajg droge
do dalszych badan, ktére mogg prowadzi¢ do rozwoju nowych biomarkeréw

i strategii terapeutycznych w raku gruczotu krokowego.
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Rozdziat 11. Streszczenie w jezyku angielskim

The continuous advancement in scientific knowledge regarding the molecular
basis of cancers, including prostate cancer, has led to the increasingly
widespread use of targeted therapies in treating oncology patients, resulting
in improved survival rates for these patients. Current research on the biology
of prostate cancer has confirmed the significant impact of disruptions in gene
repair mechanisms, such as mismatch repair (MMR) and double-strand break
repair (DSBR), on patient prognosis and the selection of proposed therapies,
including targeted therapies.

These findings have already been applied in clinical practice, with the FDA
approving PARP inhibitors like olaparib and rucaparib, as well as the
checkpoint inhibitor pembrolizumab, for treating specific cases of prostate
cancer. The aim of this project was to determine the relationship between
the expression levels of selected proteins in the MMR and DSBR pathways
—MDC1, TP53BP1, MLH1, MSH2, MSH6, and PMS2—and the progression

of prostate cancer.

In one study, we used immunohistochemical analyses to compare the
expression of these proteins in primary prostate cancer tissues without lymph
node metastases, primary tumors with lymph node metastases, and
metastatic prostate cancer tissues in lymph nodes. We demonstrated that the
expression of MLH1 and TP53BP1 proteins significantly differed among these
tissues. Prostate cancer with lymph node metastases is characterized by low
expression of TP53BP1 and MLH1 proteins. Metastatic prostate cancer

in lymph nodes exhibits lower TP53BP1 protein expression than primary
tumors. In another study, we focused on analyzing the expression of MDC1,
TP53BP1, MLH1, and MSH2 proteins in relation to the histological malignancy
of prostate cancer and its intratumoral heterogeneity. Our analysis revealed
that the expression levels of MSH2, MDC1, and MLH1 proteins significantly
varied with the degree of histological malignancy, as determined by Gleason
score. The results of our analysis showed that the expression levels of MSH2,

MDC1, and MLH1 proteins significantly differed depending on
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the histological grade of malignancy determined by Gleason score.

Our findings indicate that as the Gleason score increases, the nuclear and
cytoplasmic expression of MSH2 protein increases.

Additionally, Gleason pattern negatively correlates with nuclear expression of
MSH2 protein. As Gleason score increases, the cytoplasmic expression of
MDC1 protein decreases. Gleason pattern positively correlates with the

cytoplasmic expression of MLH1 protein.

Our findings suggest not only the potential use of MMR and DSBR pathways
or specific proteins as biomarkers but also as targets for potential targeted
therapies. Moreover, these results align with current research on prostate
cancer, emphasizing the heterogeneity of the disease and supporting the
theory of cancer immunoediting. The data collected from global literature on
the impact of DNA repair mechanisms, particularly MMR and DSBR, on the
development of prostate cancer, highlighted in our review article, underscore
their usefulness and potential application in future studies aimed at improving
the diagnosis and treatment of prostate cancer patients.

The collected literature data on the impact of DNA repair mechanisms open
the way for further research, which may lead to the development of new

biomarkers and therapeutic strategies for prostate cancer.
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