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Polimeraza DNA theta (PolB) jest enzymem uczestniczacym w naprawie DNA, gtéwnie
peknie¢ dwuniciowych (ang. double-strand breaks, DSBs), w szlaku biorgcym swa nazwe od
tego wiasnie biatka — z ang. polymerase theta-mediated end joining — TMEJ. Pol6, kodowana
przez gen POLQ, jest wysoce zachowang ewolucyjnie polimerazg wsrdd wyzszych Eukariontow
nalezgcg do rodziny polimeraz A. Charakteryzuje sie wysokg tendencjg do generowania
btedéw podczas replikacji nieuszkodzonej matrycy DNA, z czestotliwoscig rzedu 1073 [1].
Enzym ten sktada sie z trzech domen: centralnej, polimerazowej na C-konicu i helikalnej na N-
konricu, co zdecydowanie wyrdznia jg na tle innych eukariotycznych polimeraz, gdyz jest jedyna
posiadajgcg domene helikazy [2].

Jak wspomniano powyzej Pol@ jest gtownym biatkiem szlaku naprawy peknieé
dwuniciowych DNA znanym jako TMEJ. TMEJ mozna uznac za Sciezke alternatywna dla
naprawy przez taczenie niehomologicznych koricow DNA (ang. non-homologous end joining,
NHEJ) i umiesci¢ jg obok naprawy poprzez tgczenie fragmentéw mikrohomologicznych (ang.
microhomology-mediated end joining - MMEJ) lub alternatywnej naprawy przez tgczenie
koncéw (ang. alternative end-joining - a-EJ), poniewaz dzielg one wymdg posiadania
fragmentéw mikrohomologicznych [2]-[4]. Jednak, niektére publikacje wyrdzniajg TMEJ jako
odrebny szlak, obok NHEJ, rekombinacji homologicznej (ang. homologous recombination, HR)
i SSA, uznajac istnienie szlaku a-EJ bez aktywnosci Pol@. TMEJ jest determinowany przez kilka
czynnikdéw, w tym: niezaleznos¢ od Ku, XRCC4 i LIG4, resekcja koricow DNA z 3’ jednoniciowymi
nawisami, wystepowanie regiondw mikrohomologicznych o dtugosci przynajmniej kilku
nukleotyddéw oraz obecnosé PolB [5]. Szlak ten jest wysoce podatny na btedy ze wzgledu na
brak zdolnosci korektorskiej PolB oraz wadliwe wtasciwosci samego procesu tgczenia koncow
mikrohomologicznych, co prowadzi do akumulacji mutacji [1]. Z drugiej strony, w komérkach
nowotworowych z niedoborem HR, w ktérych Pol@ ulega zwykle nadekspresji, TMEJ umozliwia
ich przezycie [6]—-[11]. W niektérych badaniach zaobserwowano, ze TMEJ jest najbardziej
kluczowy, gdy HR i NHEJ nie funkcjonujg prawidtowo [10], [12]. Istniejg jednak dowody, ze jest

on aktywny réwniez w komérkach o prawidtowej funkcjonalnosci HR i NHEJ [13]. Ponadto
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udowodniono, ze Pol® moze uczestniczy¢ w innych mechanizmach naprawczych i procesach
komdrkowych, takich jak naprawa przez wyciecie zasady (BER), naprawa wigzan krzyzowych,
naprawa peknie¢ DNA zwigzanych z replikacjg czy odwrotna transkrypcja i TLS (translesion
synthesis) [1], [2], [14], [15].

Wszystkie wymienione aktywnosci biatka Pol© sktadajg sie na catosciowa jego role w
utrzymywaniu stabilnosci genomu, a takze podkreslajg ich ztozonos¢. Z jednej strony Pol©
funkcjonuje jako polimeraza TLS, kontynuujaca replikacje pomimo uszkodzen DNA, a z drugiej
petni role gtéwnego biatka szlaku mutagennego TMEJ [16], [17]. Rowniez, komérki po
inaktywacji Pol0® sg bardziej wrazliwe na czynniki chemiczne i promieniowanie indukujgce
uszkodzenia DNA, co czesto prowadzi do ich $mierci. Natomiast, mutagenna charakterystyka
TMEJ tgczy sie z udziatem PolB w procesie nowotworzenia i metastazy [4], [18]—[20]. Co wiecej,
warto zaznaczy¢, ze zwiekszony poziom ekspresji POLQ w tkankach zmienionych
nowotworowo, czesto wigze sie ze ztym rokowaniem dla pacjentéw [8], [18], [21], [22].

Te wszystkie doniesienia podkreslaj niepodwazalne znaczenie polimerazy theta w
organizmach zywych i przyczyniajg sie do zwiekszonego zainteresowania Pol® w badaniach,
dotyczacych przede wszystkim jego struktury i funkcji, a takze potencjalnej roli jako celu
terapeutycznego. Réwniez, wskazujg na potrzebe prowadzenia dalszych badan w tym
obszarze [23], [24]. Rozwdj i progresja nowotwordw sg czesto napedzane przez zmiany w
réznych genach (np. mutacje, zwiekszenie lub zmniejszenie ekspresji danego genu), ktére
wspotpracujg, aby zapewni¢ komdérkom nowotworowym przewage wzrostowg. Czesto musi
dojs¢ do kilku zmian jednoczesnie, aby komérki osiggnety te przewage. W tym kontekscie
szlaki komdrkowe odpowiedzialne za naprawe peknie¢ dwuniciowych DNA odgrywaja
kluczowag role we wzroscie komoérek i rozwoju nowotworu. W szczegdlnosci komorki
nowotworowe z niedoborem naprawy DNA maja selektywng przewage wzrostu, co prowadzi
do niestabilnosci genetycznej i promowania rozwoju guza. W takiej sytuacji czesto stajg sie
one zalezne od sciezek alternatywnych, co stanowi ich staby punkt, a wiec moze zostaé
wykorzystane w terapii przeciwnowotworowej[1], [25]. Wiele nowotwordw posiada mutacje
w kanonicznych szlakach naprawy DNA (NHEJ i HR) i kompensuje to przez aktywacje
zapasowych szlakow przetrwania. Zahamowanie tych szlakow moze prowadzi¢ do selektywne;j
eliminacji komodrek nowotworowych minimalizujgc skutki uboczne w komdrkach
prawidtowych. Koncepcja ta lezy u podstaw syntetycznej letalnoscim (SL), rewolucyjnego

podejscia do opracowywania nowych sSrodkdw przeciwnowotworowych dla precyzyjnej
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onkologii[19], [26]. Syntetyczna letalnos¢ wystepuje, gdy jednoczesne uposledzenie dwdch
gendéw powoduje $Smier¢ komérki, podczas gdy zahamowanie ktéregokolwiek z nich nie jest
Smiertelne. Koncepcja ta zostata z powodzeniem zastosowana w terapii nowotworow,
zwiaszcza w przypadku inhibitorédw polimerazy poli(ADP-rybozy) (PARP)(PARPi) w
nowotworach z mutacjami genu BRCA[27]—[29]. Opierajac sie na tej zasadzie, postawilismy
hipoteze, ze celowanie w Pol6, w potgczeniu z hamowaniem PARP1 lub RAD52 wywota
syntetyczng letalnosc i tym samym zwiekszy skutecznosé terapeutyczng przeciwko glejakowi i
czerniakowi wzgledem inhibicji tylko jednym inhibitorem.

Spersonalizowane terapie celowane s uwazane obecnie za jedne z najbardziej
zaawansowanych strategii przeciwnowotworowych. Podejscie to opiera sie na wyborze
odpowiedniego celu terapeutycznego, poprzedzonego okresleniem konstytucji genetycznej
nowotworu za pomocg technik molekularnych. W ramach medycyny precyzyjnej stosuje sie
inhibitory biatek naprawczych DSBs, ktére indukujg Smier¢ komorki w oparciu o syntetyczng
letalnos¢. Od czasu sukcesu inhibitoréw PARP w zwalczaniu komdérek nowotworowych z
mutacjg BRCA wzrosto zainteresowanie identyfikacjg potencjalnych celédw SL, a odkrycie, ze
nowotwory mogg naby¢ w toku terapii opornos¢ na PARPi stworzyto niezaspokojong jak do

tej pory potrzebe poszerzania badan w tej dziedzinie [19], [30]-[32].
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Podstawowym zatozeniem badan byto poznanie znaczenia polimerazy DNA theta jako
gtéwnego celu terapeutycznego i co za tym idzie przeanalizowanie dziaftania inhibitorow tego
biatka na pierwotne linie komérkowe wyizolowane z nowotworéw madzgu i skory, in vitro oraz
na uzyskanych w myszach NSG ksenograftach z ludzkiej linii czerniaka, samodzielnie jak i w
potagczeniu z inhibitorami biatek PARP1 lub RAD52 oraz zwigzkami cytotoksycznymi
temozolamidem i dekarbazyng, w zaleznosci od rodzaju tkanki oraz ocena zastosowania tego

typu zwigzkdw jako potencjalnych lekéw przeciwnowotworowych.

Powyzszy cel byt realizowany poprzez nastepujgce cele szczegétowe:

1. Wyprowadzanie linii pierwotnych do hodowli in vitro z guzéw litych od pacjentéow.

2. Oznaczenie poziomu ekspresji 28 gendw zaangazowanych w szlaki naprawy peknieé
dwuniciowych DNA, tj., HR, NHEJ i TMEJ oraz ich korelacja z ekspresjg w komérkach
prawidtowych w celu wyznaczenia potencjalnych deficytow naprawy DNA prowadzgcych
do syntetycznej letalnosci lub podwéjnej syntetycznej letalnosci.

3. Ocene dziatania cytotoksycznego na komorki glejaka, czerniaka oraz prawidtowe
zastosowanych zwigzkéw i ich kombinacji za pomocg pomiaru zywotnosci, apoptozy,
proliferacji i rozktadu faz cyklu komdérkowego oraz ich efektu genotoksycznego poprzez
pomiar poziomu fosforylacji histonu H2AX (marker DSBs)

4. Ocene zastosowania zwigzkdw i ich kombinacji na komérki glejaka, czerniaka oraz
prawidtowe w terapii skojarzonej z promieniowaniem gamma poprzez pomiar DSBs w
neutralnym tescie kometowym.

5. Ocene zahamowania wzrostu guza w uzyskanych w myszach NSG ksenograftach z ludzkiej
linii czerniaka pod wptywem stosowania inhibitora PolB samodzielnie lub w kombinacji z

inhibitorami biatek PARP1 lub RAD52 i zwigzkami alkilujgcymi.
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Materiat badawczy wykorzystany w eksperymentach do niniejszej rozprawy doktorskiej
stanowity linie pierwotne wyprowadzone z fragmentéw guzéw litych mézgu i skory - glejaka
wielopostaciowego (linia GBM21) oraz czerniaka (linia MLN21), pochodzacych od pacjentéow
Kliniki Neurochirurgii i Chirurgii Nerwéw Obwodowych Uniwersyteckiego Szpitala Klinicznego
im. Wojskowej Akademii Medycznej - Centralny Szpital Weterandéw oraz Kliniki Chirurgii
Onkologicznej Wojewddzkiego Wielospecjalistycznego Centrum Onkologii i Traumatologii im.
M. Kopernika w todzi. Dodatkowo wyprowadzone linie byty identyfikowane przy uzyciu
markeréw powierzchniowych - CD133 oraz MCSP (ang. melanoma-associated chondroitin
sulfate proteoglycan). Kontrole do eksperymentéw stanowity komercyjnie dostepne linie
komoérek prawidtowych astrocytéw (NHA - ang. Normal Human Astrocytes) i melanocytow
(NHEM - ang. Normal Human Epidermal Melanocytes) pozyskane z firmy Lonza. Wszystkie linie
komérkowe hodowane byty w standardowych warunkach w inkubatorze zawierajgcym 37°Ci

5% CO2 z dedykowanymi, najwyzszej jakosci mediami hodowlanymi.

Materiat do czesci badan na modelu zwierzecym stanowity ksenografty otrzymane
z ludzkiej linii komérek czerniaka MLN21, wszczepionych podskérnie do myszy NOD SCID .
Badania uzyskaty zgode Komisji Bioetycznej Uniwersytetu Medycznego w todzi (nr

RNN/23/22/KE)

Zwigzki uzyte w badaniach:

-inhibitory Pol© (PolBi):

ART558 (MedChem Express) — stosowany in vitro,
to pierwszy syntetyczny inhibitor PolB opisany w literaturze. Jako pierwsi opisali go Zatreanu
i wsp. (2021), ktérzy przeprowadzili badania przesiewowe okoto 165 000 inhibitoréow
aktywnosci polimerazy biatka PolB. Na podstawie tego testu wybrano ART558,
matoczgsteczkowy inhibitor, z najbardziej odpowiednimi wynikami wartosci IC50 (7,9 nM),

rozpuszczalnosci i LogD. Jego mechanizm inhibicji opiera sie na celowaniu w domene
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polimerazy Pol6, taczy sie z allosterycznym miejscem wigzania podjednostki katalityczne;j i
zwieksza jej stabilnos¢ termiczng w obecnosci DNA [28].

RP-6658 (MedChem Express) — stosowany w badaniach na ksenograftach
Pierwszy raz badania na temat tego zwigzku zostaty opublikowane przez Bubenik i wsp. (2022).
Autorzy odkryli, zsyntetyzowali i scharakteryzowali, za pomocg wielu metod biofizycznych,
silny, selektywny i biodostepny doustnie inhibitor domeny polimerazy PolB, podobnie jak
ART558. Zwigzek w testach in vitro i in vivo na komédrkach nowotworowych i mysich modelach

ksenograficznych, réwniez z niedoborem HR, daje obiecujgce wyniki [33]

-inhibitor PARP1 (PARPi):

talazoparib (BMN673) (Selleckchem)
to lek przeciwnowotworowy stosowany powszechnie w leczeniu raka piersi i prostaty.
Wykazano, ze wykazuje on dziatanie cytotoksyczne na komdrki nowotworowe poprzez dwa
mechanizmy: hamowanie aktywnosci katalitycznej PARP i blokade PARP w miejscu
uszkodzenia DNA, tym samym zatrzymujgc dalszg naprawe DNA i prowadzgc do apoptozy i/lub

Smierci komorki [34].

-inhibiotry RAD52 (RAD52i):

L-OH-DOPA (Sigma Aldrich) — stosowany in vitro,
to dobrze znany inhibitor RAD52, ktéry dziata na zasadzie dysocjacji nadstruktury pierscienia
RAD52, przenoszac jg do dimerdw, co powoduje represje funkcji biatka [35].

D-103 (Selleckchem) — stosowany w badaniach na ksenograftach
to zwigzek chemiczny stosowanym jako inhibitor RAD52, ktéry specyficznie hamuje zalezne

od RAD52 wyzarzanie jednoniciowe (ang. single-strand annealing - SSA)[36]

-zwigzki alkilujgce stosowane obecnie w terapiach przeciwnowotworowych:
temozolomid (TMZ) (Selleck Chem) - glejaka
dakarbazyna (DTIC) (Sigma Aldrich) — czerniaka,
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sg to leki cytotoksyczne, przez dtugi czas stosowane jako gtéwne chemioterapeutyki w
leczeniu glejaka i czerniaka. Oba dziatajg poprzez indukcje metylacji zasad purynowych w DNA,

prowadzgc do uszkodzenia DNA i $mierci komérek[37].

Oba nowotwory podlegaty takiemu samemu traktowaniu, z wyjatkiem zwigzkéw
alkilujgcych dedykowanych konkretnemu typowi raka. Schemat traktowania zwigzkami trwat
120h z dawka przypominajgcg po 48h i w nastepujgcych kombinacjach: PolBi, PARPi lub
RAD52i, TMZ lub DTIC samodzielnie; PolBi + PARPi/RAD52i; PolBi + TMZ/DTIC, PARPi
+ TMZ/DTIC; RAD52i + TMZ/DTIC; Pol6i + PARPi/RAD52i + TMZ; Pol6i + PARPi/RAD52i + DTIC.
Po traktowaniu komodrek samodzielnymi zwigzkami i odpowiednimi kombinacjami lekéw

nastepujgce parametry zostaty ocenione z uzyciem wymienionych metod:

In vitro:

Cytometryczna ocena przezywalnosci oraz S$ciezki Smierci komoérkowej z
wykorzystaniem znakowania jodkiem propidyny i aneksyng V,

Ocena uszkodzenn DNA, w szczegélnosci peknie¢ dwuniciowych poprzez pomiar
fosforylacji histonu H2AX oraz neutralng wersje testu kometowego, po
dodatkowym zastosowaniu promieniowania gamma,

Cytometryczna analiza cyklu komdrek utrwalonych 70% EtOH i wybarwionych
jodkiem propidyny z RNazg,

Ocena proliferacji i inwazyjnosci komorek za pomocg testu klonogennego

Analiza ekspresji gendw kodujgcych biatka zaangazowane w naprawe DSBs poprzez
RealTime PCR

Wizualizacja zmian morfologicznych komadrek za pomoca podwdjnego barwienia
kalceing AM i jodkiem propidyny.

Eksperyment z udziatem zwierzat:

Pomiar inhibicji wzrostu guza na podstawie zmian w objetosci tkanki
nowotworowej.
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Otrzymane wyniki byly podzielone miedzy dwa oryginalne manuskrypty wzgledem linii
nowotworowej, na ktérej zostaty przeprowadzone eksperymenty, odpowiednio glejaka i
czerniaka. Profil ekspresji gendw w liniach komdérkowych glejaka oraz czerniaka nie wykazat
obnizenia ekspresji zadnego z badanych genéw wzgledem komodrek prawidtowych. Natomiast
w obu liniach nowotworowych GBM21 i MLN21 zaobserwowano nadekspresje POLQ oraz
relatywnie wysoka ekspresje gendw naprawy HR. Ich jednoczesna wzmozona ekspresja mogta
przyczyniaé sie do zwiekszonej efektywnosci podwdjnej inhibicji biatek Pol® z PARP1 lub
RAD52, wzgledem ich samodzielnej inhibicji.

Zywotnoé¢ komdrek zaréwno glejaka jak i czerniaka zostata obnizona o ok. 50%
wzgledem kontroli po samodzielnym zastosowaniu wyzej wymienionych zwigzkéw. Dalszy
spadek zywotnosci byt odnotowany dla podwdjnej kombinacji inhibitoréw, Pol® z PARP1 lub
RAD52. Natomiast, najsilniejszy efekt, z redukcjg zywotnosci do poziomu ponizej 20% byt
zaobserwowany po zastosowaniu kombinacji trzech zwigzkéw, znaczaco réznigcy sie od
samodzielnej inhibicji i potaczenia inhibitoréw. W tym wypadku zaobserwowano eliminacyjne
dziatanie tej kombinacji réwniez w odniesieniu do komdrek prawidtowych, aczkolwiek nie
spadata ponizej 40%. W zwigzku z tym, suplementacja zwigzkami alkilujgcymi terapii opartej
na podwajnej inhibicji jest waznym aspektem do rozwazenia w przypadku rozwoju tej strategii
terapeutycznej.

W obu przypadkach komorki po traktowaniu, nowotworowe i prawidtowe, zostaty
zwizualizowane za pomocg podwdjnego barwienia kalceing AM i jodkiem propidyny. W
komédrkach nowotworowych zaobserwowano znaczny wzrost martwych komorek
(wybarwionych na czerwono przez jodek propidyny) oraz zmiana ksztattu komorek, widoczna
w charakterystycznych dla procesu apoptozy wybrzuszeniach btony komdrkowej, ktore nie
byty obserwowane dla komdrek prawidtowych. Odpowiadajgce temu obrazowi wyniki zostaty
otrzymane w cytometrycznej analizie szlaku smierci komérek glejaka i czerniaka, pokazujac
znaczny wzrost populacji komadrek w pdznej apoptozie zardwno po zastosowaniu inhibitorow
samodzielnie, ich kombinacji, jak i podwdjnej inhibicji ze zwigzkami cytotoksycznymi. Bardzo
maty procent komodrek ulegat nekrozie, co wskazywatoby, ze komérki nowotworowe pod
wplywem stosowania inhibitoréw wchodza na droge smierci indukowanej — apoptozy.
Rowniez w tym wypadku, potréjna kombinacja lekéw dajac najsilniejszy efekt, prowadzita do
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wzrostu populacji komorek prawidtowych w pdznej apoptozie, jednak w znacznie mniejszym
stopniu niz w przypadku nowotwordw.

W tescie klonogennym wskazujagcym na zahamowanie proliferacji oraz inwazyjnosci
komdrek nowotworowych, zaobserwowano znaczny spadek ilosci kolonii wytworzonych przez
oba typy komodrek nowotworowych w przypadku wszystkich wariantéw traktowan w
porownaniu do kontroli. Natomiast, w poréwnaniu do samodzielnego uzycia inhibitoréw, ich
skojarzone dziatanie dato znaczgco zwiekszony efekt, a takze ponownie najbardziej skuteczne
okazaty sie potrojne kombinacje lekéw.

Wyniki korespondujgce z przedstawionymi do tej pory, otrzymano réwniez w
rozktadzie faz cyklu komodrkowego. Zaobserwowano znaczacy spadek fazy GO/G1 po
traktowaniu kombinacjami trzech lekéw. Natomiast wzrost populacji komoérek w fazie S,
wskazywatby na zatrzymanie procesu replikacji, spowodowane prawdopodobnie zbyt duzg
akumulacjg uszkodzen DNA w tych komodrkach. Podobny efekt widoczny byt w komdrkach
prawidtowych.

Uszkodzenia DNA byty mierzone, miedzy innymi, za pomoca fosforylacji histonu H2AX.
Poziom fosforylacji histonu wskazujgcy na zwiekszone DSBs byt podwyzszony po zastosowaniu
kombinacji inhibitora Pol® i PARP1 w obu nowotworach, oraz ich potgczenia ze zwigzkiem
cytotoksycznym.

Bardzo ciekawe wyniki zostaty otrzymane w neutralnym tescie kometowym po
dodatkowym zastosowaniu promieniowania gamma do standardowego traktowania,
ukazujac, ze wszystkie warianty traktowania uwrazliwiajg komorki czerniaka i glejaka na
promieniowanie radiacyjne. Pokazuje to obiecujgcy kierunek w kontekscie potencjalnego
zastosowania takiego leczenia wraz z radioterapig. Natomiast, znaczacy wzrost uszkodzen
DNA po skojarzonej inhibicji dwoch biatek, réwniez w kombinacji ze zwigzkami alkilujgcymi byt
widoczny dla obu nowotwordw. Indukcja uszkodzen DNA byta zaobserwowana w astrocytach,
gtownie po zastosowaniu zwigzku alkilujgcego TMZ.

Przeprowadzony eksperyment na ksenograftach czerniaka pochodzacego od pacjenta
pokazat, ze zastosowanie zwigzku RP6685 do inhibicji Pol® hamuje wzrost guza. Réwniez jego
potaczenie z inhibitorem RAD52 oraz dodatek zwigzku alkilujgcego daje podobny efekt.
Aczkolwiek, sam inhibitor RAD52 z rozpuszczalnikiem RP6685 powoduje nawet silniejsze

zahamowanie wzrostu guza w porownaniu do inhibitora RP6685 oraz jego potaczenia z RAD52i
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i DTIC, co pozostaje do dalszych badan. Natomiast wyniki te pokazujg, ze inhibitor PARP1 w
potaczeniu z PolBii DTIC, oraz sam PARP1 z rozpuszczalnikiem RP6685 nie wstrzymuje wzrostu

guza, co moze prowadzi¢ do wniosku, ze nowotwor ten jest oporny na inhibitor PARP1.
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Przeprowadzone badania pozwolity na osiggniecie celu postawionego na poczatku pracy i
zweryfikowanie, ze polimeraza DNA 0 poprzez jej inhibicje wykazuje potencjat do bycia celem

kierowanych terapii przeciw nowotworom madzgu czy skory.

Wyniki otrzymane podczas realizacji pracy doktorskiej pozwalajg na sformutowanie

nastepujgcych wnioskdow:

1. Inhibicja polimerazy DNA 6 powoduje zmniejszenie zywotnosci komoérek glejaka i
czerniaka w okoto 50%, poprzez indukcje apoptozy, ktdrej towarzyszy zmniejszenie
proliferacji komérek i ich inwazyjnego charakteru.

2. Efekt przeciwnowotworowy inhibicji polimerazy DNA 6 wigze sie ze zwiekszeniem
uszkodzen DNA oraz uwrazliwienie komérek nowotworowych na radiacje.

3. Skojarzona terapia inhibitorami polimerazy 6 oraz PARP1 badZ RAD52 powoduje
zwiekszenie efektu przeciwnowotworowego wobec glejaka i czerniaka, w poréwnaniu do
pojedynczego zastosowania tych zwigzkdw, poprzez wywotanie syntetycznej letalnosci.

4. Dodanie zwigzkow alkilujgcych temozolomidu lub dakarbazyny do podwadjnej inhibicji
biatek naprawy moze znacznie zwiekszy¢ skutecznosc¢ leczenia.

5. Inhibitory i ich skojarzone zastosowanie wykazywato minimalne dziatanie toksyczne
wobec prawidtowych komérek — melanocytéw i astrocytdow.

6. Zastosowanie inhibitora polimerazy 8 (RP6685) samodzielnie oraz w potaczeniu z
inhibitorem RAD52 i zwigzkiem alkilujgcym powoduje zahamowanie wzrostu guza na
modelu ksenograftow czerniaka pochodzgcego od pacjentow.
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Polimeraza DNA theta jako nowy cel w spersonalizowanej terapii
przeciwnowotworowej, na przyktadzie nowotworéw madzgu i skory

Polimeraza DNA theta (PolB) i jej inhibitory (PolBi) zyskaty szczegdlng uwage w ostatnich
latach. PolO jest polimerazg DNA zaangazowang w kilka mechanizmdéw naprawy DNA, ale
gtéwnie w theta-mediated end joining (TMEJ) - jeden z alternatywnych szlakéw naprawy
dwuniciowych peknie¢ DNA (DSBs). Destabilizacja naprawy DNA i mutacje genetyczne s3
cechami charakterystycznymi raka, dzieki czemu mozliwe jest zastosowanie podejscia
syntetycznej letalnosci do selektywnego zabijania komdrek nowotworowych poprzez
hamowanie jednego z biatek naprawy DNA. Co wiecej, komédrki nowotworowe ze zmianami w
szlakach HR lub NHEJ czesto stajg sie zalezne od TMEI.

Gtéwnym celem badan byto okreslenie wptywu inhibicji PolB i jej kombinacji z inhibicjg
PARP lub Rad52 oraz zwigzkami alkilujgcymi na komorki glejaka i czerniaka, jednoczesnie
oceniajac ich wptyw na normalne komérki. Aby to okresli¢, przeanalizowalismy zywotnosé
komoérek, apoptoze komoérek, proliferacje komédrek i charakter inwazyjny badanych komoérek,
poziom uszkodzen DNA, rozkfad cyklu komérkowego i profil ekspresji gendw.

Wyniki pokazujg, ze inhibicja polimerazy DNA 6 zmniejsza zywotnos¢ komoérek glejaka i
czerniaka o okoto 50%, poprzez indukcje apoptozy, ktérej towarzyszy zmniejszenie proliferacji
komodrek i podwyzszone uszkodzenia DNA. Terapia skojarzona inhibitorami polimerazy 0 i
PARP1 lub RAD52 skutkuje zwiekszonym dziataniem przeciwnowotworowym przeciwko
glejakowi i czerniakowi, w poréwnaniu z pojedynczym zastosowaniem tych zwigzkdw,
najprawdopodobniej poprzez indukowanie syntetycznej letalnosci. Dodanie zwigzkéw
alkilujgcych temozolomidu Ilub dakarbazyny do skojarzonej inhibicji dwodch biatek
naprawczych moze znacznie zwiekszy¢ skuteczno$é leczenia, chociaz wigze sie to réwniez ze
zwiekszong toksycznoscig dla normalnych komoérek.

Podsumowujgc, na podstawie uzyskanych wynikdéw przypuszczamy, ze hamowanie Pol6 z
jednoczesnym hamowaniem PARP lub Rad52 przynosi syntetycznie Smiertelny efekt na
komorki glejaka i czerniaka, pozostawiajgc jedynie minimalny wptywa na komarki prawidtowe.

Co wiecej, dodanie leku alkilujgcego wzmacnia efekt przeciwnowotworowy.
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Polimeraza DNA theta jako nowy cel w spersonalizowanej terapii
przeciwnowotworowej, na przyktadzie nowotworéw madzgu i skory

DNA polymerase theta (PolB) and its inhibitors (Pol6i) have gained particular attention in
the recent years. PolB is a DNA polymerase involved in several DNA repair mechanisms, but
mainly in theta-mediated end joining (TMEJ) — one of the DNA double-strand breaks (DSBs)
repair pathways. The DNA repair destabilization and genetic mutations are the cancer
hallmarks, making it possible to use the synthetic lethality approach to selectively kill cancer
cells by inhibiting one of the DNA repair proteins. Furthermore, cancer cells with alterations
in HR or NHEJ pathways often become dependent on TMEJ.

The main objective of the research was to determine the influence of Pol8 inhibition and
its combination with PARP or Rad52 inhibition and alkylating agents on glioblastoma and
melanoma cells, simultaneously assessing their impact on normal cells. In order to evaluate it,
we analyzed cell viability, cell apoptosis, cell proliferation and invasive character, level of DNA
damage, cell cycle distribution and gene expression profile.

The results show that inhibition of DNA polymerase 6 reduces the viability of glioma
and melanoma cells by around 50%, through the induction of apoptosis, accompanied by a
reduction in cell proliferation and elevated DNA damage. Combination therapy with 6
polymerase inhibitors and PARP1 or RAD52 results in an increased anti-tumor effect against
glioma and melanoma, compared to single application of these compounds, most likely by
inducing synthetic lethality. The addition of alkylating compounds temozolomide or
dacarbazine for dual inhibition of repair proteins can significantly increase treatment efficacy,
although it is also associated with increased toxicity to normal cells.

In conclusion, based on the results we presume that inhibition of Pol® with simultaneous
inhibition of PARP or Rad52 brings a synthetically lethal effect on glioblastoma and melanoma
cells, having a minimal effect on normal cells. Moreover, the addition of alkylating drug

strengthens the anticancer effect.
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Abstract: DNA polymerase theta (Polf)-mediated end joining (TME]) is, along with homologous
recombination (HR) and non-homologous end-joining (NHE]), one of the most important mechanisms
repairing potentially lethal DNA double-strand breaks (DSBs). Pol@ is becoming a new target in
cancer research because it demonstrates numerous synthetically lethal interactions with other DNA
repair mechanisms, e.g., those involving PARP1, BRCA1/2, DNA-PK, ATR. Inhibition of Pol® could
be achieved with different methods, such as RNA interference (RNAi), CRISPR/Cas9 technology, or
using small molecule inhibitors. In the context of this topic, RNAi and CRISPR/Cas9 are still more
often applied in the research itself rather than clinical usage, different than small molecule inhibitors.
Several Pol® inhibitors have been already generated, and two of them, novobiocin (NVB) and ART812
derivative, are being tested in clinical trials against HR-deficient tumors. In this review, we describe
the significance of Pol® and the Pol6-mediated TME] pathway. In addition, we summarize the
current state of knowledge about Pol® inhibitors and emphasize the promising role of Polf as a
therapeutic target.

Keywords: Pol8 inhibitors; anticancer treatment; DNA double-strand break repair; DNA repair enzyme

1. Introduction

One of the hallmarks of cancer cells is their genetic instability, which could lead to an
increase of mutations in their genomes [1]. As a consequence, the loss of function mutations
may take place in the genes that are crucial for cell survival mechanisms, for example, DNA
repair systems. Under such conditions, the survival of cancer cells depends on finding a
substitute for the lost pathway [2]. If inactivation of a specific set of genes leads to cell death,
whereas inactivation of each of these genes individually does not affect cell functioning
and survival, then these genes are considered to exhibit “synthetic lethal” interactions [3].
Targeting alternative pathways using inhibitors against DNA double-strand breaks (DSBs)
repair proteins is becoming a feasible strategy that has been gaining increasing interest in
recent years. An approach based on synthetic lethality might not only prove to be a selective
and effective solution in personalized anticancer therapy, but it is already contributing to
expanding the knowledge about genetic interactions occurring in cells [4,5].

DNA polymerase theta (Pol8) is encoded by POLQ—a unique multifunctional replica-
tion and repair gene that encodes a protein with N-terminal superfamily 2 helicase domain
exhibiting ATPase activity and C-terminal A-family polymerase domain [6,7]. The posses-
sion of helicase domain is a unique Pol0 feature among other eukaryotic DNA polymerases.
More detailed information about structure and function of Pol8 can be found in another pa-
per of Drzewiecka et al. (2022) [4]. Pol@ overexpression has been identified in a number of
human cancers and has been linked with a poor clinical outcome for liver cancer and breast
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cancer patients with homologous recombination (HR) deficiency [8-10]. To target DNA
repair vulnerabilities in cancer, Zatrenau et al. (2021) [11] discovered nanomolar potent,
selective, low molecular weight, allosteric inhibitors of Pol0® ART558 and ART812, which
interact with the polymerase domain. ART558 inhibits the major Pol6-mediated DNA
repair process, i.e., Polf-mediated end joining (TME]) without targeting non-homologous
end joining (NHE]J) [11]. Recently, another biochemical compound, RP-6685, with poten-
tial to inhibit Pol® polymerase domain was discovered [12]. Additionally, an antibiotic,
novobiocin (NVB), was identified as the inhibitor of Pol@ helicase activity [13].

The application of Pol8 Inhibitors (Pol6i) in the concept of dual synthetic lethality
emerged after initial success of PARP inhibitors (PARPi) when it was found that tumor cells
do not respond to one drug treatment and develop resistance [14]. Pol® has a particular
importance for the repair of DSBs in cancer cells deficient in the HR function. Pol6 inhibition
boosts the effect of PARPi by exerting a synthetically lethal action on BRCA1- and BRCA2-
mutant cancer cells [3,14]. Deficiencies in genes of other DNA damage response (DDR)
pathways, e.g., encoding DNA-PKcs which is a crucial component of the classical NHE]
pathway, can also make Pol a key factor for cellular survival [15]. Furthermore, knocking
out POLQ in mouse models and non-cancerous cells had minimal effect [16,17]. Therefore,
Pol® shows promising results as an antitumor drug target candidate, principally against
HR-deficient tumors. Moreover, Pol@ inhibitors not only have clinical potential in targeting
BRCA-gene defective cancers but could also be used to target PARPi resistance [11,13,14].

A review of literature focused on the role of polymerase theta in the context of synthetic
lethality and potential anticancer therapy was conducted, using PubMed and Google
Scholar to search. The authors considered studies performed on animals as well as human
subjects (in vivo and in vitro) along with clinical trials. Keywords applied were as follows:
DNA polymerase theta, polymerase theta inhibitors, ART558, novobiocin, micrchomology-
mediated end joining, MME], DNA repair, cancer, polymerase theta-mediated end joining,
TME], double strand break repair, homologous recombination repair, HR, non-homologous
end joining, NHE], siRNA, shRNA, RNA interference, CRISPR/Cas9, anticancer therapy,
and synthetic lethality.

2. The Role of Pol0—Mediated TME]

Pol® is a main protein of TME] which is one of the main pathways of DSB repair [7,18].
TME] could be considered a substitute pathway to NHE] and placed side by side with
microhomology-mediated end joining (MME]) or alternative end-joining (a-E]) as they
share a requirement for microhomology fragments [14,19,20]. However, some publications
differentiate TME] as a separate pathway, alongside NHE], HR, and SSA, considering the
existence of a-E] pathway without Pol6 activity. Therefore, in this review the the term
“TME]” for Pol0-mediated repair process is used, even though it is often called “a-EJ”,
“alt-NHE]"”, etc. in the literature [4,21-24].

TME] is determined by several factors, namely: independence on Ku, XRCC4 and
LIG4 proteins, resected DNA ends with 3’ single-stranded overhangs, several nucleotide-
long microhomology regions and presence of Pol6 [21]. Moreover, this repair is highly
error-prone due to the lack of Pol0 proofreading ability and deleterious characteristics of
microhomology end-joining itself. This results in the accumulation of mutations [6]. On
the other hand, in HR-deficient tumor cells, where Pol8 is usually overexpressed, TME]
enables their survival (Figure 1) [8-10,22,25-27]. In some studies, it was observed that
TME] is most crucial when HR and NHE] are not working properly [24,25]. However, there
is evidence that it is active also in NHE]-proficient cells [28].
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Figure 1. The mechanism of DNA double strand break repair by TME] in HR-deficient cells.

Further, going into details of repair mechanism in the first step of the process, the
CtIP with MRN complex is needed to initiate end resection and create 3’ overhangs. It
is assumed that PARP1 is involved in the recognition of DNA breaks and helps in end
resection [19,25,29]. Subsequently, non-homologous 3’ ends are removed by ERCC1/XPF
nucleases. Then, Pol0 attaches to single-stranded DNA (ssDNA) overhangs and anneals the
sequences based on at least 2 bp microhomology [18,29,30]. In this step the helicase domain
of Pol0 removes RPA from ssDNA tails, while the polymerase domain is responsible for
annealing [7,14]. Therefore, both helicase and polymerase domains of Pol® are necessary
in cis configuration for TME] to function [21]. Eventually, LIG3-XRCC1 complex or LIG1
ligate stabilized DNA ends [18,25,30].

Furthermore, it is believed that Polf can participate in other repair mechanisms and
cell events, such as base excision repair, mismatch repair, replication-associated DNA
breaks, or reverse transcription and translation synthesis [6,20,31,32]. However, this
is not the subject of this review and further information can be found in the work of
Drzewiecka et al. (2022) [4].

3. Different Strategies for Pol® Suppression

The consequences of Pol@ inhibition and knockdown in cells have been vastly de-
scribed in the literature [7,9,28,31,33-36], allowing to evaluate the significance of the protein
and its interactions [8]. In the literature, the most used methods include siRNA or shRNA
silencing and CRISPR-Cas9 technique, shown by research examples described below. Two
other gene editing tools are also described, namely ZFNs (zinc finger nucleases) and TAL-
ENs (Transcription activator-like effector nucleases). However, they are considered less
efficient and are less frequently used than RNA interference (RNAi) and CRISPR/Cas9,
at least in the context of Pol@ research [37-39]. In this chapter, the authors will review
recent research papers that describe the above-mentioned methods of Pol® inhibition and
their consequences.
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3.1. RNA Interference Technique—siRNA and shRNA
3.1.1. Description of the Technique

The main objective of RNA interference is to selectively silence a gene via non-coding
RNA which targets and triggers degradation of mRNA. Almost 20 years have passed
since the first such molecule was discovered, i.e., microRNA (miRNA), further resulting
with the Nobel prize for Fire and Mello in 2006 for defining RNA interference and its
mechanism [40-42]. Based on this achievement, scientists designed other RNA molecules,
and two the most common are siRNA and shRNA [41,43].

Gere silencing can be achieved in two ways: by degradation of the target mRNA
induced by small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs) and dif-
ferently via suppression of specific mRNAs translation induced by miRNA. This paper
will focus on the first approach, achieved with siRNA or shRNA. The molecules lead to a
similar genetic outcome, however they are different in terms of structure and molecular
mechanism, and may have distinct applications [44].

siRNAs are double-stranded RNA molecules which total length is 21-25 nucleotides.
Along with piwi-interacting RNAs (piRNAs) and miRNAs, siRNAs are defined as non-
coding, small RNAs [45]. Considering the structure, siRNAs have one guiding strand
(antisense) and a passenger strand (sense), as well as two 2-nucleotide-long overhangs
at 3’ ends. [41,46]. siRNA is formed from long double-stranded RNA, cleaved by Dicer,
an enzyme from RNase Il family. For the purpose of therapy, siRNAs are synthesized
chemically and delivered in various ways to the cytoplasm, i.a.: nanocarriers, aptamers,
and antibodies [41,44,47]. In the cytoplasm, siRNA creates the RNA-induced silencing
complex (RISC) with proteins Dicer, Argonaute-2 (Ago2), and Trans-activating Response
RNA Binding-Protein (TRBP), which later allows siRNA to target mRNA. In this interaction,
Ago?2 splits the sense strand of the molecule, unwinds the duplex with the use of the Dicer
N-helicase domain and leads to the degradation of this strand. Then, the anti-sense strand
guides the activated RISC complex to target mRNA with its complementary sequence
(Figure 2) [41,46].
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Figure 2. The RNA interference mechanism and CRISPR-Cas9 mechanism in human cell.
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Opposite to the siRNA, shRNA needs to be introduced to the cell’s nucleus. This could
be achieved through a bacterial or viral vector. However, a viral vector is most commonly
used, as it is considered more stable and efficient [48]. Usage of a viral vector allows shRNA
to be integrated to the genome of host cells and later expressed in the nucleus. Afterwards,
the host’s protein exportin 5 is responsible for transferring the shRNA outside the nucleus.
In the cytoplasm, it forms a complex with Dicer, an RNase IIl enzyme, which chops up the
shRNA into small siRNA duplexes with 20-25 nt of length and 2 nt overhangs at the 3’ end.
Then, the siRNAs follow the regular path to degrade desired mRNA (Figure 2) [42,48].

RNAI is a promising technology for the treatment of various diseases such as cancer,
viral infections, eye and liver diseases, and some genetic disorders. In many applications,
siRNA-based therapies are at the stage of clinical trials [41]. In addition, various studies
show that both siRNA and shRINA are effective in vivo with different targets and exhibit po-
tential in personalized therapies [40,44,46]. Moreover, according to Alshaer et al. (2021) [41],
siRNA could be a better therapeutic tool than small molecules, since it is highly selective,
can reach the target in any location and has only antagonistic effects.

Although it theoretically seems to be a perfect method to perform gene knockdown,
there are several drawbacks in practice which should be addressed, such as the way in
which RNAi is delivered, off-targets and stabilization of molecules inside cells. Considering
these factors, sShRNA is regarded to be more efficient than siRNA. When comparing these
two molecules, shRNA tends to be more effective inside cells, because it can be synthesized
constantly [44]. However, the use of shRNA with a vector could be more complicated
and time-consuming [48]. Researchers are still working on improving this method, for
example, by means of designing bi-functional shRNA that combines two types of shRNAs
are cleaved by RISC-dependent and -independent pathways, thereby leading to gene
silencing by mRNA degradation and translation inhibition at the same time [44].

3.1.2. Application in Studies

Several studies using siRNA and shRNA to silence POLQ show successful Pold mRNA
depletion [8,9,35,36]. The studies of Dai et al. (2016) [35] and Kelso et al. (2019) [36] on
cancer cell lines confirm increased sensitivity of cells to cisplatin after POLQ silencing
with siRINA.

Moreover, in a research study that involved inhibiting Pol8 via siRNA, Ceccaldi et al.
(2015) [8] presented its correlation with HR repair mechanism. The authors concluded
that Pol0 inhibits the HR pathway by direct binding to RAD51, therefore affecting its
assembly with ssDNA, which is observed in reduced RAD51 foci formation [8]. Also,
they demonstrated a synthetic lethal interaction of Pol@ and the HR repair pathway in
HR-deficient ovarian tumor cells, which revealed that depletion of both Pol6 and HR leads
to cellular death.

In addition, in the research of Goullet de Rugy et al. (2016) [49], siRNA was used to
perform knockout of Pol@ and genes encoding enzymes involved in DNA metabolism,
ie., FANCA, RECQL5, MUTYH, NEIL1, and USP22, to check synthetic lethal interaction
between them, in model of colorectal cancer cells. Mentioned genes were selected in the
screen, also performed with use of siRNA in the cells with Pol® overexpression. The
study did not show significant changes in cells viability after double knockout, versus
cells without Pol6 depletion. Therefore, it is possible to assume that Pol@ does not have
synthetic lethal correlation with any of these genes. Although, the scientists treated the Pol®
knockout cells with hydroxyurea and cytarabine, drugs suppressing DNA replication fork
progression and they exhibited increased sensitivity to the drugs, observed in decreased
cell viability in comparison to the control. These results suggest that Pol6 is involved in
replication fork interruption [49].

Finally, in the studies conducted by Pan et al. (2021) [9], the shRNA mediated Pol®
knockout was performed using a lentiviral vector with the purpose of analyzing Pol0
significance in liver cancer cells (HCC). Successfully obtained knockdown led to decreased
proliferation, migration, and metastasis, as well as increased apoptosis of cancer cells. Such
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effects may suggest that Pol0 is involved in these processes and its inhibition may disturb
the development of cancer cells. These results were also confirmed in vivo [9].

Presented studies show that Pol0 depletion by itself also influences tumors survival,
however compilation with different cytotoxic drugs or another DNA repair pathway
deficiency increases the sensitivity of cancer cells to these agents. Therefore, in authors’
opinion, it is a good indication for potential use of Pol® inhibitors in clinics to use it not as
a single therapy, especially given that there is a risk that tumors will develop resistance to
Pol8 inhibitors, similarly to what was observed when administrating PARPi.

3.2. CRISPR/Cas9 Technology
3.2.1. Description of the Technique

The most recent technique to achieve gene modulation is CRISPR /Cas9—Clustered
regularly interspaced palindromic repeats/CRISPR associated protein 9. This technique
was designed based on a naturally occurring CRISPR/Cas system in prokaryotes, serving
as an immune system, and defending them from foreign DNA particles of a viral or
plasmid origin [38,39,50,51]. Three components are crucial in the case of CRISPR/Cas9
procedures, i.e., guide RNA, Cas9 nuclease, and target DNA with protospacer adjacent
motif (PAM) [38,39]. Guide RNA, also referred to as single guide RNA (sgRNA), is a
molecule that combines functions of two RINAs working in natural processes of bacteria,
CRISPR-derived RNA (crRNA) and trans-activating CRISPR RNA (tractRNA). Cas9 protein,
derived from Streptococcus pyogenes, is guided by RNA and can target complementary
fragments of DNA only when there is PAM motif, a short sequence (2-5 nt) on one strand
of DNA [38,50,52]. The cooperation of sgRNA and Cas9 enzyme leads to a double strand
break in the target sequence, which could be repaired by non-homologous end joining
(NHE]) or homology-directed repair (HDR) mechanisms (Figure 2). NHE] repair occurs
when there is no homology between created ends, and it usually generates knockout of the
gene. However, HDR works while homology between ends occurs, which gives a chance
to introduce an extra sequence to an existing one and create a knock-in [32,38,50]. It is
additionally worth noting that the CRISPR /Cas system described above is of type II (out of
three discovered types) and it needs only one Cas9 nuclease [38,39].

CRISPR can have various modifications and be used not only with Cas9 endonuclease
(SpCas9), but also with other enzymes, e.g., Cas13, SpCas9, Cpfl, Casl2. Depending on
the structure, the characteristics and application of the system may vary, for example
Cas13 targets RNA instead of DNA [38,39]. CRISPR/Cas technology has a broad range of
applications within gene editing, e.g.,, DNA and RNA editing, genome screening, live-cell
imaging, virus and bacteria pathogen detection, inhibition, and killing, and gene therapy.
It is also well developed in cancer research, e.g., in discovering the role of mutations in
carcinogenesis by removing them from the genome, or creating cancer models by targeting
specific cancer suppressor genes which lead to tumor formation, or by removing the genes
that in consequence cause cancer cell death [39]. The application in cancer therapy was
proven by Lu et al. (2020) [53] in phase I clinical studies where T-cells with PD-1 gene
silencing done by CRISPR/Cas9 were administrated to the patients bearing non-small-cell
lung cancer. The treatment did not cause adverse effect, howeverit did not stop cancer
progression [53]. There is evidence that CRISPR/Cas9 could be used to overcome drug
resistance in cancer cells [51].

3.2.2. Application in Studies

This technique has a huge therapeutic potential. However, it also raises some ethical
controversies due to its ability to change human genome. Apart from its strongest advan-
tages, such as versatility, easiness to reach the target DNA, relatively high efficiency and
possibility to target multiple sites at once, CRISPR has its drawbacks [39,54]. The main one
is the off-target effect and induction of uncontrolled changes in the genome. Moreover,
there are problems with delivery in vivo and editing efficacy [51,54].
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In the studies conducted by Schimmel et al. (2017) [28], with the application of
CRISPR/Cas9 scientists were able to analyze, among others, TME] activity in mouse
embryonic stem cells. The CRISPR technology was used to obtain knockouts of POLQ,
Ku80, LIG4 genes and double knockouts, respectively. Moreover, the site-specific blunt
DSBs were introduced in marker gene HPRT. This allowed to measure how the mentioned
knockouts affect the frequency of mutations in this gene, which are the result of mutation-
prone repair, such as TME]. The results presented a decreased frequency of mutations
in POLQ knockout cells compared to wild type cells, while Ku80 and LIG4 knockouts
did not give any significant change in the mutation frequency compared to control cells.
Moreover, in double knockout of Ku§0 and POLQ), the mutation frequency was even lower
than in POLQ depleted cells alone. Furthermore, the authors measured sensitivity of
the knockout cells to ionizing radiation. Both TME]- and NHE]J-depleted cells exhibited
increased sensitivity, compared to wild-type, even though the changes in the mutation
frequency were not observed in NHE] knockouts. This analysis performed in the research
made it possible to conclude that TME], next to NHE], contributes to error-prone repair of
DSBs in mouse embryonic stem cells. Secondly, in the case of an absence of the NHE] repair
mechanism, TME] can replace it completely, however not in reverse. Finally, TME] repairs
DSBs with blunt ends and almost always requires microhomology near DNA break ends,
which was measured in the presence of simple deletions induced by Cas9-WT in exon 2
and 3 of HPRT gene [28].

In their studies, Ferreira da Silva et al. (2019) [33] examined the role of NHE] and Pol6-
mediated a-E] by inducing DNA breaks and knockouts with CRISPR-Cas9. The research
showed that NHE] is the main repair pathway to repair Cas9-induced DSBs. This study
also confirmed that Pol@-mediated repair can substitute NHE] when it is not present in
cells [33].

Further studies carried out by Mateos-Gomez et al. (2017) [7] showed the application
of CRISPR/Cas9 as well as shRNA in gene editing in mouse embryonic stem cells. Due to
the CRISPR/Cas9 knockout of the helicase and the polymerase domains of Pol® separately,
the scientists could prove their role in DSB repair, highlighting that the helicase domain
favors Polf-mediated repair by removing RPA. One of the measured parameters was
frequency of chromosomal translocation, which is assumed to be caused by Pol0 activity.
Lower frequency of translocation was reported when the helicase or polymerase domain
was depleted, which could lead to a conclusion that both are important for DNA ends
joining. Next, the authors observed increased accumulation of IR-induced RADS51 foci
regardless of which domain was depleted in cells. Moreover, with use of the CRISPR/Cas9
they performed HR-mediated gene targeting assay, revealing that both domains interact in
HR suppression. In addition, the usage of shRNA allowed to achieve additional BRCA1
gene knockout in the studied cells. In comparison to wild type cells, both types of double-
knockout cell lines, i.e., without either helicase or polymerase domain and BRCAI, exhibit
decreased growth. This experiment shows that helicase and polymerase activity of Pol@
is necessary for HR-deficient cells. In these assays, cells lacking a central domain which
interacts with RAD51 did not differ from wild type cells phenotype [7].

Moreover, Zhou et al. (2021) [13] used the CRISPR-Cas9 technology to knockout Pol®
to compare it with novobiocin effects on human cells. The results of this study are further
described below in Section 4.1.

Nevertheless, gene silencing is the most common application of CRISPR. The presented
studies demonstrates that CRISPR-Cas9 is a powerful and versatile tool, which often brings
better results than other methods of gene editing [38,55].

4. PolQ Inhibitors

The topic of Pol® inhibitors is still relatively new and not profoundly described in the
literature. Within the last two years, few studies have indicated three potential candidates
for Pol0 inhibitors: novobiocin (NVB), ART588 with its isomers and RP-6685 [11-13].
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4.1. Novobiocin

A coumarin antibiotic referred to as novobiocin, derived from Streptomyces, has been
used to cure bacterial infections by attaching to the Bergerat fold present in the DNA Gyrase
B’s ATP-binding site [56,57]. Novobiocin was introduced to cancer studies because of the
similarity between DNA Gyrase and Heat shock protein 90 (Hsp90) structure [56]. Hsp90
is an evolutionarily conserved molecular chaperon responsible for maintaining over 300
client proteins, involved in crucial cell processes. Those proteins are also linked with ten
hallmarks of cancer. Therefore, Hsp90 was placed as a target of anticancer therapy using
NVB as its agent [57-59].

On the contrary to what was initially hypothesized, NVB was found to bind Hsp90 at
C-terminal region and inhibit it allosterically, instead of Bergerat fold located at N-terminal
ATP-binding site like in case of DNA Gyrase Moreover, it became the first C-terminal
Hsp90 inhibitor that did not cause the heat shock response [56,60]. However, research
disqualified NVB from antitumor activity due to its high half maximal inhibitory concen-
tration (IC50) value of approximately 700 uM. Nevertheless, based on those results, several
derivative compounds that could block the Hsp90 protein were discovered and synthe-
sized [57,58,60,61]. Furthermore, the researchers tried to involve NVB and its derivatives
in many other applications, e.g., neurological studies, as a treatment for neurodegenera-
tive disease. Together, these discoveries could give some perspective for the studies on
novobiocin as Pol® inhibitor, especially that Pol@ share a similar structure to Hsp90 protein
considering the helicase domain with ATPase activity.

The studies on NVB targeting Polf are performed independent on previous once and
so far, three original papers about NVB as Pol6 inhibitor have been published. The following
section will summarize the most important findings of those studies [13,31,62]. To our
knowledge Zhou et al. (2021) [13] were the first to introduce NVB to Pol0 inhibition. They
performed a broad-spectrum analysis (small-molecule screening, secondary screening in the
presence of ssDNA, P-based radiometric ATPase assay, dose-response and binding capacity
experiment, thermal shift assays, molecular docking), which revealed that novobiocin as a
specific inhibitor that binds directly to the helicase domain with ATPase activity, in vitro.
Moreover, referring to the previous application of NVB, the scientists excluded its off-target
activity on HSP90 and TOP2, a eukaryotic homolog of DNA Gyrase, suspected of being
responsible for the cytotoxic effect of NVB in HR-deficient cells. Research proves that NVB
particularly targets Pol8 in human cells, which was examined by creating Pol8-knockout
cells with the CRISPR-Cas9 technology. These cells were more resistant to NVB treatment
than wild type cells [13].

NVB binds to the helicase domain of purified Pol0 protein. This domain is crucial when
deciding whether DSBs will be repaired by HR or TME]. By its ability to dissociate RPA from
resected DNA ends, it promotes the annealing of microhomologies, and in consequence
the TME] pathway. Therefore, it is possible to assume that inhibition of polymerase
domain with NVB allows RPA action and leads to increase end resection mediated by
BLM/EXO1, which stimulate HR repair and block NHE] at the same time [7,13]. In
cells with nonfunctional HR, excessive end resection may occur, accompanied by RPA
accumulation, which can lead to cell death. Additionally, the RAD51 accumulation is
predicted to be correlated with redundant DSB end resection, however not in PARPi
sensitive cells.

The described mechanism is well visible in studies on tumor xenografts of Zhou et al.
(2021) [13]. However, intensified end resection is also visible in PARPi resistant cells with
HR-restoration or HR-proficient U20S, after treatment with NVB. The possible explanation
of this mechanism is that with continuous inhibition by NVB, HR may not be efficient
enough, so over-resected DNA ends and nonfunctional RAD51 accumulate and become
toxic for cells. Therefore, it is assumed that NVB could kill cells stimulating DSB end
resection or ssDNA and RAD51 accumulation [13].

Zhou et al. (2021) [13] investigated if NVB has a similar effect on cells as Pol0 silencing
with other methods, such as siRNA knockdown. However, they demonstrated weaker
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RAD51 and H2AX foci formation after ionizing radiation (IR) in NVB treated cells than it
was confirmed in the studies of Ceccaldi et al. (2015) [8], where Pol® was knocked down by
siRNA. These results indicate that NVB inhibits Pol0, leading to DNA repair impairment.
Nevertheless, the effect might be weaker than inhibition achieved by siRNA.

In an animal model of mice with transplanted genetically engineered BRCA1-deficient
(BRCA1~/~) breast cancer, the animals treated with NVB had significantly smaller tumors
and lived almost three times longer than those treated with vehicle. In the next models of
mouse xenografts with FANCF-deficient and proficient ovarian cancer cell lines, the group
observed NVB effectiveness especially on FANCF-deficient tumors when the vehicle had
an impact on any of the cases. RAD51 foci were also generated in NVB-treated tumors [13].

Further, in vitro tests show that NVB significantly decreased the survival of BRCA1~/~
and BRCA2-deficient (BRCA2 /) RPE1 cells and generates the apoptosis in comparison
to WT cells. Moreover, it induces DNA damage (chromosomal aberrations and radial
chromosomes) at a similar level as cytotoxic drug mitomycin C.

What should not be neglected in the context of Pol6 inhibitors are PARP inhibitors
and PARPI resistance, one of the reasons for the studies on Pol0i. Therefore, Zhou et al.
(2021) [13] examined the synergic activity of NVB, olaparib and rucaparib in HR-deficient
cells. A stronger effect of PARPi together with NVB than alone in HR-deficient cells was
demonstrated, and additionally NVB decreases the IC50 value of both PARP inhibitors in
BRCA1~/~ and FANCF-deficient cells [13].

There are different hypotheses on the mechanism in which cells acquire PARPI resis-
tance. Moreover, it is possible that Pol is involved in this mechanism and its inhibition
could resolve this problem [11,19,63]. Research shows that NVB can deal with not only
one PARPi resistance mechanism. Zhou et al. (2021) [13] created clones of BRCA1~/~
RPE1 (Human Retinal Pigment Epithelial-1) cells resistant to PARPi in at least two different
mechanisms, i.e., replication fork stabilization and HR restoration visible via RAD51 foci
accumulation. Interestingly, the BRCA1 re-expression was not observed, which was unex-
pected since the protein interacts with PALB2 and BRCA2 at DNA damage site, indirectly
facilitating RAD51 filament formation [64]. It was revealed that one of the clones exhibit
lower expression of Shieldin complex component and the other clone decreased expression
of 53BP1. Thus, a possible mechanism of HR repair resumption could emanate from the
downregulation of the Shieldin complex and further NHE] repair downregulation [65,66].
Importantly, all the clones kept comparable responsiveness to NVB as parental BRCA1~/~
RPE1, not resistant to PARPi. To prove that the NVB effect on cells comes from Pol0
inhibition, the researchers genetically depleted Pol® in those clones and parental cells, as
well as BRCA1 wild type cells. This influenced HR-deficient cells, which was visualized
in a decreased survival rate but not wild type RPE1 cells, leading to conclusion that Pol®
inhibition is the most effective in HR-deficient cells. Similarly, two cancer cell lines derived
from patients with PARPi-resistance obtained via two different mechanisms, described
above, were sensitive to NVB treatment, while the resistance to olaparib lasted. Moreover,
after insertion of wild type BRCA1 cDNA to cells, POLQ expression and NVB sensitivity
were lower. The results described above may lead to a conclusion that HR-deficient cells do
not develop cross-resistance to NVB and PARP inhibitors. Moreover, said PARP1 resistance
mechanisms are independent on BRCA1 and most probably depend on Shieldin complex
functioning [13].

However, Zhou et al. (2021) [13] discovered that NVB cannot omit each mechanism
of PARPi resistance, namely, BRCA2 gene somatic reversion. The BRCA2-deficient cells,
with acquired PARPi resistance via this mechanism, did not react either to PARPi or NVB.
The mentioned results were reflected also in vivo in patient-derived xenografts. Therefore,
there is no clear evidence that Pol0 plays a role in PARP resistance, at least a mechanism is
not yet known.

As mentioned above, authors of various studies claim that POLQ mRNA expression
is upregulated in HR-deficient cancer cells [8-10,26,27]. Research proved that elevated
expression of POLQ mRNA and protein is specific for HR-deficient cells such as BRCA1~/~
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cells, and it is correlated with cell sensitivity to NVB, since BRCA1 ~/~ PARPi resistance cell
lines also exhibit higher POLQ mRNA expression. These observations were also confirmed
in vivo in HR-deficient patient-derived xenograft models. Moreover, the cells, which
develop PARPi resistance by BRCA2 somatic reversion, expressed low levels of Pol®, which
could indicate that this protein is not necessary for them. In conclusion, Pol6 expression
could serve as a biomarker of responsiveness to NVB and could be applied in the treatment
for patients in the future [13].

To conclude, the publication of Zhou et al. (2021) [13] is the first to present studies
on NVB in the role of Pol6ji, in vitro and in vivo, establishing NVB IC50 value at the level
of 100 uM. It highlights the promising role of NVB in killing HR-deficient cells compared
to wild type cells. Moreover, NVB enhances the cytotoxic effect of PARP inhibitors in the
said cells. Most importantly, this study assumes that NVB can be used either alone or in
combination with PARPi to deal with HR-deficient tumors, even in the case of developed
PARPI resistance. The research shows that NVB preferentially kills HR-deficient cells both
in vitro and in vivo [13].

Similar results were observed in studies of Patterson-Fortin et al. (2022) [62] who
used DNA-PK inhibitor, namely peposertib. Performed CRISPR screening revealed that
depletion of POLQ sensitizes cells to this inhibitor. Moreover, cancer cells with DNA-PK
depletion achived in two ways by knockout or treatment with peposertib show upregulated
level of Pol® and consequently revealed hypersensitivity to NVB, showing synthetically
lethal interaction between these two repair mechanisms. The inhibition of Polé by NVB
and DNA-PK with peposertib induces a toxic level of DSB end-resection. This effect
was shown and confirmed in increased RPA, BrdU, yH2AX foci, and ssDNA fragments.
Further analysis, which supports the results provided above, showed enhanced RAD51
foci accumulation, increased DNA damage visualized in comet assay and induction of
apoptosis. Therefore, this research presents evidence that the inhibition of both TME] and
NHE] repair pathways leads to excessive end resection, and in consequence cell death [62].

Another experiment also proved the convergent effect of NVB, peposertib and TP53
knockout. The cells with TP53 knockout revealed increased sensitivity to NVB and, in
combination with peposertib, it significantly lowers its possible used dose. This mechanism
was correlated with increased Pol® expression. Presented results were confirmed also
in patient-derived ovarian cancer organoids with TP53 mutations, showing a drop in
viability due to the toxic level of DSB end-resection. What is more, the combination of
the treatment with NVB and peposertib leads in vivo to a decrease of tumor growth in
mice. Although NVB influence tumor growth alone, together, the inhibitors demonstrate a
stronger effect [62].

In conclusion, all findings demonstrate synthetical lethality between Pol and DNA-
PK, the crucial protein of the NHE] pathway, as well as potency of their dual inhibition
in cells lacking TP53. Moreover, cells lacking BRCAI and BRCA2 also exhibited hyper-
sensitivity to the combination of NVB and peposertib, which may suggest that not only
Pol0 is important for HR-deficient cells survival, but also DNA-PK. This indicates a next
step in the development of cancer treatment based on Pol8 inhibition, particularly with
novobiocin [62].

In other studies, researchers apply NVB to inhibit Pol in cancer cells HCT116, as well
as create Pol8 knockout by CRISPR, method that was mentioned above in chapter 3 [31].
They used NVB to investigate additional Pol6 activity in intra-chromosomal fusion gen-
erated by TALEN. The research proved discriminatory Pol@ inhibition and reduction of
E] repair by half with an NVB dose of 100 uM. The same dose of NVB did not impact the
viability of Pol@ depleted cells. However, it significantly decreased the viability of WT cells.
On the other hand, NVB did not reduce the frequency of intra-chromosomal fusion in WT
cells, but it did only in the cells with changed POLQ expression, both surplus and deficient.
Therefore, the authors assume that this process might be regulated by mechanisms depen-
dent and independent on Pol0, leading to the conclusions that NVB may have an influence
on cells by targeting not only Pol0 [31].
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The recruitment of the compounds targeting Pol0 helicase domain, similarly to NVB,
in oncologic patients with HR-deficiency is reported by Ideaya Bioscience (San Francisco,
CA, USA), (https:/ /www.ideayabio.com/ pipeline/; accessed on 20 October 2022) [13,67].
The past experience of introducing NVB to clinical trial with rather poor results was not
very encouraging. However, then, NVB application was not combined with any DNA
repair deficiency. Nevertheless, it paves the way for future research [68].

4.2. ART558

Similarly to NVB, only three original papers using ART558 as ’ol0 inhibitor have been
published so far and only several reviews mention it [4,11,18,21,24,32,62,67]. The first one
to report were Zatreanu et al. (2021) [11] carried out screening of around 165,000 inhibitors
against Pol0 polymerase activity. Based on that assay, ART558, a small molecule inhibitor,
was selected with most suitable results of the IC50 value (7.9 nM), solubility, and LogD [11].

It is worth pointing out that ART558 has a different mechanism of action compared to
NVB since it targets the polymerase domain of Pol@. It binds to the allosteric binding site of
the Pol0 polymerase catalytic domain and enhances Pol0 thermal stability in the presence
of DNA. An isomer of ART558, namely ART615, was also discovered. However, this
compound shows poor Pol0 inhibition at higher concentration than in case of ART558 (at
12 pM). Therefore, it was used as a control compound to ART558 in the study of Zatreanu
et al. (2021) [11]. It was also demonstrated that ART558 is specific to polymerase theta
because it does not inhibit other polymerases, such as Pol, Poly, Poln, and Polv, and any
other kinases, including PARP1 and PARP2, even at 10 uM concentration [11].

Pol@ inhibition by ART558 exhibits a synthetically lethal effect with HR repair genes,
such as BRCA?2, similar to the inhibition via siRNA. A model of BRCA2/—, cells resistant
to the PARP inhibitor, was used to visualize the mechanism. The cells reveal sensitivity to
ARTS558, but not to ART615. Furthermore, similarly to genetic silencing of Pol®, ART558
treatment with olaparib disturbs BRCA2~/~ cells survival, confluency and induces apop-
tosis much stronger than in wild type BRCA2-proficient cells. In addition, the scientists
observed that ART558 induces several events related to DNA damage and its level is higher
in the knockout cells versus wild type, including accumulated lasting YH2AX foci elevated
micronuclei formation and chromosomal abnormalities [11].

Responsiveness of BRCA2~/~ cells was also proven in a model of CAPANT (pancreatic
ductal adenocarcinoma tumor) cells derived from the tumor with naturally occurring
BRCA2 mutation. Based on the application of these cells and their modification with a
restored open-reading frame of BRCAZ2, the research shows significantly lower sensitivity
of the cells with restored BRCA2 to ART558 compared to the BRCA2~/~ cells. What is
more, it was confirmed using genomic databases that CAPAN1 appeared to be one of the
most sensitive cell lines to Pol0 inhibition among other 249 BRCA-deficient tumors [11].

Along with BRCA2, a dual synthetically lethal effect was demonstrated between Pol6
inhibition by ART558 and PARP by olaparib in BRCA1~/~ RPEI cells. Meanwhile, ART558
in the same concentration, which influenced knockout cells, had a minimal effect on normal
human mammary epithelial cell lines or BRCA-gene wild type triple-negative breast tumor
cells. ART558 sensitivity was also confirmed ex vivo in tumor organoid derived from
BRCA1-mutant breast cancer, which was also sensitive to olaparib. The sensitivity was
observed as decreased surviving fraction compared to BRCA1 wild type organoids. The
presented results highlight the synthetically lethal interaction between Pol® and BRCA1 or
BRCAZ2 [11].

In order to recognize other factors that could sensitize cells to mentioned inhibitors,
the researchers conducted chemosensitization screens to ART558 and olaparib with the use
of siRNAs in BRCA1~/~ and wild type RPE1 cells. In case of ART558 in wild type cells,
siRNAs targeting the following genes caused sensitivity: BRCA1, PALB2, POT1 and POLH.
BRCAT and PALB?2 also appeared in olaparib sensitivity screening, which could be expected
due to their role in HR. However, the role of POTI and POLH genes is not clear in this
mechanism. POLH encodes polymerase 1 which is involved in translesion synthesis, and
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its overexpression is correlated with shorter survival of patients with lung cancer, similarly
to PolB [69]. On the other hand, POT1 encodes one of Shelterin proteins, responsible for
telomeres protection and telomerase regulation, the crucial processes for cell survival [70].
Thus, increased sensitivity to ART558 in absence of POT1 may arise from the mechanism
independent on DNA repair. In BRCA1~/~ cells, the most important observation was that
siRNAs targeting genes encoding proteins from the Shieldin complex induced sensitivity
to ART558, which was not reported in cells with BRCA1. Also, genetic screens in mice with
POLQ knockout revealed such a correlation between components of the Shieldin complex
and Pol@ depletion. The cited results may suggest that ART558 could be used to overcome
PARP; resistance acquired by depletion of Shieldin complex elements in BRCA1~/~ cells
by a mechanism of dual synthetic lethality, which also agrees with the results obtained by
Zhou et al. (2021) [11].

Establishing various cell models of gene knockouts and their compilation, i.a., BRCAI,
53BP1, and Shieldin components: SHLD1/2/3, with POLQ, it was found that it gives a
synthetic lethal effect. Moreover, the cell models possessing above mutations separately,
reveal sensitivity to ART558, whereas staying resistant to olaparib [11].

The promising results of in vitro studies were shadowed by the fact that ART558
exhibits low in vivo metabolic stability in rats microsomes. Thus, if ART558 is to be intro-
duced in clinical trials, this issue must be resolved. Nevertheless, the authors used another
inhibitor, ART812, in the part of in vivo studies. It is important point for improvement for
this inhibitor. Further, it was observed that tumors established in the rats with introduced
double knockout BRCA1 and SHLD2 breast cancer cells were significantly smaller after
treatment with ART812 [11].

Patterson-Fortin et al. (2022) [62], mentioned above in the context of novobiocin, also
applied ART558. The results were consistent with the one obtained for NVB and confirmed
the synthetically lethal relationship of Pol® and DNA-PK, while demonstrating increased
cytotoxicity during the treatment with both inhibitors, ART558 and peposertib [62].

Other research group used ART558 in the treatment of transformed mouse embryonic
fibroblast cells in extrachromosomal assay [24]. The intention of the experiment was to
evaluate role of PARP1 and its inhibition in TME]. The study confirmed that a fully depleted
function of PARP1 has a merely moderate effect in TME] disruption, which may help to
understand why double inhibition of Pol® and PARP has a greater impact in the treatment
of HR-deficient cancer cells [24].

The cited studies summarize the application of ART558 as a Pol@ inhibitor. ART558 has
a potential to be applied in cells resistant to PARP inhibitors and could be used in therapy
alone or in combination with PARPi. Moreover, research proved the synthetically lethal
interaction between Pol8 and HR repair mechanism [11,24]. In addition, the derivative of
ART812, ART4215, was introduced to clinical trials by the pharmaceutical company Artios
Pharma Ltd. (Cambridge, UK). However, there is still much work that needs to be done to
develop a sufficient therapeutic method based on the use of this inhibitor [11,18,32,71].

4.3. RP-6685

Recently, research on a new Pol0i, RP-6685, was published by Bubenik et al. (2022) [12].
The authors discovered, synthesized, and characterized, via multiple biopsychical methods,
a potent, selective, and orally bioavailable inhibitor of Pol® polymerase domain, similarly
to ART558. The compound in in vitro and in vivo tests on cancer cells and mouse xenograft
models, also HR-deficient, gives promising results. HEK293 LIG4-deficient cells exhibit
decreased activity of Polf-mediated repair pathway, after the treatment with RP-6685.
Moreover, BRCA2~/~ HCT116 cells revealed a lower proliferation rate caused by RP-6685
treatment. In addition, the mice model with the BRCA2~/~ xenograft showed decrease of
the tumor growth after first eight days of inhibitor administration, compared to vehicle.
However, this effect did not last till the end of the 21st day of treatment. Nevertheless,
the publication is rather focused on physicochemical characterization. Therefore, in our
opinion, broader research is necessary for this inhibitor [12].
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5. Conclusions and Prospects

Pol® may play a significant role in the human organism and be even more important
in tumors. The level of its expression is elevated in cancer cells, while the depletion
of Pol® achieved in various ways, genetically or chemically, leads to cancer cell death,
especially in HR-deficient cells [8-11,13,62]. It is therefore difficult to distinguish the most
efficient strategy to inhibit or knockout Pol8 protein. However, with increasing knowledge
and development, the CRISPR/Cas9 technology seems to be the most promising genetic
method. Nevertheless, due to ethical issues, it is still not available for patient therapies, on
the contrary to small-molecule inhibitors [38,39,55].

The discovery of Pol@ and its inhibitors is undoubtedly a next chapter in cancer
treatment. Nevertheless, Polfi research is in early stages and clinical studies are needed to
prove their potency. There are high expectations that Pol0i will be introduced into cancer
therapies, however it is possible that cancer cells will also develop resistance to Pol6i,
similarly to the case with PARPi [11,13,24,31,51,62,72,73].

If Pol@i eventually become registered anticancer drugs, combining them with inhibitors
of other DN A-repair proteins such as PARP1, as well as using them in monotherapy could
be tested in patients [11,13].

Attention should also be paid to the identification of biomarkers that could indicate
tumors which are sensitive to Pol0 inhibition. The level of Polf expression itself could
serve as a biomarker [13,62,73].

To summarize, Pol® inhibitors, such as novobiocin, ART558, and ART812, respec-
tively, lead to the death of cancer cells both in vitro and in vivo, mostly in the case of
HR-deficient cells. They induce biomarkers of DNA damage, such as RAD51 and RPA
foci, yYH2AX foci, or micronuclei formation, which may give satisfying results at the stage
of pre-clinical research. Both small molecules, or compounds synthesized based on them,
are being introduced in clinical trials. Therefore, many scientists are waiting impatiently
for the results of the next steps of studies on NVB and ART558 as well as new candi-
dates for Polbi [11,13,18,32,62,67]. Moreover, a newly discovered inhibitor, RP-6685, shows
promising results in vitro and in vivo in reducing cancer development [12].

Pol® inhibitors and new Pol@ synthetically lethal interactions are fast developing
research topics. Results of research showing a new synthetically lethal interaction between
novobiocin and DNA-PK inhibitor peposertib were published in August 2022 [62]. This
illustrates the potential of the research in this topic and how much is still to be discovered.
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Abstract: DNA repair proteins became the popular targets in research on cancer treatment.
In our studies we hypothesized that inhibition of DNA polymerase theta (Pol0) and its
combination with Poly (ADP-ribose) polymerase 1 {PARP1) or RADS52 inhibition and al-
kylating drug temozolomide (TMZ) has anticancer effect on glioblastoma cells (GBM21),
whereas low impact on normal human astrocytes (NI1A). The effect of the compounds
was assessed by analysis of cell viability, apoptosis, proliferation, DNA damage and cell
cycle distribution, as well as gene expression. The main results shows that Pol® inhibition
causes decrease of glioblastoma cells viability by almost 50%. It induces apoptosis which
is accompanied by reduction of cell proliferation and DNA damage. Moreover, the effect
is stronger when dual inhibition of Pol0 with PARP1 or RAD52 was applied, and it is
further enhanced by addition of TMZ . The impact on normal cells is much lower, espe-
cially considering cells viability and DNA damage. In conclusion we would like to high-
light that Pol8 inhibition used in combination with PARP1 or RAD52 inhibition has great
potential to kill glioblastoma cells, showing synthetic lethal effect, while sparing normal
astrocytes.

Keywords: Pol0; RAD52; PARP1 inhibitors; synthetic lethality; DNA repair, DNA damage; glio-
blastoma; personalized therapy

1. Introduction

Glioblastoma (GBM) previously known as Glioblastoma Multiforme now is recog-
nized as Glioblastoma, Isocitrate dehydrogenase (IDH) wild-type according to WHO classi-
fication of Tumors of the Central Nervous System from 2021, and is treated separately
from Astrocytoma, IDH-mutant tumors, differently than in previous WHO classification
[1,2]. GBM is an adult-type, diffuse, IV grade glioma considered as a most popular and
dangerous brain cancer, the median survival time for diagnosed patientis 15 months [1,3—
5]. Primary glioblastoma is formed from glial cells and could be characterized by one of
these changes: microvascular proliferation, necrosis, EGFR amplification, TERT promoter
mutation, or combined gain of chromosome 7/loss of chromosome 10 copy number [1,2].
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Traditional treatment of GBM includes surgical resection if possible, radiotherapy
and chemotherapy from which the first recommendation is the therapy with te-
mozelomide (TMZ), commercially available drug, approved by Foed and Drug Admin-
istration (FDAY and European Medical Agency (EMA) [3,4,6] . TMZ was found to promote
methylation of DNA, thus creation of O6-methylguanine which leads to DNA damage
and apoptosis in tumor cells [7-9]. We applied TMZ. to our research due to its widespread
use in patients treatment. Our objective was to assess its effectiveness with simultaneous
inhibition of DN A repair proteins, in context of potential combined therapy and its impact
on healthy tissues.

Despite existing possibilities, there are many barriers in the treatment of GBM, such
as localization of the tumor, its spreading character, hindered drug delivery, heterogene-
ity of the tumor tissue and continuous issue with tumor recurrence and drug resistance
[2]. Therefore, the need for development of the new more precise and efficient treatment
is urgent.

The approach of personalized therapy is currently developing in oncology. Studies
analyzing molecular markers, gene expression, whole genome sequencing, and epigenet-
ics enable the identification of tumors with particular genetic modifications [10,11]. Mu-
tations in DINA repair pathways, especially of double-strand breaks (DSBs), are important
for cancer growth. The cancer cells with repair alterations develop selective growth dom-
inance, combined with genetic instability and further progression. However, usually it
makes cancer dependent on one DNA repair pathway, which creates opportunities to de-
feat tumor cells [11]. The strategy of synthetic lethality (SL) is applied in such cases. The
SL is based on affecting two genes simultancously to kill cells, while silencing any of these
genes separately is not lethal[12]. The examples of such treatment are the small molecules
inhibitors targeting proteins involved in DNA DSBs repair mechanisms, such as Pol@,
PARTP1 and Rad52. The inhibitors could be applied in combination to eliminate activity of
two or more repair pathways simultaneously or in tumors with specific deficiencies, e.g.
common homologous recombination (HR} defect, BRCA1/2Z mutation. The second ap-
proach is particularly important for precision medicine since it allows to spare nonmalig-
nant cells [13-15].

The first to obtain significant success in treatment based on SL interaction were PARP
inhibitors targeting BRCA-mutated cancer cells. Poly (ADP-ribose}) polymerases
(PARDPs) are DNA repair proteins, which play important role in various processes includ-
ing HR, base excision repair (BER), classical and alternative non-homologous end joining
{NHE]), nucleotide excision repair (NER), maintenance of replication fork stability, and
mismatch repair (MMR). The main representatives are PARP1 and PARP2 proteins
[16,17]. There are five different inhibitors that have been approved in the treatment of
ovarian and breast cancer in Europe and the United States, i.e. olaparib, rucaparib, ni-
raparib, veliparib and talazoparib [18,19]. Talazoparib is the one used in our study. 1t is
shown that it exhibits cytotoxic effect on cancer cells via two mechanisms: inhibition of
PARP catalytic activity and PARP blockade at the site of DINA damage thereby stopping
further DNA repair and leading to apoptosis and/or cell death [20,21].

Since the success of PARP inhibitors against BRCA-mutated cancer cells, interest in
identifying potential SL targets, e.g. Pol8, has grown. However, the tumors resistance to
PARPi has created yet unmet need to expand research in this area [22].

Pol8 is a DNA polymerase involved in theta-mediated end joining (TME]) — a DSBs
repair pathway distinct from other mechanisms by independence on Ku, XRCC4 and LIG4
proteins, presence of resected DNA ends with 3 single-stranded overhangs and several
mucleotide-long microhomology regions. This is the main activity of Pol@, but not only,
the protein is engaged in other molecular mechanisms such as translesion synthesis, base
excision repair, mismatch repair, replication-associated DNA breaks, or reverse transcrip-
tion and interstrand crosslinks repair [23,24]. Several Pol@ inhibitors, which gained special
interest has been developing in laboratories and clinical studies, i.e. Novobiocin, ART558,
ARTB12, ART4215 and RP-6685 described very precisely by Pismataro et al., 2023 with
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four registered clinical studies (NCT05687110, NCT06077877, NCT04991480, 99
NCT05898399; clinicaltrials.gov, accessed on 16 January 2024) [11,25-27]. ART558 was ap- 100
plied in in this study. This is the inhibitor which allosterically anchors to binding site of 101
Pol8 polymerase catalytic domain and stabilizes it thermally in DNA presence, together 102
leading to disrupted activity of Pol® [11,25]. 103
The third protein engaged to our study — RAD52 due to its ability to anneal ssDINA 104
plays very important role in various mechanisms, i.e. HR repair and 55A, replication fork 105
stabilization and assembly of a displacement loop (D-loop). A well-known inhibitor of 106
RAD52, 6-OH-DOPA disassociate RADS52 ring superstructure transferring it to dimers 107
what results in repressed protein function [28,29]. 108
The previous studies of our group demonstrated synthetically lethal interaction be- 109
tween PARP inhibitor (BMN} and class | histon deacetylases, as well as PARPi and LIG4 110
deficiency in glioblastoma cells [30,31]. To our knowledge this is first published studies 111
demonstrating influence of Polfi — ART358 and PARPi — BMN673 or RAD52i — L-OH- 112

DOPA on glioblastoma cells. 113
2. Methodology 114
2.1. In vitro cell culture 115

Glioblastoma cell line derived from surgical specimens, was obtained from the pa- 116
tients of the Department of Neurosurgery, Surgery of Spine and Peripheral Nerves, Uni- 117
versity Hospital WAM-CSW Lodz. The cell line was established in the Laboratory of Med- 118
ical Biochemistry Department, Medical University of Lodz and named GBMZ21. The study 119
was approved by the Ethical Commission of the Medical University of Lodz 120
(RINN/23/22/KE), and informed consent was obtained from all patients. To obtain cell line 121
tissue fragment was washed several times with HBSS buffer (Gibco, Thermo Fisher Scien- 122
tific, Waltham, Massachusetts, USA} and minced mechanically with a scalpel in sterile 123
conditions. The shredded tissue fragments were passed through a filter with a pore size 124
of 70 pm, and then centrifuged. If a large number of red blood cells were present in the 125
cell pellet, RBC lysis buffer (Sigma-Aldrich) was used. 124

Glioblastoma cells were cultured in DMEM/F12 medium (Gibco, Thermo Fisher Sci- 127
entific, Waltham, Massachusetts, USA) supplemented with 10% FBS (Lonza), 100 IU/ml 128
penicillin, 100 pg/ml streptomycin (Lonza) and gentamycin 50 ug/ml (Lonza) in a humid- 129
ified atmosphere containing 5% CO2 at 37°C. Once the cells have multiplied they were 130
subjected to positive selection via magnetic-activated cell sorting on magnetic separator 131
MiniMACS™ (Miltenyi Biotec} with use of CI[3133 magnetic microbeads MACS® (Mil- 132
tenyi Biotec). The Normal Human Astrocytes — NHA (Lonza} were grown in ABM™ Basal = 133
Medium supplemented with AGM™ SingleQuots™ Supplements (Lonza) and cultured 134

according to the protocol provided by manufacturer. 135

GBM?21 cell line was tested for POLQ) gene expression and it exhibited its overexpres- 136
sion versus NHA cells. 137
2.2. Drug treatment 138

In the experiments following compounds were used: inhibitor of Pold — ART558 139
(MedChem Express), 56,5 pM; inhibitor of PARPI - talazoparib (BMIN673) (Selleckchem), 140
110 nM; inhibitor of RAD52 — L-OH-DOPA (Sigma-Aldrich), 62,5 uM and alkylating 141
drug — temozolemide (TMZ), 37 uM. Compounds were dissolved appropriately accord- 142
ing to the manufacturer's instructions in distilled water or DMSO to a starting concentra- 143
tion of 10 mM, and then working concentrations were prepared immediately before the 144
experiment in DMEM/F12 culture medium. The treatment scheme was established and 145
proved to work in previous experiments. Shortly, cells were incubated with the com- 146
pounds for 120 h with the second dose after 48 h [30-33]. Following variants of the treat- 147
ment were used: ART558, BMN673, L-OH-DOPA and TMZ separately, ART558 + 143
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BMNG673, ART558 + L-OH-DOPA, ART558 + TMYZ, BMN673 + TMZ, L-OH-DOPA + TMZ, 149
ART5H58 + BMN673 + TMZ, ART558 + L-OH-DOPA + TMZ. 150

2.3. Flow cytomelric analysis of apoplosis and necrosis 151

Changes in viability and mechanism of cell death after standard treatment described 152
above were analyzed using staining with propidium iodide and FITC Annexin V. Cells 153
were prepared and analyzed according to the FITC Annexin Apoptosis Detection Kit I 154
(BD Biosciences, Franklin Lakes, New Jersey, USA) by flow cytometry. Annexin V has 155
strong affinity to phosphatidylserine, which appears on the cell’s surface during carly 156
apoptosis, while propidium iodide binds to DNA by penetrating through the fragmented 157
cell membrane, which is characteristic of necrosis and late stages of apoptosis. Cell viabil- 158
ity results were also obtained using this assay. 159

2.4. Cell morphology visualized by fluorescence microscopy 160

To visualize the influence of inhibitors on cell viability, normal and cancer cells were 161
subjected to calcein AM and propidium iodide (Pl} double staining. Cells were stained 162
after standard treatment and incubated for 30 min at 37°C with the mixture of 2 mM cal- 163
cein AM and propidium iodide I mM (Thermo Fisher Scientific, Waltham, Massachusetts, 164
USA) diluted in PBS. Calcein AM, the acetoxymethyl ester of calcein, freely penetrates the 165
membranes of living cells, where the acetoxymethyl group is degraded, allowing calcium 166
binding to calcein showing strong green fluorescence, when excited. Propidium iodide 167
stains the DNA of dead cells showing low plasma membrane integrity, indicated by red 168
fluorescence signal. The results were observed and pictured in an inverted fluorescence 169
microscope LEICA. 170

2.5. Clonogenic assay 171

The cancer cells ability to form colonies were measured by clonogenic assay. Prior 172
the test cells had undergone the standard treatment described above. Then, trypan blue 173
staining was used to assess the viability of the treated cells. Following this, 10° cells were 174
resuspended in 700 pl of soft agar 0,4% containing DMEM, FBS and antibiotics and plated 175
on a 12-well plate over 700 pl of solidified agar underlay (0.5% also with DMEM, FBSand 176
antibiotics). The medium was applied over the solidified cell layer and changed weekly. 177
Prepared plates were incubated for 2 weeks, at 37 °C, 5% COz. The colenies were stained 178
with 0.005% crystal violet and counted under the microscope. Clonogenic efficiency was =~ 179
expressed as percent of untreated control (no. of colonies after treatment vs no. of colonies 180
in control sample x 100%). 181

2.6. Cell cycle 182

To analyze the influence of the compounds on cell cycle distribution of glioblastoma 183
and NHA population, cells fixed with 70% cold ethanol were stained with propidium io- 184
dide with addition of RNase (BD Biosciences) and analyzed by flow cytometry. 185

2.7. Measurement of Histone H2AX phosphorylation 186

The levels of phosphorylated Histone H2AX, constituting of DNA DSBs, were meas- 187
ured by H2AX Phosphorylation Assay Kit (Merck KGaA, Darmstadt, Germany). After the 188
standard treatment the cells were fixed and permeabilized to facilitate staining and detec- 189
tion. The presence of Histone HZAX phosphorylated at serine 139 was detected using a 190
FITC-conjugated anti-phospho-Iistone IT2AX antibody. Flow cytometry was employed 191
to quantify the number of cells exhibiting positive staining for phosphorylated Histone 192
HZAX. 193

2.8. Neutral Comet assay 194
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The level of DINA double-strand breaks generated by the used compounds was stud- 195
ied using the neutral comet assay. Following the standard treatment, cells were exposed 196
to gamma radiation of 8 Gy. After that, cell were resuspended in 0.4% low melting point 197
(LMP} agarose solution and immediately applied to the precoated slide with 0.5% normal 198
melting point (NMP) agarose. Prepared slides were subjected to overnight lysis (2.5 M/L 199
NaCl, 100 mM/L EDTA, 10 mM/L TRIS). Then, the slides were placed in developing buffer 200
{ 300 mM/L NaOH, 1 mM/L EDTA} for 20 minutes. After that, electrophoresis was carried 201
out in the electrophoretic buffer (300 mM sodium acetate, 100mM TRIS) for 1 hour, at 9V 202
and 100 mA. After finishing electrophoresis, the slides rinsed with water were stained 203
with DAPI solution (100 pg/mL) by applying 50 pL of solution to each slide and incubat- 204
ing the slides for at least 45 minutes, at 4°C. To visualize the results, the slides were ob- 205
served at 200x magnification in an Eclipse fluorescence microscope (Nikon, Tokyo, Japan) 206
attached to a COHU 4910 video camera (Cohu, Inc., San Diego, CA, USA} equipped with 207
a UV-1 A filter block and connected to a personal computer-based image analysis system 208
Lucia-Comet v. 6.0 (Laboratory Imaging, Praha, Czech Republic), 50 comets were counted 209
from each repetition of the experiment. The % of the DNA in comet tail was taken into 210
account. 211

2.9. Statistical Analysis 212

Data from at least three independent experiments were analyzed and presented as 213
mean * SEM. The results were compared in SigmaPlot, using one-way ANOVA with the 214
Holm-5idak post hoc test. All graphs were done in GraphP’ad Prism 10. P-values of <0.05 215
were considered statistically significant. 216

217
218



Int. J. Mol. 5ci. 2024, 25, x FOR PEER REVIEW 6 of 19

cell viability (%)

cell viability (% )

3. Results

3.1. ART558 inhibitor used alone or in combination with PARP1/RADS2 inhibitors and alkylating
agent TMZ leads to cell death via apoptosis in patient-derived glioblastoma cells

3.1.1 Cell viability

Inhibition of Pold or PARPL or RADS2 gives significant reduction of glioblastoma
cell viability in comparison to untreated control (Fig.1 A,C}, what is not observe in case of
normal cells NHA (Fig.1 B,DD}. The combination of Pol@ inhibition with either PARP1 or
RAD52 enhances the effect significantly in comparison to the control and to inhibition of
Pol® alone. Although, double treatment with Pol@i and RADS52i decreases NHA cell via-
bility significantly versus the control and Polf}, not in such degree as in cancer cells. The
addition of TMZ to Pol@ inhibition gives significant reduction of cell viability in GBM21
but not NHA. Interestingly, separate treatment with TMZ gives significant reduction of
NHA viability, what shows its negative influence on healthy cells. The strongest effect,
and significantly higher than single inhibitions or treatment with TMZ and double com-
binations, was obtained when three compounds together, either PolQi, PAPRi and TMZ
or Pol8i, RADS2i and TMZ in both cell lines. However, this effect in GBM21 is around 4
times stronger than in NHA.
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Control

ART558

BMN

L-OH-
DOPA

Fig. 1 The effect of DNA repair proteins inhibition and treatment with alkylating agent and  their
combinations on cancer GBM21 and normal NHA cells viability. Three independent experiments
were performed, and the results are shown as the mean + standard error of the mean (SEM). * p <
0.05, ** p < 0.01, ** p-value < 0.001; A., C. In comparison to the control all results are statistically
significant with p-value <0.001; A — ART558, B - BMN673, L - L-OH-DOPA, T - TMZ.

3.1.2 Visualization of morphological changes by double Calcein AM/PI staining

Morphological changes induced by ART558 +/- were assessed by Calcein AM/PIdou-
ble staining (Figure 2) Cells treated with the inhibitors showed the characteristic hall-
marks of cellular homeostasis disorders such as disrupted cellular membrane integrity
well visible by penetration of PI. Also, the change in cell size and general appearance of
the cells could be observed. These morphology changes were much more noticeable in
cancer than in normal cells, where almost no differences were observed. These alterations
of cellular morphology were in agreement with the increasing number of dead cells
stained with PI especially in samples treated with ART558, TMZ and BMN or L-OH-
DOPA. Based on visual assessment the evident differences between treatment groups are
observed: separate usage of compounds give around 10 % of dead cells, dual inhibition
and Pol8 with TMZ up to 50%, and the rest of treatment variants more than 50%.

GBM21
- " -
A+B L+T Ay 7
LY
" A+B+T-

Fig. 2 The effect of DNA repair proteins inhibition and treatment with alkylating agent and their
combinations on cancer GBM21 and normal NHA cells, visualized with Calcein AM and PI staining,
magnification of the pictures is 10x. A — ART558, B - BMNG673, L — L-OH-DOPA, T - TMZ.

3.1.3 Cell death mechanism

Double staining with PI and FITC Annexin V was used to determine whether the
compounds induced apoptosis. Most of the cancer cells after treatment are in stage of late
apoptosis, some of them in early apoptosis, and little part in necrosis, which indicate that
inhibitors and TMZ lead to apoptotic cell death. Percentage of cancer cells in early apop-
tosis was significantly increased after the treatment with combination of Pol8iand PARPi
or RAD52i, PolBi and TMZ, and three compounds together in comparison to the control
and separate inhibition of Pol6. Similar correlation was observed in cells population in
late stage of apoptosis, despite the fact that combined inhibition of Pol® with PARP or
RADS52 did not give the significant increase in comparison to separate inhibition of these
proteins (Fig. 3 A,C). Interestingly, higher population of necrotic cells were observe in
NHA than GBM21, suggesting that normal cells less likely undergone apoptosis. Moreo-
ver, dual inhibition of Pol8 and PARP with TMZ significantly increased necrotic popula-
tion of normal cells. In GBM21 differences between variants of treatment and control were
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not detectable in case of necrosis. The combined treatment with Pol®i and PARPi and
TMZ significantly elevated the level of NHA cells in early and late apoptosis and in com-
parison to the contrel, and separate inhibition of Pol6 and Pol& with PARP in case of late
apoptosis (Fig. 3 B). The combined treatment with Pel8i and RADS52i with or without TMZ
gave significant increase of NHA cells only in early apoptosis, compared to control and
Pol@ inhibition alone (Fig. 3 D)
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Fig. 3 Proapoptotic effect of DNA repair proteins inhibition and alkiliting agent and their
combinations on cancer GBM21 and normal NHA cells. Three independent experiments were
performed, and the results are shown as the mean =+ standard error of the mean (SEM). * p < 0.05, **
P = 0.01, ** p-value < 0.001; C. late apoptosis, in comparison to the control all results are statisticaly
significant with p-value < 0.001; A — ART558, B —BMNG673, L — L-OH-DOPA, T - TMZ..

3.2. Inhibition of Pol@ and coinhibifon with either PARPT or Rad52 decreases invasive
characteristic of the glioblastoma cells

We used clonogenic assay to measure the ability of single cancer cells to proliferate
and form colonies after the treatment with the inhibitors and cytotoxic drug. We observed
decreased cell proliferation visualised in significant reduction of colony formation be-
tween the control and each treatment variant. Also, in comparison to single inhibition of
Pol@}, the combination of PolBi and PARPi or RAD52i or dual inhibition with TMZ gave
statistically significant reduction of colonies number. The results are also presented in the
photos (Fig. 4 C, D)
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ARTS58 L-OH-DOPA

ART558+L-OH-DOPA

ARTS558+L-OH-DOPA ARTS558 + TMZ L-OH-DOPA + TMZ +TMZ

328 '

Fig. 4 Reduction of colony formation induced by DNA repair proteins inhibition and alkylating
agent and their combinations in GBM21 cells. Three independent experiments were performed, and
the results are shown as the mean + standard error of the mean (SEM). * p < 0.05, ** p < 0.01, ** p-
value <0.001; A - ART558, B - BMN673, L — L-OH-DOPA, T - TMZ.

3.3 Combined inhibition of PolO and either PARP1 or Rad52 and induction of DNA alkylation by
TMZ leads to decrease of GO/G1 and arrest of cell populations in S phase, both cancer and normal

In GBM21 the significant effect in cell cycle changes was observed after treatment
with RAD52i or PARPi and TMZ, i.e. decrease of G0/G1 cell population in comparison to
the control in both cases and single inhibition of PARP, respectively. The addition of Pol8i
to these treatments gave similar results, significant versus control and PARPi. Addition-
ally, they were significant to single inhibition of Pol8 in variant with RAD52i and to dual
inhibition of PARP with Pol8 in variant of PARPi (Fig. 5 A,C). Also, the combination of
PolBi with TMZ caused significant arrest of cell cycle in G2/M and S phases and decrease
in GO/G1 in comparison to the control and Pol®i (Fig. 5 A,C). Further, the inhibition of
Pol0 and RAD52 with TMZ induced statistically significant shift of the cells to S phase in
comparison to the control and Pol6i (Fig. 5 C). Similar results as shown for GBM21 were
obtained for NHA cells (Fig. 5 B,D).
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Fig. 5 Distribution of cells through cycle phases after the inhibition of DNA repair proteins and
alkiliting agent treatment and their combinations in GBM21 and NHA cells. At least two independ-
ent experiments were performed, and the results are shown as the mean + standard error of the
mean (SEM). * p < 0.05, ** p < 0.01, ** p-value < 0.001; A — ART558, B — BMN673, I — L-OH-DOPA,
T-TMZ.

3.4. Cointhibition of Pol® with PARPI increases the number of DSBs in the glioblastoma cells

H2AX phosphorylation measurement served as marker of D5Bs. The results of this
assay showed significant induction of H2AX phosphorylation in GBM21 after the dual
inhibition of Pol® and PARPI, treatment and dual inhibition with TMY in comparison to
the control (Fig. 6 A). Also, separate usage of TMZ, as well as with Pol6i induced DSBs at
very similar level, significantly versus control (Fig. 6 A,C}. The NHA exhibited signifi-
cantly higher level of H2AX phosphorylation after the treatment with TMZ and the com-
bination of Pol@i and PARPLi and TMZ in comparison te the control and separate inhibi-
tion of Pol6.
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Fig.6 TI2ZAX phosphorylation expressed as level of fluorescence signal relative to the control induced
by the inhibition of DNA repair proteins and alkylating agent treatment and their combinations in
GBM21 and NHA cells. At least two independent experiments were performed, and the results are
shown as the mean =+ standard error of the mean (SEM). * p < 0.05, ** p < 0.01, " p-value < 0.001; A
— ART558, B-BMN673, L —-L-OH-DOPA, T - TMZ.

3.5. Cointhibition of Pol8 with PARPT enhances the genotoxic effect obfained by gamma radiation
in the glioblastoma cells, in contrast to normal cells.

The amount of DNA in comet tail is a direct marker of DNA damage, specifically
double strand breaks. The exposure of the cells to gamma radiation was applied to simu-
late radictherapy and analyse its combination with the used compounds. The percentage
of DNA in tail in GBMZ21 cells was significantly elevated between all variants of the treat-
ment and contrel in Figure 7A and 7C. Also, this cells exhibited significantly higher level
of DN A in tail after the dual inhibition of Pol® and PARP1, and dual inhibition with TMZ.
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in comparison to separate treatment with PolOi. Similarly, the combination of Pol® and
RADS52 inhibition with TMZ gave significant increase of DNA damage in comparison to
the separate treatment with these inhibitors. Observing relatively high level of DSBs after
the combination of the treatment with radiation, we assume that PolQ inhibition in all
variants can sensitise cells to radiotherapy. The percentage of DNA in tail after the treat-
ment in NHA cells was much lower then in cancer cells, showing generally low genotoxic
effect of the treatment and ability of the cells to repair DSBs after radiation. Figure 7B
shows significant increase of DNA damage only after the treatment with TMZ and the
results in Figure 8D do not show statistically significant differences.
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Fig. 7 Double strand breaks induced by the inhibition of DNA repair proteins and alkylating agent
treatment and their combinations in GBM21 and NHA cells, visualized as percentage of DNA in
comet tails. 50 randomly selected cells in three independent experiments were analysed and are
shown in box plots with whiskers representing 5-95 percentile. “+” shows mean value; * p < 0.05, **
p < 0.01, *** p-value < 0.001; A. In comparison to the control all results are statistically significant
with p-value < 0.001; A — ART558, B-BMN673, L - L-OH-DOPA, T - TMZ.
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4. Discussion 401

The inhibition of Pol@® in context of cancer treatment has been broadly investigated 402
for last few years [25,26,34-40]. In this study we determine that Pol® inhibition cause gli- 403
oblastoma cells viability decrease by almost 50%, driven mainly by apoptosis, which was 404
accompanied by reduction of cell proliferation and DNA damage. Importantly, especially 405
in context of future application, the combined inhibition of Pol® with PARP1 or RAD52 406
boosts this anticancer effect in most of the presented experiments. Similarly, the simulta- 407
neous inhibition of Pol® with PARPT or RAD52 was performed in the study on HR-defi- 408
cient leukemias showing strengthened antileukemia effect, in comparison to separate use 409
of Pol8i. Authors suggest that targeting two proteins of distinct repair activities, such as 410
Pol® with PARP1 or RADS52, fosters synthetic lethality, which is consistent with our find- 411
ings. [38]. 412

Further enhancement of this synergistic effect was observed in our study by the sup- 413
plementation with TMZ. Also, addition of TMZ to Pol@i alone gives significant decrcase 414
of glioblastoma viability and proliferation, increase of apoptosis and DNA damage in 415
comparison to separate Pol8 inhibition and control group. Moreover, the combination of 416
TMZ with Polti shows protective effect for NHA cells, observed inincreased cell viability, 417
decreased population of cells in late apoptosis and lower level of DSBs than after separate 418
use of TMZ. Together this results point next direction for the future development of such 419
treatment. 420

Importantly, the results show that normal human astrocytes are impacted by the 421
compounds in much lower degree, they still are, especially by TMZ and the combination 422
of three compounds (PARPi or RADS2i variant}. Such treatments significantly decreased 423
cell viability and increased rate of apoptosis and H2AX phosphorylation level. The dele- 424
terious activity of TMZ. is expectable due to its alkylating mechanism, which is not speci- 425
fied for cancer cells, but concerns all cells in organism [7-9]. Interestingly, the cell cycle 426
distribution profile of NHA after all variants of treatment is similar to glioblastoma cells. 427

Also, it is important to highlight that GBMZ21 cells have relatively high expression of 428
POLQ when compared to normal cells (Supplementary Fig. 51), while we did not deter- 429
mine a downregulation of any gene encoding DSBs repair proteins. This could be one of 430
the reasons why combined inhibition of Pol® with PARP1 or RAD52 kills cancer cells more 431
effectively than inhibition of Pol& separately, while the effect of the treatment is less pro- 432
found to normal cells. Concordantly, other research groups demonstrate that HR-deficient 433
cells are more sensitive to Pol@ depletion [25,38-40]. Moreover, there are multiple reports 434
that POLQ) is upregulated in cancer cells, also those with HR-deficiency, which could cor- 435
related with higher sensitivity to Pol@ inhibition [25,41,42]. 436

Moreover, in context of future possible therapies, we examined the influence of ap- 437
plied treatment with radiation, showing synergistic genotoxic effect on cancer cells, with 438
much lower impact on normal cells and almost no differences between variants of the 439
treatment. The research of Rodriguez-Berriguete et al., (2023} brings supporting results 440
that ART558 by inhibition of PolO sensitizes cancer cells, independent on HR-deficiency, 441
to radiotherapy [43]. In addition, other studies show that human and mouse cancer cells 442
with Pol& depletion are more sensitive to gamma radiation [44,45]. These findings could 443
be correlated with involvement of Pol@ in genome stability maintenance [46-48]. Thus, it 444
could be other possibility for the development of the therapy based on Pol& inhibition. 445

The research of Ronson and Starewicz [39,40] identified interesting interaction that 446
during Pol8 inhibition in 53BP’1-, USP48- deficient cells and Pol@ depletion in 53BP1- and 447
BRCA1/2-deficient cells, RAD52 enhances its toxicity by promoting DNA resection, chro- 443
mosome breaks, DSBs and cell death. The research suggests that moderate inhibition of 449
RAD52 can help cells to survive, while high-concentration inhibition of RAD52 during 450
Pol8 inhibition/depletion would be too harmful, confirming synthetic lethality interaction 451
between Pol8 and RADS52 [39,40]. The interaction which is triggered by simultancous in- 452
hibition of Pol@ and RADS52 also in our studies. However, due to unknown 53BP1 gene 453
expression, we are not able to assess if similar mechanism is the cause of this effect. 454



Int. J. Mol. 5ci. 2024, 25, x FOR PEER REVIEW 15 of 19

Moreover, we cannot forget about drug resistance, which is already known and stud- 455
ied drawback of PARP inhibitors. The hope to overcome this problem is placed in Pol6 456
inhibition [22,25,26,49,50]. Zatreanu et al. (2021} and Zhou et al. (2021) were first to intro- 457
duce ART558 and Novobiocin, respectively, as the Pol@ inhibitors with very promising 458
results, also in PARPI resistant tumors [25,26]. Zatreanu et al. (2021) indicated that PolG 459
inhibition could be used to overcome PARPI resistance acquired by depletion of Shieldin 460
complex components in BRCA1-/— cells by a mechanism of dual synthetic lethality, which 461
also agrees with the results obtained by Zhou et al. (2021) [25,26]. Apart from mentioned 462
above mutations/depletion of Shieldin complex, PARPi resistance can be caused by: (i) 463
reversion mutations in BRCA1/2 genes, leading to restoration of functional protein and 464
HR pathway; (ii) involvement of mutations in 53BP1 protein; (iii} mutation in PARP itself; 465
{iv} pharmacokinetic changes of the drug. These scenarios are also possible in context of 466
Pol8 inhibition, however it is hard to predict them. The solution for this issue, similarly 467
to PARPI resistance, could be the combination of Pol@ inhibition with inhibition of other 468
DNA repair proteins [22]. The results of our research show that combination of Pold inhi- 469
bition with either PARP] or RAD52i intensifies the cytotoxic and genotoxic effect in glio- 470
blastoma, in lower extent than in astrocytes. Thus it may be the way to evade cells re- 471
sistance, however further research on resistant cell line would be recommended. 472

Summarizing, the synthetic lethality achieved by simultaneous inhibition of Pol8 and 473
PARP or Pol® and RAD52 is a promising approach to eliminate glioblastoma cells. Nev- 474
ertheless, it must face yet many challenges to overcome such as dosing, toxicity to healthy 475
tissues and cells resistance, before it could be implemented to the patients treatment. 476

5. Conclusions 477

Presented and discussed results show that targeting Pol@ in cancer treatment hasa 478
great potential and should be further explored. The extensive work on research and de- 479
velopment of new and more efficient Pol@ inhibitor continues, also with use of AI[36,51]. 480
The synthetic lethality achieved by combined inhibition of P’ol@ with other DNA repair 481
proteins such as PARPT or RAD52 have even grater effect to defeat glioblastoma, however 482
it needs to be study broader in context of its toxicity. In our opinion the addition of alkyl- 483
ating agent temozolomide could significantly increase efficiency, but also toxicity, of the 484
potential treatment with these inhibitors. 485

To have the potential for application in real cancer treatment the results should be 486
expanded by in vitro studies in more cell lines and in vivo experiments, followed by clin- 487
ical studies on humans. It is worth to notice, as a limitation of the study, that it was per- 488
formed on only one patient-derived cancer cell line, therefore it cannot be directly scaled 489
up, however it peints out the role of personalized medicine. Also, more extensive analysis 490
of glioblastoma cells genetic profile is necessary to reveal the correlations which lic be- 491

neath antitumor activity of Pol@ inhibition. 192
493
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Glioblastoma GBM21 gene expression

Methodology : RNA isolation and gene expression

Analysis of mRNA expression of 28 selected genes, which products are involved in following DSB
repair mechanisms: HR, NHE], TME] and a-NHE], began with the isolation of total RN A using RNeasy
Mini Kit (Qiagen, Venlo, The Netherlands), according to the manufacturer's instructions. After the
detachment from culture bottles, cells were centrifuged and then resuspended in PBS to determine cell
density. Approximately 5x10¢ cells were used for isolation, with a survival rate of 97-99%.
Subsequently, the purity and quantity of RNA were evaluated by spectrophotometric analysis in
Picodrop, then 10 ng/uL. RNA was converted into complementary DNA (cDNA), using High Capacity
c¢DNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Real-time
PCR was performed with TagMan® probes dedicated to detect 4 reference and the selected genes. The
RT-PCR reactions were conducted on CFX96 ™ Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, California, USA) with parameters consisted of an initial step of 95 <C for 10 min,
followed by 30 cycles of denaturation at 95 =C for 15 s and annealing/extension at 60 -C for 60 s., using
TagMan™ Universal Master Mix II probes, no UNG (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Each reaction was performed in triplicates. ACTB was used as a reference gene
after analysis in Geneinvestigator where it was established with the most stable expression between 4
selected reference genes. The results were calculated as fold change of genes expression in cancer versus
normal cells (2-44Ct),

Description of the reuslts: To assess genetic profile of cancer cell line and potential deficinency in any
of repair pathway we determine expression level of 28 genes, selected due to their activity in DSBs
repair pathways. We did not observed a downregulation of any recalled gene versus NHA cells.
However, relatively high expression of HR-related genes and POLQ of TME], while all genes involved
in NHE] have realtively low expression. Therefore, this may explain higher effectivness of dual
inhibition with Pol0i and PARPi or RADS52i.

40 HR/NHEJ/
HR NHEJ TMEJ a-NHEJ

30

Fig. 1 Expression profile of 28 genes, categorized due to their activity in following DNA double strand breaks
repair mechanisms: homologous recombination (HR), non-homologous end joining (NHE]), theta-mediated end
joining (TME]), alternative non-homologous end joining (a-NHE]) in GBM21 glioblastoma cells, presented as a fold
change in reference to normal cells NHA. Results represent mean value + SEM from the experiment performed in
triplicate.
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Abstract

Polf} inhibitors (Peldi) hold great potential as anticancer treatment due to its ability to tar-
get cancer cells specifically. The particular Poldi targets are tumors with DNA repair defi-
ciencies, which often become reliant on theta-mediated end-joining, a DINA repair mecha-
nism facilitated by Pol@. The studies performed on HR-deficient cancer cells show that
simultaneous inhibition of Pol® with other DNA repair protein such as PARP or RAD52
leads to synthetic lethal correlation killing cancer cells selectively. In this study, we show
that combining PelQi (ART558) with either PARPI or RAD52 inhibitors enhances anti-
cancer effect on melanoma in comparison to separate treatment with Pol8i, especially
when paired with dacarbazine (DTIC). In addition, we observed reduced tumor size in
human melanoma xenografts after the combined treatment with Pel@ inhibitor (RP-6685),
RAD52 inhibitor (D-103} and DTIC. The treatment’s impact on normal cells appears mini-
mal compared to cancer cells, although further research is needed to ensure safety and
cfficacy. The potential drug resistance poses the greatest challenge, but the promising re-

sults of combined Pol@ inhibition suggest a new direction for melanoma therapy.
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1.Introduction

According to World Health Organization (WHO) skin cancer is the most commonly
diagnosed tumor worldwide. Melanoma represents only about 3% of the cases yearly,
however this is the type of skin cancer leading to majority of deaths in United States (1).
Melanoma is a cancer arisen from skin cells melanocytes. It appears when melanocytes
start to grow uncontrollably what is connected with occurring genetic changes, the most
often, triggered by UV radiation exposure (2-4). Risk of developing melanoma varies of
several factors: age, sex, skin color, amount of melanocystic nevi and family history. The
risk is higher among men and the lighter the skin color is (5,6).

The first approach in melanoma treatment is a surgical resection of the cancerous
lesion and adequate surrounding tissue (7). While diagnosis at the early stage of the dis-
ease is a critical element to increase patients survival, usually melanoma gets to deeper
layers of skin and spreads into other parts of body (3,8). Then, other therapeutic methods
must be used, i.e. radiation therapy, chemotherapy and immunotherapy (2). Dacarbazine
(DTIC) is a cytotoxic drug which has been used for a long time as a main chemotherapeu-
tic for melanoma treatment. It induces methylation of purine bases in DNA, leading to
DNA damage and cell death, working analogously to the drug temozolomide (2,4,9). Re-
gardless of its prevalence, treatment with DTIC has several drawbacks, including: low
water solubility and short shelf life of the drug; intravenous administration; low patients
response rate (10-15%}); cells acquiring resistance to the drug and cells ability to repair
DNA damage efficiently (2,4). The last opens the possibilities for the use of DTIC in com-
bination with small melecule inhibitors of proteins involved in DNA repair pathways.

DNA polymerase theta (Pol8) and its inhibitors (Pel8i) have gained particular atten-
tion recently. Pol@ is an error-prone translesion synthesis (TLS) polymerase involved in
several DNA repair mechanisms, but mainly in theta-mediated end joining (TME]) — one
of the DNA double-strand breaks (DSBs) repair pathways (10-12). PolOi have been devel-
oped as a response to the therapeutic need and initial success of Poly (ADP-ribose) poly-
merases inhibitors (PARP{} in BRCA-deficient cancers treatment. In case of PARP, as well
as initiated studies with use of Polt}, the approach of synthetic lethality (SL} is used to
eliminate cancer cells selectively. The scientists discovered that depletion of repair protein
such as PolO, PARP or RAD52 in the cancer cells with some other repair pathways defi-
ciencies, e.g. DNA-PK (non-homologous end joining - NHEJ) or BRCA1/2 (homologous
recombination - HR) leads to cell death whereas disruption of single pathway does not
(13-15). The DNA repair destabilization and genetic mutations are the cancer hallmarks,
therefore it possible to use SL approach to selectively kill cancer cells (12,15,16). Moreover,
cancer cells with alterations in HR or NHE] pathways often become dependent on TME]
(17).

The background of our rescarch was the hy pothesis that inhibition of Pol8 separately,
or in combination with either PARP or RADS52 will cause synthetic or dual synthetic le-
thality of melanoma cells, respectively, depending on the genetic profile of the cell line.
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2. Materials and Methods

2.1. In vitro cell culture

Melanoma cell line derived from surgical specimens, was obtained from the patients
of the Department of Oncological Surgery, Copernicus Memorial Hospital in Lodz. The
cell line was established in the Laboratory of Medical Biochemistry Department, Medical
University of Lodz and named MLNZ21. The study was approved by the Ethical Commis-
sion of the Medical University of Lodz (RNN/23/22/KE}, and informed consent was ob-
tained from all patients. To obtain cell line, tissue fragment was washed several times with
HBSS buffer (Gibco, ThermoFisher) and minced mechanically with a scalpel in sterile con-
ditions. The shredded tissue fragments were then incubated in HBSS buffer with 3 mM
calcium chloride and 1 mg/ml collagenase IV, on a shaker at 37°C for about 1h. At the end
of the incubation, DNase was added to the solution at a concentration of 10 pg/ml. This
solution was passed through a filter with a pore size of 70 pm, and then centrifuged. If a
large number of red blood cells were present in the cell pellet, RBC lysis buffer (Sigma-
Aldrich) was used.

Melanoma cells were cultured for first weeks in in RPMI medium (Gibco, Ther-
moFisher) with 10% FBS (Lonza) and antibiotics (100 IU/ ml penicillin, 100 mg/ml strep-
tomycin (Gibco) and then replaced with DMEM/F12 medium (Gibco, ThermokFisher) sup-
plemented with 10% FBS (Lonza), 100 [U/ml penicillin, 100 pg/ml streptomycin (Lonza)
and gentamycin 50 pg/ml (Lonza) in a humidified atmosphere containing 5% CO2 at 37°C.
Once the cells have multiplied they were subjected to positive selection via magnetic-ac-
tivated cell sorting on magnetic separator MiniMACS™ (Miltenyi Biotec} with use of anti-
melanoma magnetic microbeads MACS® (Miltenyi Biotec). The Normal Human Melano-
cytes - NHEMs (Lonza) were grown in MBM™ - 4 Basal Medium supplemented with
MGM™ - 4 SingleQuots™ Supplements (Lonza} and cultured according to the protocol
provided by manufacturer.

MLN21 cell line was tested for POLQ gene expression and it exhibited its overexpres-
sion versus NHEM cells.

2.2. Drug treatment

In the experiments following compounds were used: Pol8i — 55 uM ART558 (Med-
Chem Express); PARP1i - 4 nM talazoparib (BMIN673) (Selleckchem); RADS52 inhibitor
(RADS52i) — 62,5 uM L-OH-DOPA (Sigma-Aldrich) and cytotoxic drug — 1 mM dacarba-
zine (DTIC). Compounds were dissolved appropriately according to the manufacturer's
instructions in distilled water or DMSO to a starting concentration of 10 mM, and then
working concentrations were prepared immediately before the experiment in DMEM/F12
culture medium. The treatment scheme was established and proved to work in previous
experiments. Shortly, cells were incubated with the compounds for 120 h with the second
dose after 48 h (18,19}3(20,21). Following variants of the treatment were used: ART558,
BMN673, L-OH-DOPA and DTIC separately, ART558 + BMN673, ART558 + L-OH-DOPA,
ART558 + DTIC, BMN673 + DTIC, L-OH-DOPA + DTIC, ART558 + BMN673 + DTIC,
ART558 + L-OH-DOPA + DTIC.

2.3. Flow cytometric analysis of apoptosis and necrosis

Changes in viability and mechanism of cell death after standard treatment described
above were analyzed using staining with propidium iodide and FITC Annexin V. Cells
were prepared and analyzed according to the FITC Annexin Apoptosis Detection Kit II
(BD Biosciences, Franklin Lakes, New Jersey, USA) by flow cytometry. Annexin V has
strong affinity to phosphatidylserine, which appears on the cell’s surface during early
apoptosis, while propidium icdide binds to DNA by penetrating through the fragmented
cell membrane, which is characteristic for necrosis and late stages of apoptosis. Cell via-
bility results were also obtained using this assay.
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2.4. Cell morphology visualized by fluorescence microscopy

To visualize the influence of inhibitors on cells viability, normal and cancer cells were
subjected to calcein AM and propidium iodide (PI} double staining. Cells were stained
after standard treatment and incubated for 30 min at 37°C with the mixture of 2 mM cal-
cein AM and propidium iodide 1 mM (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) diluted in PBS. Calcein AM, the acetoxymethyl ester of calcein, freely penetrates the
membranes of living cells, where the acetoxymethyl group is degraded, allowing calcium
binding to calcein showing strong green flucrescence, when excited. Propidium iodide
stains the DNA of dead cells showing low plasma membrane integrity, indicated by red
fluorescence signal. The results were observed and pictured in an inverted fluorescence
microscope LEICA.

2.5. Clonogenic assay

The cancer cells ability to form colonies were measured by clonogenic assay. Prior
the test cells had undergone the standard treatment described above. Then, trypan blue
staining was used to assess the viability of the treated cells. Following this, 10% cells were
resuspended in 700 pl of soft agar 0,4% containing DMEM, FBS and antibiotics and plated
on a 12-well plate over 700 pl of solidified agar underlay (0.5% also with DMEM, IBS and
antibiotics). The medium was applied over the solidified cell layer and changed weekly.
Prepared plates were incubated for 2 weeks, at 37 °C, 5% COz. The colonies were stained
with 0.005% crystal violet and counted under the microscope. Clonogenic efficiency was
expressed as percent of untreated control (no. of colonies after treatment vs no. of colonies
in control sample x 100%).

2.6. Cell cycle

To analyze the influence of the compounds on cell cycle distribution of glioblastoma
and NHA population, cells fixed with 70% cold ethanol were stained with propidium io-
dide with addition of RNase (BD Biosciences) and analyzed by flow cytometry.

2.7. Measurement of Histone H2AX phosphorylation

The levels of phosphorylated Histone H2AX (yH2AX), constituting of DNA DSBs,
were measured by HZAX Phosphorylation Assay Kit (Merck KGaA, Darmstadt, Ger-
many}. After the standard treatment the cells were fixed and permeabilized to facilitate
staining and detection. The presence of Histone H2AX phosphorylated at serine 139 was
detected using a FITC-conjugated anti-phospho-Histone H2 AX antibody. Flow cytometry
was employed to quantify the number of cells exhibiting positive staining for YH2AX.

2.8. Neutral Comet assay

The level of DNA double-strand breaks generated by the used compounds was stud-
ied using the neutral comet assay. Iollowing the standard treatment, cells were exposed
to gamma radiation of 8 Gy. After that, cell were resuspended in 0.4% low melting point
(LMP) agarose solution and immediately applied to the precoated slide with 0.5% normal
melting point {(NMP) agarose. Prepared slides were subjected to overnight lysis (2.5 M/L
NaCl, 100 mM/L EDTA, 10 mM/L TRIS}. Then, the slides were placed in developing buffer
( 300 mM/L NaOH, 1 mM/L EDTA)} for 20 minutes. After that, electrophoresis was carried
out in the electrophoretic buffer (300 mM sodium acetate, 100mM TRIS) for 1 hour, at 9V
and 100 mA. After finishing electrophoresis, the slides rinsed with water were stained
with DAPI selution (100 ug/mL) by applying 50 uL of solution to each slide and incubat-
ing the slides for at least 45 minutes, at 4°C. To visualize the results, the slides were ob-
served at 200x magnification in an Eclipse fluorescence microscope (Nikon, Tokyo, Japan)
attached to a COHU 4910 video camera (Cohu, Inc., 5an Diego, CA, USA} equipped with
a UV-1 A filter block and connected to a personal computer-based image analysis system
Lucia-Comet v. 6.0 (Laboratory Imaging, Praha, Czech Republic), 50 comets were counted
from each repetition of the experiment. The % of the DNA in comet tail was taken into
account.
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2.9. Xenograft experiment

NOD 5CID v (N5G) mice (12- to 16-week-old), housed in a sterile environment and
allowed free access to food and water, were injected subcutaneously with 2x10% MILN21
melanoma cells. After 15 days when tumors developed mice were randomly assigned into
11 different groups: untreated (n=4), and treated orally either with RP-6685 (MedChem
Express} (80 mg/kg bodyweight once a day, diluted in DMSO + vit.E with I-methyl-2-
pyrrolidinone} (n=4}; RP-6685 solvent separately (n=4} and BMN673 (0.33 mg/kg body-
weight once a day, diluted in DMS0) with RP-6685 solvent (n=3) or intraperitoneally with
D-I03 (5 mg/kg bodyweight once a day, diluted in DMSO) with RP-6685 solvent (n=3)
and DTIC (8 mg/kg bodyweight every second day, diluted in PBS) (n=4) or RP-6685 with
BMNG673 (n=4}; RP-6685 with D-103 (n=9); RP-6685 with DTIC (n=4); RP-6685 + BMN673
with DTIC (n=4} and RP-6685 + D-103 with DTIC (n=4} (same dosing as in monotherapy)
for 16 days. After the end of experiment the mice were slaughtered and tumors were col-
lected and measured. The study was approved by the local Ethical Committee. Tumor
growth inhibition (% TGI) was defined as: % TGI = ((TVvehicle/last — Tvvehicle/day0) —
(Tvtreated/last — Tvireated/day())/(Tvvehicle/last — Tvvehicle/day0) x 100.

2.10. Statistical Analysis

Data from at least three independent experiments were analyzed and presented as
mean £ SEM. The results were compared in SigmaPlot, using one-way ANOVA with the
Holm-Sidak post hoc test. All graphs were done in GraphPad Prism 10. P-values of <0.05
were considered statistically significant.

2.11. Data Availability
The data generated in this study are available upon request from the corresponding
author.

3.Results

3.1. ART558 inhibitor used alone or in combination with PARPT/RADS52 inhibitors and
alkylating agent DTIC induced cytotoxic effects in patient-derived melanoma cells

3.1.1. Cell viability

Applied inhibitors and alkylating drug used alone, reduced MLN21 cell viability by
around 50% versus control. Pol@ inhibition in combination with PARP1i or RAD52i gave
significantly higher reduction of MLNZ21 vibility in comparison to Pol@ inhibition itself.
Also, addition of DTIC enhanced significantly the anticancer properties of separately used
inhibitors: Pol®i, PARPi or RADS52i. However, the strongest effect, and significantly
higher than all variants of treatment, was observed after addition of DTIC to dual
inhibitions, in both PARPi and RAD52i variants (Fig. 1 A,C). The changes in NHEM
viability after all variants of treatment did not give statistical significant results (Fig. 1
B,D). The double staining with calcein AM and PI ilustrated the described changes in cell
viability between MLN21 and NHEM, untreated and treated with the both combinations
of three drugs: PolOi, DTIC and PARPi or RAD52i. The increased amount of dead MLN21
cells (stained in red) and morphorogical changes of alive ones: disrupted cellular
membrane integrity and bulks, were visible after treatment. Also, the change in cell size
and general appearance of the MLN21 cells could be observed. The changes in NHEM
morphology were not present, only few dead cells were marked (Fig. 1 E).
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Fig. 1 A.B.,C.,D. The effect of DNA repair proteins inhibition and
treatment with alkiliting agent and their combinations on cancer
MLN21 and normal NHEM cells viability. Three independent
experiments were performed, and the results are shown as the mean
=+ standard error of the mean (SEM). * p < 0.05, ** p < .01, *** p-value
< 0.001; E. The pictures visualize morphological changes after
combined treatment versus control with either PolBi, PARP and
DTIC or PolBi, RAD52i and DTIC in the MLNZ21 and NHEM cells,
all stained with Calcein AM and propidium iodide, microscope
magnitude is 10x. A — ART558, B - BMN673, L - L-OH-DOPA, D -
DTIC.
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% of apoptotic and necrotic cells

Early apoptosis

Early apoptosis

3.1.2. Mechanism of cell death

The highest percentage of the cells after treatment was in late apoptosis, while the
lowest in necrosis, which indicate that inhibitors and DTIC lead to cancer cell death via
apoptosis (Fig 2 A,C). The notable increase of MLN21 in early and late apoptosis was
observed after treatment with Pol@i and PARPi with DTIC, compared to the control,
scparate use of this compounds and dual inhibition of Pol0 and PARP (Fig. 2 A).
Moreover, late stage of apoptosis was induced significantly in comaprison to the control
after all variants of treatment (Fig 2 A,C). Regarding the combination of Pol@i with
RAD52i, it gave significant increase of early and late apoptosis in MLN21 versus the
control, Pol@i and RAD52i. The addition of DTIC to this combination caused similarly
significant elevation of early apoptosis, and notable induction of late apoptosis, versus
dual inhibition of Pol@ and RAD52, as well as single inhibitions (Fig. 2 C). Further, the
combination of Pol@i with DTIC gave significant increase of MLN21 population in early
and late apoptosis in comaprison to the contrel, and Poldi in case of early apoptosis (Fig
2A,C)

Differences in all varianats of treatment were almost not detectable in case of necrosis
for both cell lines, besides the significant increase of necrosis for MLNZ1 cells after Pol6ii
and Pol0i with PARPi versus the control (Fig. 2 A). The distribution of the NHEM cells
through the mechanisms of cell death was similar as for MLN21, however the differences
between variants of treatments were not statisticly significant. The exception was a
significant increase of NHEM cell percentage in late apoptosis after RAD52i with DTIC in
comparison to the control and this combination with Pol8i in comparison to control,
separate treatment with PolOi and DTIC, and their simultaneous application (Fig. 2 D).
Considering, especially, the variant with PARPi, the treatemnt has lower impact on
normal cells (Fig 2 B).
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Fig. 2 Proapoptotic effect of DNA repair proteins inhibition and alkiliting agent and their 273
combinations on cancer MLN21 and normal NHEM cells. Three independent experiments were 274
performed, and the results are shown as the mean + standard error of the mean (SEM). *p<0.05, ** 275
P <0.01, ** p-value < 0.001; C. late apoptosis, in comparison to the control all results are statisticaly 276
significant with p-value < 0.001; A — ART558, B —BMN673, L —L-OH-DOPA, D - DTIC. 277

278

3.2. Inhibition of PolO and its combination with PARPI or Rad52 inhibition decreases 279
invasive characteristic of the melanoma cells 280

We observed decreased cell proliferation shown in reduced colony formation after 281
all variants of treatment in comparison to the control. The combination of inhibitors, Polti 282
with PARP1i or RAD52i decreased the number of colonies significantly more, compared 233
to separate inhibitions. Moreover, the addition of DTIC to dual inhibitions reduced colony 284
formation almost completely, what is visible both in graphs and pictures (Fig. 3). 285
Nevertheless, the PARPLi, RAD52i or DTIC used separately have around 50% stronger 286
effect than Pol8i alone. Overall, these results show that treatment with inhibitors, alone 287
or in combination reduce spreading activity of melanoma cells. 288
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Fig. 3 Reduction of colony formation induced by DNA repair proteins inhibition and alkiliting 315
agent and their combinations in MLN21 cells. Three independent experiments were performed, and 316
the results are shown as the mean + standard error of the mean (SEM). * p <0.05, ** p <0.01, ™ p- 317
value <0.001; A — ART558, B—BMN673, L —L-OH-DOPA, D - DTIC. 318
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3.3 Combined inhibition of Pol® with either PARP1 or Rad52 and DTIC leads to 320
decrease of GO/G1 and arrest of the melanoma cell population in S phase 321

The significant decrease of MLN21 cell population in phase GO/G1 of cell cycle was 322
observed after treatment with PolOi, PARPi and DTIC, in comparison to the control, single 323
inhibition of Pol& and dual inhibition of Pol® and PARP. Simultaneous cumulation of cells 324
in 5 phase was observed, after the same combination of treatments, also versus Pol@iand 325
the combination of Pol8i with PARPi (Fig. 4 A). The dual inhibition of Pol® and RAD52 324
caused significant increase of the MLNZ21 cells in phase subG0/G1 and decrease of GO/G1 327



cell cycle distribution (%)

cell cycle distribution (%)

phase verus the control and Pol0 inhibition. The suplementation of this treatment with 328
DTIC gave similar results and, additionally, significant elevation of S phase, in 329
comparison to separate usage o Polti. Morecover, the combination of Pol8i with DTIC 330
induced significant elevation of subG(/G1, while decrease of G0/GI and G2/M phases, in 331
comparison to the control and Pold, Pol@i alone and the control, respectively (Fig. 4 C). 332

The changes in cell cycle distributuions of NHEM were not statisticly significant, 333
except elevation of subGO/G1 and S phase after combined treatment with PARPi and 334

DTIC, compared to the control and PARP, and PARPi alone, respectively (Fig. 4 B). 335
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Fig. 4 Distribution of cells through cycle phases after the inhibition of DNA repair proteins and 338
alkiliting agent treatment and their combinations in MLN21 and NHEM cells. At least two 339

independent experiments were performed, and the results are shown as the mean + standard error 340
of the mean (SEM). * p < 0.05, ™ p < .01, *** p-value < 0.001; A — ART558, B — BMN673, L — L-OH- 341
DOPA, D-DTIC. 342

3.4. Coinhibition of PolO with PARP1 increases the number of DSBs in the melanoma 343
cells 344

The level of HZAX phesporylation in MLNZ21 cells, serving as marker of DSBs, was 345
significantly elevated after separate Pol¢ inhibition and the dual inhibition of Pol0 and 346
PARP1, compared to the control. The dual inhibition combined with DTIC enhanced 347
notably the vHZAX versus the control and Pol8i. Also, the combination of Polti or PARPi - 348
with DTIC induced significant elevation of vH2AX in comapriosn to the separate 349
treatment with these compounds, respectively Pol8i or PARPi and DTIC (Fig. 5 A). The 350
changes between treatment variants for NHEM were not statisticly siginificant (Fig. 5 351
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B,D). Also, variant of the experiment with RAD52i did not give significant results (Fig. 5 352
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Fig.5 H2AX phosporylation expressed as level of fluorescence signal relative to the control induced 355
by the inhibition of DNA repair proteins and alkiliting agent treatment and their combinations in 356
MLN21 and NHEM cells. At least two independent experiments were performed, and the results 357
are shown as the mean + standard error of the mean (SEM). * p < 0.05, ™ p < 0.01, ™ p-value < 0.001; 358
A — ART558, B - BMN673, L - L-OH-DOPA, D - DTIC. 359
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3.5. Coinhibition of Pol® with PARP1 or RADS52 sensitizes melanoma cells to gamma 361
radiation 362



% of DNA in tail

1501

100+

% of DNA in tail

The amount of DNA in comet tail in neutral version of this assay is a direct indicator
of DNA damage, specifically DSBs. The melanoma cells were exposed to gamma radiation
in order to simulate radiotherapy and investigate its interaction with the the used
compounds. The percentage of DNA in tail in cells without radiation is lower, as could be
expected. However, the correlation observed between the variants of treatments are
similar in those two cases. Therefore, the amount of DNA in comet tail in MLN21 cells
was significantly elevated after combined inhibition of Pol8 with PARP or RADS52
compared to the control and Pol@i. The addition of DTIC to dual inhibitions further
increased level of the DSBs, significantly in comaprison to the control, separate use of the
compounds and dual inhibitions, in all variants of the experiment. Also, similarly to other
experiments the combiantion of Pol@i with DTIC, again in all variants of the experiment,
significantly induced DSBs, versus control and Polti (Fig. 6 A,B,C D). Moreover, it is
worth to notice that Pol@i by itself did not increase the DSBsin MLNZ21 cells in any variant
of the experiment, in contrast to RADS5Z inhibitor (Fig. 6 C,D).
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Fig. 6 Double-strand breaks induced by the inhibition of DNA repair proteins and alkiliting agent
treatment and their combinations in MLNZ21 cells, with and without gamma radiaiton, visualized as
percentage of DNA in comet tails. 50 randomly selected cells in three independent experiments were
analysed and are shown in box plots with whiskers represanting 5-95 percentile. “+” shows mean
value; * p < .05, ** p < 0.01, ™ p-value < 0.001; A. In comparison to the control all results are
statisticaly significant with p-value < 0.001; A — ART558, B—BMNG673, L — L-OH-DOPA,D — DTIC.

3.7. PolA Inhibitor (RP-6685) in combination with RADS52i (D-I03) and DTIC reduces
melanoma growth in NSG mice

In this part of the study we used different compounds RP-6685 and D-103 to inhibit Pol0
and RADS52, respectively. We can observe that the highest tumor growth inhibition (TGI)
was caused by D-1I03 with RP-6685 solvent. Also, TGI was observed after treatment with
RP6685 alone and its combination with D-103, giving very similar result. Then, slightly
enhanced TGI was observed after addition of DTIC to these two compounds together.
Interestingly, tumor growth was also inhibited by separate use of RP6685 solvent. Only,
combination of BMN and RP6685 solvent and RP6685 with BMN and DTIC did not lead
to reduction of tumor growth, while combined treatment with RP6685 and BMN caused
TG at the lowest level in comparison to other groups

RP6685 solvent
RP&685

-100+

-200+

BMN + RP6685 solvent
D-103 + RP6685 solvent
DTIC

RP6685 + BMN

=300

RP6685 + D-103
RP6685 + DTIC

RP6685 + BMN+ DTIC
RP6685 + D-103 + DTIC

g000000000

Fig. 7 The differences in tumor growth after Pol6 inhibiton with PARPi or RAD52i, and
DTIC and their combination, expressed as percentage of tumor growth inhibition (TGI)
versus vehicle.
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4.Discussion

In our research we proved that inhibition of Pol® alone induce cytotoxic effect, visible
in increased cell death via apoptosis, elevated level of DSBs measured by vH2AX, and
decreased cell proliferation observed in reduction of colony formation. Moreover, what is
more important, addition of PARPi or RAD52i enhances significantly its cytotoxic and
genotoxic effect, probably by inducing svnthetic lethality. Also, the decrease of MLN21
population in GO/G1 phase of cell cycle corresponds with obtained results. While eleva-
tion of 5 phase could be due to accumulated DNA damages and stalled replication which
causes cell’s arrest in this phase. Whereas, normal melanocytes were not affected in such
extend by the inhibitors, especially Pol8i and PARPi. RADS5Z2i - L-OH-DOPA show some
cytotoxicity to NHEM, however mostly these results do not exhibit statistical significance.

Other interesting aspect is the addition of alkylating drug dacarbazine to the pre-
sented treatment, which further enhanced strongest anticancer effect. The deleterious ac-
tivity of dual inhibitions to melanoma is supported by DTIC-induced DNA damage.
Moreover, other studies report higher sensitivity of cancer cells with inhibited PARP pro-
tein to chemotherapeutics such as dacarbazine (22). Similar correlation is possible also in
our research, even more while dual inhibition of PARP and Pol© takes place. However,
the impact of this combined treatment on normal cells need to be investigated more ex-
tensively. As shown in our study, it has the highest effect also on NHEM cells, still not as
big as on cancer cells.

Next supplementation to the treatments was gamma radiation. We observed sensiti-
zation of melanoma to gamma radiation by prior dual inhibitions with or without DTIC.
Although, Rodriguez-Berriguete et al., (2023) present that inhibition of Pol& alone sensi-
tizes cancer cells to radiotherapy, independently on HR-deficiency (23). Similarly, other
study shows that PolO knockout induces radiosensitization of tumor cells with its initial
overexpression. Whereas, the normal cells with standard expression of the POL(Q do not
exhibit such sensitivity to radiation (24). This suggests important role of Pol& in observed
correlation in our study.

The crucial element of the study, the part of the treatment of human melanoma xen-
ograft, gives promising results that inhibition of Pol@ by RP-6685 alone and in combina-
tion with RAD52i (D-103), and DTIC shows relatively strong tumor growth inhibition.
However, the differences between these groups are very small, therefore the mechanism
of RP-6685 antitumor activity must be further investigated in context of the future appli-
cation. Also, the lack of reaction to BMN could suggest that this tumor is resistant to
PARPi. Due to described poor activity of ART558 as i1 vivo probe, for this part of the study
we chose RP’-6685 based on its promising results in animal model (25-27). Also, we ex-
cluded L-OH-DOPA due to its petential involvement in Alzheimer’s disease in animals,
therefore we selected D-I03 as RADS2 inhibitor (28). The rescarch group, which intro-
duced RP-6685 as a first, demonstrated its beneficial effect as a single agent against
BRCAZ2-deficient HCT116 xenografts, but only for the 8 out of 21 days of the treatment
(27}. The other study also reported the antileukemia effect of RP-6685 in NRGS mice with
HR-deficient primary acute myeloid leukemia xenograft, however in combination with
PARPi (olaparib), not separately (29).

Interestingly, even though we did not discover any particular gene deficiency in ex-
amined cells we established the cytotoxic effect of inhibitors (Supplementary Fig. 51}. This
may explain lower effectiveness of the Pol6/PARP1/RADS52 inhibition separately, in com-
parisen to simultaneous inhibition of two repair systems. On the other hand, overexpres-
sion of POL{} in comparison to normal cells corresponds with the findings of various stud-
ies that POLQ expression is upregulated in cancer cells and could indicate MLN21 cells
dependence on alternative repair pathway such as TME] (30-34). The other explanation
could be that these cells have specific mutations in any of repair pathways gene and this
would have to be further investigated. We have also attempted to perform Pol8 knockout
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by CRISPR-Cas® on MLNZ1 cell line, however the cells did not survive the procedure.
This could support the hypothesis that these cells posses mutation in one of the crucial
repair pathway, therefore simultaneous knockout of Pl is lethal for them.

Moreover, in context of the treatment with the compounds applied in this study, we
cannot omit the aspect of the drug resistance. The resistance to PARPi, as well as, to
dacarbazine, is already studied and described (4,11,35-37}. Interestingly, it is Pol® inhibi-
tion, which is suspected to be beneficial in overcoming PARPI resistance (13,25). The re-
search suggests that microhomology-mediated DNA repair, which takes place during
TME], is involved in forming BRCA-gene reversion mutations (25). Moreover, Zhou ct al.,
(2021) shows that tumor cell line with PARPi resistance, acquired by BRCAZ2 reversion
mutation, additionally, exhibit resistance to Pol® inhibitor (Novobiocin), correlated with
low level of Pol® expression (13). In addition, Liddiard et al., (2022} suggest that PolO
inhibition provoking genome instability may lead to variation and clonal evolution and
therefore drug resistant tumeor (10). It is the important risk, which needs to be taken into
consideration in the potential therapy development.

5.Conclusions

In summary, our findings provide support for the idea that combined inhibition of
Pol@ with PARP or RADS52 could be an effective approach for the therapies against mela-
noma. While our study show the anticancer effect of analyzed inhibitors on melanoma
cells, extension of the study to more cells lines and broader analysis of their genetic profile
would be recommended. Also, it could be considered as a limitation of this study that it
was performed with only one patient-derived melanoma cell line, therefore it must to be
scaled up for further investigation of the topic. However, we believe that our findings may
contribute to the development of the future therapy for melanoma based on Pol@ inhibi-
tion. Moreover, the amount of unrevealed Pol@ inhibitors during last 3 years: ART558 an
its derivatives, Novobiocin, RP-6685, RTx-161/RTx-152 and 4 ongoing, clinical studies in-
volving PolQ inhibitors (NCT05687110, NCT06077877, NCT04991480, NCT05898399)
shows the importance of this topic and highlights the direction for future research on can-
cer treatment (13,23,25-27,38,39).
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Supplementary Materials: Figure 51 Melanoma gene expression.
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chnage fold (MLN21 vs. NHEM)

Figure S1 Melanoma MLN21 gene expression

Methodology : RNA isolation and gene expression

Analysis of mRNA expression of 28 selected genes, which products are involved in following DSB
repair mechanisms: HR, NHE], TME] and a-NHE], began with the isolation of total RNA using
RNeasy Mini Kit (Qiagen, Venlo, The Netherlands), according to the manufacturer's instructions.
After the detachment from culture bottles, cells were centrifuged and then resuspended in PBS to
determine cell density. Approximately 5x106 cells were used for isolation, with a survival rate of 97-
99%.

Subsequently, the purity and quantity of RNA were evaluated by spectrophotometric analysis in
Picodrop, then 10 ng/uL RNA was converted into complementary DNA (cDNA), using High
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Real-time PCR was performed with TagMan® probes dedicated to detect 4 reference and the selected
genes. The RT-PCR reactions were conducted on CFX96 ™ Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, California, USA) with parameters consisted of an initial step of 95 -C for 10
min, followed by 30 cycles of denaturation at 95 C for 15 s and annealing/extension at 60 <C for 60 s.,
using TagMan™ Universal Master Mix II probes, no UNG (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Each reaction was performed in triplicates. ACTB was used as a reference gene
after analysis in Geneinvestigator where it was established with the most stable expression between 4
selected reference genes. The results were calculated as fold change of genes expression in cancer
versus normal cells (2-24Ct),

Description of the reuslts: To assess genetic profile of cancer cell line and potential deficinency in
any of repair pathway we determine expression level of 28 genes, selected due to their activity in
DSBs repair pathways. We did not observed a downregulation of any recalled gene versus NHEM
cells. However, relatively high expression of HR-related genes and POLQ of TME], while all genes
involved in NHE]J have realtively low expression. Therefore, this may explain higher effectivness of
dual inhibition with Pol8i and PARPi or RAD52i.
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Fig. S1 Expression profile of 28 genes, categorized due to their activity in following DNA double strand
breaks repair mechanisms: homologous recombination (HR), non-homologous end joining (NHE]), theta-
mediated end joining (TME]), alternative non-homologous end joining (a-NHE]) in MLN21 melanoma cells,
presented as a fold change in reference to normal cells NHEM. Results represent mean value + SEM from the
experiment performed in triplicate.
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artykule oceniam na 70%.
ﬁ%/@m W\f Yreh it

Oswiadczam, ze w pracy:

Barszczewska-Pietraszek G., Czarny P., Drzewiecka M., Btaszczyk M., Radek M., Synowiec E.,
Wigner-Jeziorska P., Sitarek P., Szemraj J., Skorski T., Sliwifiski T. Pol8 inhibitor (ART558) demonstrates
synthetic lethal effect with PARP and RADS2 inhibitors in glioblastoma cells.

moj udziat polegat na wspottworzeniu koncepcji i tresci manuskryptu oraz przeprowadzeniu
praca eksperymentalnych w zakresie hodowli komdrkowej, analiz cytometrycznych, testu
klonogennego, ekspresji gendw oraz analizy i wizualizacji danych. Swoéj udziat w artykule oceniam na

68%.
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Oswiadczam, ze w pracy:

Barszczewska-Pietraszek G., Czarny P., Hoser G., Jasniak D., Drzewiecka M., Zalesna I.,
Piekarski J., Toma M., Biatek K., Wasilewska D., Skorski T., Sliwinski T., Pol® inhibition with
simultaneous treatment with PARP or RADS52 inhibitors induces cyto- and genotoxic effect in
melanoma cells and reduces tumor growth of human melanoma xenograft.

moj udziat polegat na wspottworzeniu koncepcji i tresci manuskryptu oraz przeprowadzeniu
praca eksperymentalnych w zakresie hodowli komorkowej, barwienia kalceing, testu klonogennego,
ekspresji gendw oraz analizy i wizualizacji danych. Swoj udziat w artykule oceniam na 66%.
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prof. dr hab. Tomasz Sliwifiski 19.06.2024
Katedra Genetyki Molekularnej
Wydziat Biologii i Ochrony Srodowiska

Uniwersytet £odzki

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy:

Barszczewska-Pietraszek G, Drzewiecka M, Czarny P, Skorski T, Sliwinski T. Pol® Inhibition: An
Anticancer Therapy for HR-Deficient Tumours. Int J Mol Sci. 2022 Dec 24;24(1):319.
d0i:10.3390/ijms24010319.

mdj udziat polegat na pozyskiwaniu funduszy, wspéttworzeniu koncepcji, edycji i nadzorze
powstawania manuskryptu. Swoj udziat w artykule oceniam na 10%.

Digitally signed
. by Tomasz
oo §rniny Sliwifiski
Date: 2024.06.19
15:22:28 +02'00

Oswiadczam, ze w pracy:

Barszczewska-Pietraszek G., Czarny P, Drzewiecka M., Btaszczyk M., Radek M., Synowiec E.,
Wigner-leziorska P, Sitarek P., Szemraj J., Skorski T., Sliwinski T. Pold inhibitor (ART558) demonstrates
synthetic lethal effect with PARP and RADS52 inhibitors in glioblastoma cells.

moj udziat polegat na pozyskiwaniu funduszy, wspottworzeniu koncepcji, edycji i nadzorze
powstawania manuskryptu. Swoj udziat w artykule oceniam na 7%.

Cigitally signed by
. & Tomasz Sliwifisk
ot i pate; 024,061

15:22:57 +02'00'

Oswiadczam, ze w pracy:

Barszczewska-Pietraszek G., Czarny P, Hoser G., Jasniak D., Drzewiecka M., Zalesna |,
Piekarski J.,, Toma M., Biatek K., Wasilewska D., Skorski T, Sliwinski T., Pol® inhibition with
simultaneous treatment with PARP or RADS52 inhibitors induces cyto- and genotoxic effect in
melanoma cells and reduces tumor growth of human melanoma xenograft.

mdj udziat polegat na pozyskiwaniu funduszy, wspéttworzeniu koncepcji, edycji i nadzorze
powstawania manuskryptu. Swoj udziat w artykule oceniam na 5%.

Digitally signed

by Tomasz
forcia Sy Sliwiriski

Date: 2024.06.19
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dr n.biol. Piotr Czarny
Zaktad Biochemii Medycznej

Uniwersytet Medyczny w todzi

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy:

Barszczewska-Pietraszek G, Drzewiecka M, Czarny P, Skorski T, Sliwiriski T. Pol® Inhibition: An
Anticancer Therapy for HR-Deficient Tumours. Int J Mol Sci. 2022 Dec 24;24(1):319.
doi:10.3390/ijms24010319.

moj udziat polegat na edycji i nadzorze powstawania manuskryptu. Swéj udziat w artykule

oceniam na 10%.

ADIUNKT
Zaktadu Biochemii Medyczne
Katedry Biochemii Medyczne
Uniwersytetu Medycznego w Lodzi

Oswiadczam, ze w pracy: drn. biol.m

Barszczewska-Pietraszek G., Czarny P., Drzewiecka M., Bfaszczyk M., Radek M., Synowiec E.,
Wigner-Jeziorska P., Sitarek P., Szemraj J., Skorski T., Sliwiniski T. Pol® inhibitor (ART558) demonstrates
synthetic lethal effect with PARP and RADS2 inhibitors in glioblastoma cells.

méj udziat polegat na edycji i nadzorze powstawania manuskryptu. Swéj udziat w artykule

oceniam na 5%.

ADIUNKT
2akladu Biochemii Medyczne)]
Katedry Biochemii Medyczne|
Uniwersytetu Medycznego w L
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Oséwiadczam, ze w pracy: dr n. biol. Piotr Czarny

Barszczewska-Pietraszek G., Czarny P.,, Hoser G., Jasniak D., Drzewiecka M., Zalesna I.,
Piekarski J.,, Toma M., Biatek K. Wasilewska D., Skorski T., Sliwiriski T., Pol® inhibition with
simultaneous treatment with PARP or RADS2 inhibitors induces cyto- and genotoxic effect in
melanoma cells and reduces tumor growth of human melanoma xenograft.

moj udziat polegat na edycji i nadzorze powstawania manuskryptu. Swéj udziat w artykule

oceniam na 5%.

ADIUNKT
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dr Matgorzata Drzewiecka 19.06.2024
Katedra Genetyki Molekularnej
Wydziat Biologii i Ochrony Srodowiska

Uniwersytet todzki

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy

Barszczewska-Pietraszek G, Drzewiecka M, Czarny P, Skorski T, Sliwiriski T. Pol® Inhibition: An

Anticancer Therapy for HR-Deficient Tumours. Int J Mol Sci. 2022 Dec 24;24(1):319.
doi:10.3390/ijms24010319.

moj udziat polegat na wspéttworzeniu powstawania manuskryptu. Swéj udziat w artykule
oceniam na 5%.

Womaxt’ce j/meu) ecks

Oswiadczam, ze w pracy

Barszczewska-Pietraszek G., Czarny P., Drzewiecka M., Btaszczyk M., Radek M., Synowiec E.,
Wigner-Jeziorska P., Sitarek P., Szemraj J., Skorski T,, Sliwiriski T. Pol® inhibitor (ART558) demonstrates
synthetic lethal effect with PARP and RAD52 inhibitors in glioblastoma cells.

moj udziat polegat na wspétudziale w wykonaniu analiz cytometrycznych. Swdj udziat
w artykule oceniam na 3%.

MWW ) j%:ww? eche.

Oswiadczam, ze w pracy

Barszczewska-Pietraszek G., Czarny P, Hoser G., Jasniak D., Drzewiecka M., Zalesna |.,
Piekarski J., Toma M., Biatek K., Wasilewska D., Skorski T., Sliwiriski T., Pol® inhibition with
simultaneous treatment with PARP or RAD52 inhibitors induces cyto- and genotoxic effect in
melanoma cells and reduces tumor growth of human melanoma xenograft.

moj udzial polegat na wspétudziale w wykonaniu analiz cytometrycznych. Swoj udziat
w artykule oceniam na 3%.
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dr Ewelina Synowiec 19.06.2024
Katedra Genetyki Molekularnej
Wydziat Biologii i Ochrony Srodowiska

Uniwersytet todzki
Oswiadczenie o udziale w publikacjach

Oséwiadczam, ze w pracy:

Barszczewska-Pietraszek G., Czarny P., Drzewiecka M., Btaszczyk M., Radek M., Synowiec E.,.
Wigner-Jeziorska P., Sitarek P., Szemraj J., Skorski T., Sliwiniski T. Pol@ inhibitor (ART558) demonstrates
synthetic lethal effect with PARP and RAD52 inhibitors in glioblastoma cells.

méj udziat polegat na wspoétudziale w wykonaniu testu kometowego. Swoj udziat w artykule
oceniam na 2%.



dr Paulina Wigner-Jeziorska 19.06.2024
Katedra Genetyki Molekularnej
Wydziat Biologii i Ochrony Srodowiska

Uniwersytet todzki

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy:

Barszczewska-Pietraszek G., Czarny P., Drzewiecka V., Btaszczyk M., Radek M., Synowiec E.,
Wigner-leziorska P., Sitarek P., Szemraj I., Skorski T., Sliwinski T. Pol8 inhibitor (ART558) demonstrates
synthetic lethal effect with PARP and RADS2 inhibitors in glioblastoma cells.

mdaj udziat polegat na wspdtudziale w wykonaniu testu kometowego. Swoj udziat w artykule
gceniam na 2%.



dr Katarzyna Biatek 19.06.2024
Zakfad Biochemii Medycznej

Uniwersytet Medyczny w todzi
Os$wiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy:

Barszczewska-Pietraszek G., Czarny P, Hoser G., Jasniak D., Drzewiecka M., Zale$na |.,
Piekarski )., Toma M., Biafek K., Wasilewska D., Skorski T, Sliwiriski T., Pol® inhibition with
simultaneous treatment with PARP or RAD52 inhibitors induces cyto- and genotoxic effect in
melanoma cells and reduces tumor growth of human melanoma xenograft.

Méj udziat polegat na wspétudziale w wykonaniu testu kometowego. Swaj udziat w artykule
oceniam na 2%.
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17.06.2024
Tomasz Skorski, MD, PhD, DSc
Director, Fels Cancer Institute for Personalized Medicine
Professor, Department of Cancer and Cellular Biology
Temple University, Lewis Katz School of Medicine
3307 N. Broad Street, Room 154 PAHB
Philadelphia, PA 19140, USA

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy

Barszczewska-Pietraszek G, Drzewiecka M, Czarny P, Skorski T, Sliwiriski T. Pol® Inhibition: An
Anticancer Therapy for HR-Deficient Tumours. Int J Mol Sci. 2022 Dec 24;24(1):319.
doi:10.3390/ijms24010319.

méj udziat polegat na edycji i nadzorze powstawania manuskryptu. Swéj udziat w artykule

oceniam na 5%.



